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Preface

The International Conference on Intelligent Computing (ICIC) was started to provide
an annual forum dedicated to the emerging and challenging topics in artificial intelli-
gence, machine learning, pattern recognition, bioinformatics, and computational biol-
ogy. It aims to bring together researchers and practitioners from both academia and
industry to share ideas, problems, and solutions related to the multifaceted aspects of
intelligent computing.

ICIC 2021, held in Shenzhen, China, during August 12–15, 2021, constituted the
17th International Conference on Intelligent Computing. It built upon the success of
ICIC 2020 (Bari, Italy), ICIC 2019 (Nanchang, China), ICIC 2018 (Wuhan, China),
ICIC 2017 (Liverpool, UK), ICIC 2016 (Lanzhou, China), ICIC 2015 (Fuzhou, China),
ICIC 2014 (Taiyuan, China), ICIC 2013 (Nanning, China), ICIC 2012 (Huangshan,
China), ICIC 2011 (Zhengzhou, China), ICIC 2010 (Changsha, China), ICIC 2009
(Ulsan, South Korea), ICIC 2008 (Shanghai, China), ICIC 2007 (Qingdao, China),
ICIC 2006 (Kunming, China), and ICIC 2005 (Hefei, China).

This year, the conference concentrated mainly on the theories and methodologies as
well as the emerging applications of intelligent computing. Its aim was to unify the
picture of contemporary intelligent computing techniques as an integral concept that
highlights the trends in advanced computational intelligence and bridges theoretical
research with applications. Therefore, the theme for this conference was “Advanced
Intelligent Computing Technology and Applications”. Papers that focused on this
theme were solicited, addressing theories, methodologies, and applications in science
and technology.

ICIC 2021 received 458 submissions from authors in 21 countries and regions. All
papers went through a rigorous peer-review procedure and each paper received at least
three review reports. Based on the review reports, the Program Committee finally
selected 192 high-quality papers for presentation at ICIC 2021, which are included in
three volumes of proceedings published by Springer: two volumes of Lecture Notes in
Computer Science (LNCS) and one volume of Lecture Notes in Artificial Intelligence
(LNAI).

This volume of LNCS includes 71 papers.
The organizers of ICIC 2021, including Tongji University and Shenzhen University,

China, made an enormous effort to ensure the success of the conference. We hereby
would like to thank all the ICIC 2021 organizers, the members of the Program
Committee, and the referees for their collective effort in reviewing and soliciting the
papers. We would like to thank Ronan Nugent, executive editor from Springer, for his
frank and helpful advice and guidance throughout as well as his continuous support in
publishing the proceedings. In particular, we would like to thank all the authors for
contributing their papers. Without the high-quality submissions from the authors, the
success of the conference would not have been possible. Finally, we are especially



grateful to the International Neural Network Society and the National Science Foun-
dation of China for their sponsorship.

August 2021 De-Shuang Huang
Kang-Hyun Jo
Jianqiang Li

Valeriya Gribova
Vitoantonio Bevilacqua
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Multi-objective Optimization-Based Task
Offloading and Power Control for Mobile Edge

Computing

Yidan Chen, Xueyi Wang, Lianbo Ma(B), and Ping Zhou

Northeastern University, Shenyang 110169, China

Abstract. With the rapid development of technologies such as IoT and 5G, the
Internet industry has undergone significant changes and posed new challenges to
the traditional computing model. Mobile edge computing (MEC) is considered as
an effective solution to the challenge. However, as mobile devices generally have
limited computing power and battery storage to cope with the increasing latency-
sensitive and computationally intensive tasks, how to allocate computation and
communication resources in the edge cloud to improve the quality of service
(QoS) for mobile users is a challenging research. In this paper, we first formulate
the optimization model of multi-user offloading and transmitted power control,
aiming to reduce the energy consumption, task delay and price cost of mobile
devices in a multi-channel wireless interference environment. Then we propose a
multi-objective optimization algorithm based on theoretical analysis of the model
and design a multi-objective offloading strategy based on NSGA-II. Our approach
is able to obtain best trade-off among energy consumption, task delay and price.
Experimental results on test instances shows the effectiveness and efficiency of
our proposed algorithm.

Keywords: Mobile edge computing · Task offloading · Multi-objective
optimization · Genetic algorithm · Hybrid coding · NSGA - II

1 Introduction

In recent years, cloud computing and wireless communication technologies have made
rapid progress. With the continuous growth of devices connected to wireless networks,
a large amount of data has been generated along the network edge [1]. At the same time,
with the evolution of innovative applications such as face recognition [2], intelligent
driving [3] and virtual reality [4], users have also put forward higher demands for service
quality. The majority of these applications are high energy computation, computation-
intensive and latency-sensitive [5], which are hard to accomplish on mobile devices
with limited computing power and battery storage. This greatly limits the development
of emerging industries.

Mobile cloud computing (MCC) systems have been proposed to address the compu-
tational power issue so that mobile devices can make the most of the strong computing
power of cloud to reduce the local computational pressure, resulting in lower latency of
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task execution [6]. However, geographic location and network condition can also cause
high latency during data transmission, and those latency-sensitive tasks such as work-
flow applications are likely to be impossible to complete. To further reduce latency and
ensure these tasks can be executed smoothly, fog computing [7–9] has been proposed as
a new research area. Cisco defines that fog computing as complementing cloud comput-
ing can migrate tasks to execute in the network edge. Edge computing is similar to fog
computing, their terms are usually used interchangeably. MEC has received a high level
of attention in recent years, and it reduces task latency and local energy consumption of
mobile devices by building edge servers between the cloud and edge devices [10–12].

However, there are still many challenges in designing effective MEC systems [13].
To maximize the efficacy of the MEC system, we need to consider which user tasks
should be offloaded to the edge and also decide on the optimal transmission power for
offloading. In addition, the energy consumption, time delays and possible additional
costs of task execution in the edge cloud also need to be considered in the system
design. Most of the existing MEC methods focus on the study of a single objective and
rarely consider multi-objective optimization. Swarm intelligence algorithms such as ant
colony algorithm [14], bee colony algorithm [15] bring new ideas to solvemulti-objective
optimization problems.

Therefore, we detailed study the above problems and propose an efficient computa-
tion offloading scheme in MEC, while the corresponding optimal transmission power is
given. Our main contributions include:

• We jointly consider two problems of computation offloading and transmitted power
control. The former of these is an integer programming and the latter is linear
programming.

• We ensure that the energy consumption, time delay and cost in MEC are kept at
the lowest level, which greatly enhances the user experience and satisfies the user
psychology.

• We propose a multi-objective evolutionary optimization algorithm based on NSGA-
II to solve this joint optimization problem. Extensive simulations and comparative
experiments have shown that our algorithm can provide a superior offloading strategy
and transmitted power for mobile users.

The rest of this paper is organized as follows. In Sect. 2 we summarize the rele-
vant work. Section 3 describes the system model. Then, we propose the multi-objective
computation offloading and transmitted power algorithm in Sect. 4. Section 5 gives
simulation study to verify the performance of our proposed algorithm. Finally, Sect. 6
outlines the conclusion and describes our future work.

2 Related Work

In recent years, researchers have proposed multiple offloading schemes. Some of these
studies focus on minimizing energy consumption. [16] proposed a joint radio resource
allocation and offloading decision optimization to minimize the energy consumption.
Xu et al. [17] considered data compression while solving the computation offloading and
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resource allocation problems to optimize the energy consumption.Yu et al. [18] proposed
a novel mobile-aware partial offloading algorithm to dynamically calculate the amount
of offloaded data using short-termmobile user’s movement prediction, which minimizes
the energy consumption while satisfying the delay constraint. Zhang et al. [19] schedule
mobile services based on the particle swarm optimization algorithm (PSO) to minimize
the total energy consumption of mobile devices.

Similarly, certain studies have worked on minimizing task latency. The delay mini-
mization problem in amulti-user systemwith communication resources and computation
resources allocation was studied by Ren et al. [20]. [21] given extra consideration to the
problem of user mobility to minimize the task delay in MEC.

Some studies also consider energy consumption and task latency at the same time, but
these studies tend to combine the two sub-problems into a single problem. [22] exploited
the finite property of sensors to minimize processing delays and energy consumption
of tasks in IoT. Since the wireless communication situation can have an impact on
the data transmission process, Liu et al. [23] considered transmission power control
while designing the offloading decision. Similar to the above, [24] proposed solutions
in ultra-dense networks [25].

With the rapid development of multi-objective evolutionary optimization algorithms
[26], these are often used to solve practical application problems. A multi-objective
computation offloading approach was designed in [27] for workflow applications. In
[28], an evolutionary algorithm is designed to find the best trade-offs between energy
consumption and task processing delay. The optimization of joint energy consumption,
processing delay, and price cost are further discussed in [29]. However, none of them
consider the impact of transmission power on system performance.

3 System Model

In this section, we first introduce the MECmodel as illustrated in Fig. 1. We assume that
system consists of N mobile devices and one edge could server located at the edge of
the network such as a radio base station, where each mobile device has a computation-
intensive task waiting to be processed. These tasks can be performed locally or offloaded
to the adjacent edge cloud. Next, the communication model, the computation model and
the cost model are detailed described.

3.1 Network Model

Let U = {u1, u2, · · · , uN } be the set of mobile devices. Tn = (sn, cn, tn) denotes the
task of user, where sn represents the size of the task Tn, i.e., the input data and associated
processing code, cn represents computation amount of the task Tn (e.g., the CPU cycles
needed in total to accomplish the task), and tn represents the maximum acceptable
delay in completing the task. The actual execution time of the task must not exceed the
maximum limit given. We describe the edge cloud as b, which has better computing
power and storage space than mobile devices.
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Mobile Devices

Mobile Edge Cloud

Fig. 1. Illustration of the multi-user MEC system in a multi-channel wireless environment.

3.2 Communication Model

Similar to many earlier studies such as [23] and [24], we divide the channel bandwidth
B intoM orthogonal sub-channels, denoted by SC = {1, 2, . . . ,M }. Mobile devices can
select any sub-channel to offload their task to the edge cloud, or choose to execute it
locally. Let xn = {0, 1} stand for the offloading decision variable of the user un, xn = 0
denotes that the user un selects to solve the task locally, and xn = 1 shows the task should
be offloaded through selected sub-channel scn ∈ SC. Transmission power of the mobile
user un during offloading is denoted by yn. Let hn stands for the channel gain between
the user un and the edge cloud.

When xn = 1, the user uplink data rate can be expressed as follows:

ruln = B log2(1 + ynhn
σ 2 + ∑

i∈U\{n}:sci=scn yihi
) (1)

where σ 2 denotes the background noise power. When mobile user un choose to compute
the task locally, the transmission power should be denoted by yn = 0, there is no need
to allocate the transmission power. From the above formula, we can see that as the
transmitted power yn increases, the uplink data rate rnul increases accordingly. However,
if the yn is too large, it will cause interference to other user tasks transmitted through the
same sub-channel.

Then the transmitted delay of mobile user un during offloading can be given by:

ttn = sn
ruln

(2)
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Likewise, we can express the transmitted energy consumption of user un by:

εtn = ynsn
ruln

(3)

Because the size of the result of user tasks calculation is typically smaller than the
offloaded data [23], the transmitted delay of the processing results is ignored.

3.3 Computation Model

The user can decide whether to perform its task locally or in the edge based on the local
hardware and current network environment.

Local Computing. Let f Ln denotes the computation capability of user un, its size
depends on the local computation capability. The local execution time of computation
task Tn can be represented as:

texe,Ln = cn
f Ln

(4)

In addition to execution latency, the energy consumption in local computing is also
a very important measurement in MEC systems. According to [26], the energy con-
sumption for a CPU cycle can be expressed as κ(f Ln )2, where κ is a coefficient related
to the hardware architecture. So, the energy consumption during local execution of
computation task Tn can be represented as:

εexe,Ln = κ(f Ln )2cn (5)

in order to simplify the notation, we write κ(f Ln )2 as ρn, so the above equation can be
simplified as ε

exe,L
n = ρncn.

From (4) and (5), we can discover there is the higher CPU computing capability
f Ln of this task Tn, the shorter execution delay of the task Tn, but the higher the local
energy consumption. Given the limited energy stored locally on mobile devices, exces-
sive energy consumption may make the user experience worse. It is therefore necessary
to offload computation-intensive tasks to the edge cloud for execution.

Mobile Edge Computing. For mobile edge computing, we describe the allocated com-
puting resource from b to user un as f Cn . Then the edge cloud execution delay can be
given by:

texe,Cn = cn
f Cn

(6)

3.4 Cost Model

If the mobile user un offload its task to b for execution, it must pay to the edge cloud
providers, with the cost denoted by rn, and if not, it will not have to pay this price. As
shown below:

rn =
{
0 xn = 0
d xn = 1

(7)
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4 Multi-objective Computation Offloading Algorithm Based
on NSGA-II in MEC (MOPCA)

In this section, we demonstrate a scheme which considers computation resource and
communication resource allocation of the edge cloud b. Firstly, we formulate a multi-
objective optimization problem with constraints, then give the basic steps of the
computation offloading method.

4.1 Objective Functions

Aiming at the limitedwireless communication resources in the system, the limited battery
storage and the limited computing resources in mobile devices. We mainly study the
following three problems:

1. Task Placement Problem.We need to determine whether the mobile users’ tasks will
be executed locally or offloaded to the edge cloud. This is a binary decision problem.

2. Resource Allocation Problem. When the mobile user decides to offload, we have to
determine how the edge cloud allocates communication resources and computation
resources.

3. Transmission Power Control Problem. When the mobile user decides to offload, we
have to determine how the mobile device determines the appropriate transmission
power.

The objective of joint optimization problem is to minimize the energy consumption
and task delay of mobile devices, as well as the total cost with meeting these constraints.
It can be formulated by:

minimize E =
N∑

i=1

[(1 − xi)ε
exe,L
i + xiε

t
i ] (8a)

minimize T =
N∑

i=1

[(1 − xi)t
exe,L
i + xit

t
i + xit

exe,C
i ] (8b)

minimize C =
N∑

i=1

[xiri] (8c)

subject to xi ∈ {0, 1},∀i = 1, . . . ,N . (8d)

0 ≤ yi ≤ pmax,∀i = 1, . . . ,N . (8e)

sci ∈ {1, 2, · · · ,M },∀i = 1, . . . ,N . (8f)

yi = 0,∀xi = 0. (8g)
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Di ≤ ti,∀i = 1, . . . ,N . (8h)

where pmax stand for the maximum transmission power, andDn = (1−xn)t
exe,L
n +xnttn+

xnt
exe,C
n denotes the task delay spent on the actual execution of task Tn. We let E define

the energy consumption of mobile devices, let T define the computation delay of task,
and use C define the total cost of all mobile users. It’s worth noting that each task’s time
delay for completion must not exceed its given upper limit.

The joint optimization problem is a multi-objective hybrid coding problem, and is
difficult to solve directly. In what follow, we utilize NSGA-II [30] to solve this problem.
Multi-objective optimization algorithms have advantages in solving large-scale high-
dimensional problems [31]. Compared with other multi-objective genetic algorithms,
NSGA-II has the advantages of fast operation and good convergence of the solution set.

4.2 The Main Steps of MOPCA

We design the MOPCA method in Algorithm 1. The populations are first generated
randomly and calculated the fitness functions. Then, fast non-dominated sorting is used
to stratify the individuals, and then the crowding distance of each individual is calculated
to better distinguish the individuals’ strengths and weaknesses. Finally, we generate
new populations by binary tournament selection, crossover and mutation operations,
after several iterations, until the termination condition is satisfied, which are described
below:

Encoding. In this paper, genes in genetic algorithm stand for the offloading strategy for
computational tasks, and multiple genes make up a complete individual, representing a
solution to the optimization problem. In order to simultaneously consider the sub-channel
selection during task offloading, for encoding we combine the offloading decision and
channel selection into a single integer encoding, denoted by xn = {0} ∪ SC in the range
of {0, 1, · · · ,M }, and the corresponding power variable yn is a floating point variable in
[0, pmax], a hybrid coding is used for the above two variables. The hybrid encoded gene
string contains two types of variables, which is encoded as shown in Fig. 2. The former
is coded in integer and the latter is coded in floating point, as shown by V = [xn, yn]. A
set of candidate solutions constitutes (individuals) a population.

0 1 ... M floating point

nx ny

Fig. 2. Gene string by hybrid coding.



10 Y. Chen et al.

Fitness Functions and Constraints. The Fitness functions are the indicators used to
determine the degree of merit of individuals in a group and is indicated by the formulas
(8a), (8b) and (8c). The three equations represent the energy consumption, the total
latency, and the total cost of mobile devices, respectively. Constraints are given by (8d),
(8e), (8f), (8g) and (8h). This means that the actual completion delay of a task cannot
exceed the upper limit of the delay for that task, while the transmission power cannot
exceed the maximum value for that mobile device.

Initialization. In NSGA-II, an initial population P0 with population size Npop is first
generated randomly according to the designed genetic coding, and parameters such as
the number of iterations, crossover probability and mutation probability are determined.
To speed up convergence, tasks in mobile devices with low local processing power are
executed at the edge as much as possible during initialization in our approach (Line 1).

Fast Non-dominated Sorting. Fast non-dominance sorting refers to the stratification of
populations based on the level of non-inferior solutions of individuals in the population.
The specific process is traversing the entire population, with the number of dominated
individuals per individual and the set of solutions dominated by that individual calculated
until the population rank is fully divided (Line 5).

Crowding Distance Calculation. In order to be able to sort individuals in the same
layer, the crowding distance of each individual needs to be calculated. The crowding
distance can be found by calculating the sum of the distance differences between two
individuals adjacent to it on each sub-objective function, as given by:

P[i]dis tan ce = P[i]E + P[i]T + P[i]C =
F∑

f =1

(|E[i + 1] − E[i − 1]|)

+
F∑

f =1

(|T [i + 1] − T [i − 1]|) +
F∑

f =1

(|C[i + 1] − C[i − 1]|)
(9)

whereE[i+1],T [i+1] andC[i+1] represent the offloading strategy si+1 to the functions
(8a), (8b) and (8c), respectively.

Elitist Retention Strategy. To prevent the Pareto optimal individuals of the current
population from being lost in the next generation, resulting in the genetic algorithm
not converging to the global optimal solution, an elitist retention strategy is used. First,
the parent population Ci and the offspring population Di are synthesized into a new
population Ri (Line 4). Then the whole layer is put into the parent population Ci+1 in
the order from lowest to highest according to the Pareto rank until the individuals in a
certain layer cannot all be put in (Line 6–9), subsequently, they are arranged in order
from largest according to the crowding distance of the individuals and put into the parent
population Ci+1 in turn until Ci+1 is filled (Line 10–12).

Selection, Crossover and Mutation. Using binary tournaments as a method of select-
ing operations. The detailed steps are to first select half of theNpop individuals at random,
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and then select the best adapted of them into the next generation population based on
the fitness value of each individual. Then Crossover and mutation operations are per-
formed to generate a new population Q0. In order to reduce unnecessary computations,
for the new population generated in each generation, the individuals that do not satisfy
the constraint (8d), (8e), (8f), (8g) and (8h) are eliminated first, and then the remaining
individuals are executed with sorting, crossover and mutation operations (Line 13).

5 Simulation Study

5.1 Experiment Setup

Similar with the work in [23], we suppose that there is a wireless small cell and mobile
devices connected to the edge cloud are randomly scattered within 50 m, and model the
channel gains as: hn = L−β

n , where β is the path loss factor. Because of the disparities in
computing power among different mobile devices, f Ln is limited to the range of [0.5, 1.0]
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Table 1. Experimental parameters.

Parameters Value

Number of mobile users, N 30

Number of sub-channels,M 5

Transmission bandwidth of mobile users, B 10 MHz

Background noise, σ 2 −106 dBm

Path loss factor, β 3

Maximum of transmission power, pmax 0.1 W

Cost of edge cloud for each task, d 2

Data size for the offloading, sn 5 MB

Number of CPU cycles for a task, cn 1 Gigacycles

GHz. The computation resources f Cn that the edge server can allocate to mobile users is
10 GHz. The other experimental parameters are given in Table 1.

The MOPCA is compared with three computation offloading strategies as follow:

1. Random Offloading to Edge Scheme (ROS): Mobile users decide to perform their
tasks locally or offload to the edge cloud by randomly, and the sub-channels used in
the offloading process are also generated by randomization. We use this scenario to
evaluate the effect of offloading decisions in MOPCA.

2. All Offloading to Edge Scheme (AOES): All mobile users decide to offload their
tasks to the edge cloud with the same transmission power, and the sub-channels
used for offloading are divided equally. We use this scenario to situation where
computing resources are abundant in the edge cloud, and mobile users have limited
local processing power.

Fixed Transmission Power Scheme (FTPS): All mobile users use the fixed transmis-
sion power to offload with the same offloading scheme as MOPCA.We use the situation
to verify the transmission power control effect of our proposed algorithm.

5.2 Performance Evaluation

We first consider how to balance the three objects of energy consumption, task latency,
and total cost. In Fig. 3(a) to Fig. 3(c), we evaluate the impact of device amount on
the offloading performance with ROS, AOES, FTPS and MOPCA under the condition
that the number of mobile users is varied from 10 to 50 where the data size of task is
fixed to 5 MB. Figure 3(a), Fig. 3(b) and Fig. 3(c) show the comparison of the average
energy consumption, the average task delay and the total cost of different number of
mobile users respectively, we can find that MOPCA shows a clear superiority to the
other three algorithms. All four algorithms can maintain a better performance when
there are few users. With the number of users increasing, the number of sub-channels
used for communication remains constant, resulting in communication congestion and
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mutual interference in ROS and AOES, making the energy consumption and task latency
grow rapidly in the system. And because of the impact of offloading strategy inMOPCA,
optimal performance is always maintained even if the number of users keeps increasing.
In FTPS, we used the same offloading strategy with MOPCA but fixed transmission
power, the effect is not as good asMOPCA.The reason is that inMOPCAwedynamically
adjust the transmission power according to the network environment and user scale. In
Fig. 3(c), we can see that in AOES all users offload tasks to the edge cloud so the cost is
the highest, ROS randomly decides whether offloading so the cost is the second highest,
and MOPCA and FTPS have equal costs because they use the same offloading strategy
that makes the users spend optimal.

In Fig. 4(a) to Fig. 4(c), we evaluate the impact of data size on the offloading per-
formance with ROS, AOES, FTPS and MOPCA under the condition that the data size
of tasks is varied from 1 MB to 9 MB where the number of mobile users is fixed to
30. Figure 4(a), Fig. 4(b) and Fig. 4(c) show the comparison of the average energy con-
sumption, the average task delay and the total cost of different size of offloading data
respectively. From Fig. 4(a) and Fig. 4(b), we can find when the data size of tasks is
varied from 1 MB to 5 MB, energy consumption and task delay are increasing but from
5 MB to 9 MB, these two indicators began to gradually decline. Because an excessive
amount of tasks can lead to higher energy and time consumption by the transfer process,
so our proposed algorithm dynamically adjusts the policy to allow more tasks to be
executed locally to ensure optimal performance. In Fig. 4(c) the total cost also appears
to be decreasing. However, in AOES the total cost has been kept constant because the
total number of mobile users remains the same.

(a) Energy consumption                      (b) Task delay 

(c) Total cost

Fig. 3. Impact of device amount on energy consumption, task delay and total cost.
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(a) Energy consumption                      (b) Task delay 

(c) Total cost

Fig. 4. Impact of data size on energy consumption, task delay and total cost.

Finally, we assess the effectiveness of the offloading strategy inMOPCA. FromTable
2, 3 and 4, in order to minimize these three objectives including energy consumption,
delay and cost, the tasks are mostly offloaded to the edge cloud. As the number of mobile
users increases, so does the number of tasks performed locally. This is to avoid that too
many users will compete for the limited channel resources and make the consumption
increase, so our algorithm takes into account the overall optimal effect and makes the
decision.

Table 2. The number of mobile users is 10.

Location ROS AOES FTPS MOPCA

Local 1 0 1 1

Edge
cloud

9 10 9 9
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Table 3. The number of mobile users is 30.

Location ROS AOES FTPS MOPCA

Local 4 0 10 10

Edge
cloud

26 30 20 20

Table 4. The number of mobile users is 50.

Location ROS AOES FTPS MOPCA

Local 8 0 15 15

Edge
cloud

42 50 35 35

6 Conclusion

In this paper, we investigate the multi-objective computation offloading problem for
multiple users in MEC and jointly consider the effect of transmission power. In order
to solve this joint problem, we propose a scheme MOPCA that figures out the optimal
offloading strategy and transmission power under constraints. Extensive simulation stud-
ies show our proposed algorithm is more excellent than other schemes. In future work,
we will improve our algorithm to adapt the ultra-dense network with multiple mobile
devices and multiple edge cloud servers.
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Abstract. Advances in the understanding of dendrites promote the development
of dendritic computation. For decades, the researchers are committed to propos-
ing an appropriate neural model, which may feedback the research on neurons.
This paper aims to employ an effective metaheuristic optimization algorithm as
the learning algorithms to train the dendritic neuron model (DNM). The powerful
ability of the backpropagation (BP) algorithm to train artificial neural networks
led us to employ it as a learning algorithm for a conventional DNM, but this also
inevitably causes the DNM to suffer from the drawbacks of the algorithm. There-
fore, a metaheuristic optimization algorithm, named the firefly algorithm (FA)
is adopted to train the DNM (FADNM). Experiments on twelve datasets involv-
ing classification and prediction are performed to evaluate the performance. The
experimental results and corresponding statistical analysis show that the learning
algorithm plays a decisive role in the performance of the DNM. It is worth empha-
sizing that the FADNM incorporates an invaluable neural pruning scheme to elim-
inate superfluous synapses and dendrites, simplifying its structure and forming a
unique morphology. This simplified morphology can be implemented in hardware
through logic circuits, which approximately has no effect on the accuracy of the
original model. The hardwareization enables the FADNM to efficiently process
high-speed data streams for large-scale data, which leads us to believe that it might
be a promising technology to deal with big data.

Keywords: Dendritic neuron model · Firefly algorithm · Classification ·
Prediction · Hardwareization

1 Introduction

In the past 100 years, a vast number of biological studies have been conducted to deter-
mine the structure and function of the brain. In the brain, the cell bodies and connections
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are integrated into a variety of networks, and there are more than 104 neurons per cubic
millimeter of the brain. The axon, the dendrite, and the soma/cell body are the essen-
tial components of neurons [12]. The axon is responsible for signal transmission among
neurons through contact with dendrites at sites called synapses. The dendrite can be con-
sidered the input element of the neuron, which collects the signals from all the synapses
formed with it. The soma/cell body plays the role of the central processing unit; if the
membrane potential at the soma reaches a critical threshold, the cell is fired [3]. In
1943, McCulloch and Pitts pioneered the structural neuron model, which has long been
regarded as the primary computational unit for research on artificial neural networks [25].
Due to the lack of the nonlinear mechanisms of synapses and dendrites, the McCulloch-
Pitts model is considered to be oversimplified [24]. The inability of the single-layer
McCulloch-Pitts model to implement certain fundamental calculation operators further
exposes its limitations [14]. Due to advances in neuroscience techniques, great progress
has been achieved in understanding neural computation. Numerous studies have sug-
gested that the interaction among dendrites plays a crucial role in neural computing [30].
These experimental results have paved the way for more accurate neuron modeling. Mel
et al. focused on the local mechanisms and decomposed the dendrite into numerous tiny
computational units. The basic nonlinearity in the dendrites was modeled as a sigmoid
function. Each dendrite integrated its input and performed a sigmoidal nonlinear opera-
tion on it. Thus, a two-layer neural network model was designed that gave each dendrite
the ability to perform local computations [28]. In addition, amultilayer network based on
neurons with active dendrites was proposed, in which the response of the spike patterns
was selectively amplified [47]. In these models, the relevant synaptic signals have to be
located in their corresponding positions in the dendrites [21]. It has long been assumed
that synaptic interactions on dendrites can only be simulated by logical operations [13],
but it has since been proven that the interactions of excitatory and inhibitory signals at
the synapses constitute the basis of dendritic computation [9]. Themodel was verified by
experiments in biological modalities such as the auditory and visual systems [41]. How-
ever, it does not include an effective pruning scheme to remove unnecessary synapses
and dendrites. The morphological structure of the model is the same for any task; thus,
the model cannot simulate the plasticity of the highly dynamic dendritic topology and
is therefore obviously inconsistent with the characteristics of biological neurons [32].

To settle this issue, a neuron model in which the synapses and dendrites interact was
proposed in our previous studies [39, 40]. Todo et al. used the backpropagation (BP)
algorithm to enhance the model’s ability to solve complex problems and then applied it
to a two-dimensional multidirectional detection problem [43]. Subsequently, a dendritic
neuron model (DNM) with dendritic nonlinearity was confirmed to effectively address
the XOR problem [19], breast cancer classification [33], and liver disorder classification
[18]. Zhou et al. applied theDNMto time series prediction problems [52, 53]. In addition,
the DNMwas verified to have outstanding performance in forecasting house prices [49],
photovoltaic power [51], and the Istanbul stock and Taiwan futures exchange indexes
[17] and in performing modeling and prediction for tourism [5, 50]. The approximation
ability of the DNMwas also studied and analyzed in [15, 37, 42]. It has been proven that
the DNM can produce a wealth of nonlinear dendritic responses, therefore resulting in a
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strong nonlinear neural calculation function, which is highly consistent with many neu-
robiological experimental results. Moreover, the model can learn and produce a unique
dendritic structure for a specific task, solving the lack of neural plasticity from earlier
dendritic models [44]. Thus, the DNM may lead to a new brand perspective for better
explaining and understanding the principles underlying the calculations of neurons. Ji
et al. demonstrated that the DNM can be further developed into an approximate logical
neuronmodel, which has serious implications in improving the computational efficiency
of theDNM[16]. In the improvedDNM, thefinal dendriticmorphology can be pruned for
classification problems, and the specific, concise generated structure can be physically
realized with logic circuits. The authors of [38] reported that logic circuits can mimic
the excellent accuracy of the DNM in solving credit classification problems. To further
improve the performance of the DNM, Qian et al. introduced the maximum relevance
minimum redundancy method into the DNM and proposed a mutual information-based
DNM, which was proven to achieve better performance on five classification datasets
[29]. It must be mentioned that with the development of 5th-generation wireless sys-
tems, big data will further penetrate into our lives and its quantity and description will
increasingly generate from more fields [2, 27]. Therefore, the analysis of big data is a
vast challenge in many fields, such as knowledge discovery and data mining [22, 23].
Fortunately, the logic operations have a huge advantage over floating-point operations
in saving computing resources [4, 7], which makes the DNM more precious in various
machine learning approaches. Thus, it is imperative and meaningful to investigate the
DNM, as it will be vital for high-speed data stream processing in the era of big data.

Based on these prior studies, we observe that the performance of the DNM is depen-
dent on the learning algorithm and is drastically limited by the BP algorithm. Due to
its sensitivity to the initial values, the BP algorithm and its variants easily fall into
local minima. Moreover, the transfer function must be differentiable, which leads to
more computational resource consumption and overfitting problems [46]. In this study,
a metaheuristic optimization algorithm, named the firefly algorithm (FA), is introduced
into the DNM. The performance of the FA in training DNM is compared with the other
three optimization algorithms and the conventional DNM. The experimental results on
six classification datasets and six prediction datasets suggest that the FA provided excel-
lent improvements for the DNM. In addition, the DNM trained by the FA (FADNM)
is further compared with some competitive machine learning approaches. For the clas-
sification problems, the multilayer perceptron (MLP), decision tree, the support vector
machine (SVM) trained by the linear kernel function (SVM-l), SVM trained by the radial
basis function (SVM-r), and SVM trained by the polynomial kernel function (SVM-p)
are employed as the competitors. For the prediction problems, theMLP, Long short-term
memory (LSTM), SVM-l, SVM-r, and SVM-p are adopted for comparisons. The main
contributions of this study are summarized as follows: first, considering that the BP as
the learning algorithm severely limits the performance of the conventional DNM, the
FA is employed to train the FADNM for the first time. Second, the experimental results
on six classification datasets and six prediction datasets determine that the FADNM is
a successful improvement to the DNM, and the powerful search capabilities provide
the FA with a better performance in training the DNM. Third, compared with other
machine learning approaches, the FADNM is not only an excellent classifier but also
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has a prominent performance in time series prediction. Last but not least, the success-
ful hardwareization of the FADNM on the classification problems without affecting the
accuracy may lead to a promising technology for handling big data.

2 Dendritic Neuron Model

As shown in Fig. 1, the DNM mainly contains synapses, dendrites, a membrane, and a
soma/cell body. The information in the DNM is transmitted directly from the synaptic
layer to the dendritic layer to themembranous layer, and the soma/cell body layer receives
the input from the membranous layer and produces the final result [20].

Fig. 1. Structure of the DNM.

2.1 Model Description

The synaptic function Si,j of input Xi to the mth dendritic layer is given as follows:

Si,m = 1

1 + e−k(wi,mxi−qi,m)
, (1)

where i ∈ [1, 2, ..., I ] and I denotes the number of features.m ∈ [1, 2, ...,M ], whereM
represents the number of dendritic layers. k indicates the user-defined distance parameter.
wi,m and qi,m represent the weight and bias parameters, respectively. The corresponding
threshold θi,m can be expressed as follows:

θi,m = qi,m
wi,m

. (2)

We categorize the connection states according to the connection strength, i.e., direct
connection (0 < qi,m < wi,m), inverse connection (wi,m < qi,m < 0), constant 1
connection (qi,m < 0 < wi,m and qi,m < wi,m < 0), and constant 0 connection (0 <

wi,m < qi,m and wi,m < 0 < qi,m). We define the output Dm of the mth dendritic layer
as follows [10]:

Dm =
∏I

i=1
Si,m. (3)
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Themembranous layer can be interpreted as an integration process; it receives all den-
dritic signals and sublinearly sums them. The function can be mathematically described
as follows:

V =
∑M

m=1
Dm (4)

We employ a sigmoid function as the activation function, and the final output of the
model can be expressed as follows:

O = 1

1 + e−k(V−θsoma)
, (5)

where θsoma denotes the threshold parameter of the soma/cell body.

2.2 Neural Pruning Scheme

The neural pruning scheme is a fundamental attribute of neural networks. By imple-
menting a pruning scheme, redundant weights can be removed, and the structure of the
neural network can be simplified [34]. Synaptic pruning scheme can delete unnecessary
synapses and dendritic pruning scheme aims to omit useless dendrites. A simplified
example of synaptic and dendritic pruning is provided in Fig. 2. As shown in Fig. 2 (a),
the redundant synapses and dendrites are screened out. From Fig. 2 (b), we can observe
that dendrite-01 and dendrite-04 are maintained, and feature X3 and X4 can be deleted.
Therefore, the neural pruning scheme can perform feature selection to some extent.
According to the neural pruning scheme, a tidal neural morphology can be obtained.

Fig. 2. An example of synaptic and dendritic pruning.

2.3 Logic Circuit Implementation

According to the neural pruning scheme, a unique structure with only direct connec-
tions and inverse connections can be obtained. In addition, the simplified structure can
be replaced by comparators and logic AND, OR, and NOT gates. Each layer can be
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simulated by different logic components, as exemplified in Fig. 3. The direct connec-
tion can be replaced by a comparator, while an inverse connection can be simulated by
a comparator and a NOT gate. Multiple synapses are connected to each dendrite, and
the dendritic layer can be simulated by an AND gate. For the membranous layer, the
dendrites connected to the membrane are connected through an OR gate. Finally, the
result is transmitted to the soma/cell body, which is equivalent to a nonlinear mapping
function, and it is simulated by a wire. Therefore, the structure can be implemented by
a particular circuit. Compared with traditional classifiers, the logic circuit classifier has
an unparalleled advantage when processing high-speed data streams because it involves
no floating-point calculations.

3 Learning Algorithm

Taking into account the limitations of the BP algorithm, various other algorithms have
been introduced for incorporation into the DNM. The firefly algorithm (FA) is employed
as the learning algorithm, which is described in detail in this section. In the learning
algorithm, we use the mean squared error (MSE) as the fitness function, which can be
expressed as follows:

Fitness = 1

J

∑J

j=1

(
Tj − Oj

)2
, (6)

where J is the number of samples. Tj denotes the target output of the jth sample, and Oj

represents the corresponding actual output.

Fig. 3. Logic gate simulation of each layer.

3.1 Firefly Algorithm

The firefly algorithm (FA) is a nature-inspired metaheuristic algorithm, which mimics
the flashing light of fireflies [48], and has been successfully utilized to solve numerous
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optimization problems [45]. In this algorithm, Fitness is used to describe the brightness
I of each firefly, and the FA first initializes N fireflies randomly, where the ith (i ∈
[1, 2, ...,N ]) fireflyXi consists ofD elements, namely,

[
xi,1, xi,2..., xi,D

]
. xi,j is related to

the corresponding weight and bias parameters, and it can be obtained from the following
equation:

xi,j = Lj + rand(0, 1)
(
Uj − Lj

)
, (7)

where Uj and Lj represent the upper and lower bounds, respectively, of xi,j.
The attraction of each firefly to the surrounding fireflies is proportional to its own

light intensity. The attractiveness β can be described as follows:

β(i) = β0e
−γ r2 , (8)

where β0 denotes the attractiveness when r is 0, and the γ represents the light absorption
parameter.We can observe that the attractiveness is also affected by the distance between
fireflies. The distance ri,k between fireflies Xi and Xk is determined by the following:

ri,j = ‖X t
i − X t

k‖. (9)

Next, the FA updates firefly positions by attracting individuals to each other, which
can be expressed as follows:

X t+1
i = X t

i + β0e
−γ r2(X t

k − X t
i

) + αsign

[
rand(0, 1) − 1

2

]
⊗ L(s, λ), (10)

where α is a scaling coefficient and the L(s, λ) can be expressed as follows:

L(s, λ) = λ�(λ) sin
(

πλ
2

)

π

1

s1+λ
, 1 < λ < 3. (11)

4 Experimental Settings

In the experiments, the DNM is provided with three user-defined parameters. We set k to
5, and θsoma is defined as 0.5. The number of dendrites is able to affect the performance
of the DNM, which is set to twice the number of attributes in the corresponding dataset.
To ensure fair comparisons, all learning algorithms have their initial population sizes set
to 50. The simulation is terminated when the maximum number of fitness evaluations
reaches 105, and all experiments are performed 30 times independently.

In the first part of the experiments, all models are implemented for six classification
datasets [1], which contains the Iris dataset, Crab dataset, Liver dataset, Glass dataset,
Cancer dataset, and Wine dataset. In the second part of the experiments, we employ
six chaotic maps, namely, the Logistic map, Piecewise linear chaotic map, Singer map,
Sine map, Sinusoidal map and Tent map to assess the performance of the models for
prediction problems [35].
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For the classification problems, the confusion matrix (also called error matrix) is a
specific table layout that can visualize the performance of the classifier [36]. Six perfor-
mance evolution criteria are adopted in this paper, namely, the accuracy, sensitivity (true
positive rate, TPR), specificity (also called Recall), Fscore [31], Cohen’s Kappa coeffi-
cient (K) [26], and the area under the receiver opera characteristic (ROC) curve (AUC)
[8]. For the prediction problems, the MSE, mean absolute percentage error (MAPE),
mean absolute errorMAE), and correlation coefficient (R) are employed to measure the
prediction performance.

Furthermore, in order to compare the performances of the DNMs with different
learning algorithms statistically, the Friedman Aligned Ranks test statistic is adopted in
this work [6]. Another nonparametric statistical analysis, which is termed the Wilcoxon
signed-rank test, is adopted to detect the significant difference between the FADNM
and other machine learning methods [11]. The significance level is set to 0.05. We also
employ the Bonferroni-Dunn procedure to further verify the confidence level of the
statistical results, which is represented as pBonf .

5 Performance Comparison

5.1 Comparison with Other Learning Algorithms

First, the FADNM is compared with the conventional DNM and the DNMs trained by
other optimization algorithms. For the classification problems, the accuracy is adopted
as the evaluation criterion, andwe compare theMSE of DNMs on the prediction datasets.
The results yielded by the DNMs using the BP, cuckoo search (CS) algorithm, flower
pollination algorithm (FPA), gravitational search algorithm (GSA), and FA learning
algorithms on the classification and prediction datasets are summarized in Table 1.

It is easy to observe that the DNM trained by the FA algorithm obtains the best results
on all datasets, which indicates that the FA algorithm has a stronger optimization ability
in training the DNM. The results of the Friedman Aligned Ranks test statistic show that
the FADNMranks first in both classification and prediction problems. The corresponding
p values show that the DNM trained by the FA algorithm is significantly better than the
DNMs trained by the BP, CS, FPA, and GSA algorithms on both classification and
prediction datasets. According to the corresponding pBonf values, the statistical results
are further confirmed. The experimental results suggest that the DNMs quickly converge
to their optimal performances for all datasets early in the training phase. The results in
the Iris dataset are presented in Fig. 4. This result suggests that the training process can
be terminated with a smaller maximum number of fitness evaluations to reduce learning
costs. In addition, it is obvious that the convergence speed of the DNM trained by the
FA algorithm ranks first and that FADNM has the best performance for all datasets.
Based on these experimental results, we can conclude that compared with the remaining
learning algorithms, the FA algorithm is the most effective in solving both classification
and prediction problems. Comparison with other machine learning methods.

Furthermore, in order to investigate the effectiveness of the FADNM, we also com-
pare the FADNM with other machine learning methods. In the classification problem
experiments, the MLP, DT, SVM-l, SVM-r, and SVM-p are employed for comparison.
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Table 1. Comparison of DNMs with different learning algorithms.

Classification datasets (accuracy)

Model BP CS FPA GSA FA

Iris 94.00 ± 3.15 94.09 ± 1.84 93.56 ± 2.50 81.11 ±
11.35

94.67 ± 2.10

Crab 84.57 ± 9.92 74.73 ± 5.13 73.23 ± 6.43 70.33 ± 9.29 84.97 ± 5.08

Liver 68.23 ± 2.86 63.66 ± 3.91 64.12 ± 5.58 62.16 ± 5.28 68.55 ± 3.51

Glass 92.21 ± 2.94 92.37 ± 2.59 92.27 ± 2.55 91.65 ± 2.63 93.89 ± 2.18

Cancer 95.40 ± 1.51 95.06 ± 1.25 95.58 ± 1.09 94.90 ± 1.45 96.29 ± 0.77

Wine 77.23 ±
15.66

90.67 ± 2.83 87.64 ± 3.52 88.28 ± 6.70 92.96 ± 2.72

Ranking 3.1667 2.8333 3.3333 4.6667 1

z 2.373464 2.008316 2.556039 4.016632 –

p 0.017622 0.04461 0.010587 0.000059 –

pBonf 0.070488 0.178439 0.042349 0.000236 –

Prediction datasets (MSE)

Model BP CS FPA GSA FA

Chaos-01 8.12e−02 ±
1.76e−02

9.07e−02 ±
4.08e−02

9.14e−02 ±
1.58e−02

1.08e−01 ±
3.48e−02

6.62e−02 ±
2.27e−02

Chaos-02 1.00e−01 ±
3.68e−02

7.96e−02 ±
9.32e−03

8.31e−02 ±
8.98e−03

8.53e−02 ±
2.17e−02

5.77e−02 ±
1.68e−02

Chaos-03 5.95e−02 ±
1.04e−02

6.20e−02 ±
6.64e−03

7.25e−02 ±
1.72e−02

1.01e−01 ±
3.77e−02

4.81e−02 ±
1.49e−02

Chaos-04 7.58e−02 ±
2.48e−02

5.36e−02 ±
8.81e−03

5.29e−02 ±
4.38e−03

6.89e−02 ±
1.32e−02

3.98e−02 ±
1.82e−02

Chaos-05 8.10e−02 ±
2.51e−02

4.94e−02 ±
2.47e−03

4.75e−02 ±
2.78e−03

8.03e−02 ±
3.90e−02

4.62e−02 ±
3.37e−03

Chaos-06 6.95e−02 ±
8.82e−03

6.91e−02 ±
5.54e−03

7.01e−02 ±
3.05e−03

7.99e−02 ±
1.65e−02

6.13e−02 ±
6.01e−03

Ranking 3.6667 2.6667 3.1667 4.5 1

z 2.921187 1.825742 2.373464 3.834058 –

p 0.003487 0.067889 0.017622 0.000126 –

pBonf 0.013948 0.271557 0.070488 0.000504 –

Table 2 lists the results of the MLP, DT, SVM-l, SVM-r, SVM-p and FADNM on classi-
fication datasets. For the Iris dataset, the FADNM achieves the highest accuracy, and the
corresponding p values obtained by the Wilcoxon signed-rank test suggest that it signif-
icantly outperforms the MLP, SVM-l, and SVM-r. The best Fscore, K and AUC are also
obtained by the FADNM. Although the SVM-l has the highest sensitivity, the FADNM
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is slightly inferior to it and the specificity of the FADNM is drastically better than that
of the SVM-l. The FADNM has the best accuracy, sensitivity, Fscore, K and AUC on the
Crab dataset. Compared with the SVM-p, the FADNM achieves a comparable perfor-
mance in terms of specificity. The FADNM achieves the best accuracy, sensitivity, Fscore

and AUC on the Cancer dataset, and the p values denote that it is obviously better than
the MLP, DT, SVM-l, SVM-r, and SVM-p in terms of accuracy. For the Liver and Glass
datasets, the FADNM obtains the best accuracy, specificity, Fscore, K and AUC, and it is
significantly superior to the MLP, DT, SVM-l, SVM-r, and SVM-p in terms of accuracy.
Although the SVM-l achieves the best sensitivity, it does not have satisfactory perfor-
mance on the specificity. The FADNM achieves the best accuracy, sensitivity, Fscore and
AUC on the Cancer dataset, and the p values denote that it is obviously better than the
MLP, DT, SVM-l, SVM-r, and SVM-p in terms of accuracy. For the Wine dataset, the
FADNM has the best accuracy, specificity, Fscore, K and AUC. The statistical results
determine that the FADNM significantly outperforms the MLP and DT. Although the
SVMs have better sensitivity than the FADNM, their specificity values are drastically
worse than that of the FADNM.Moreover, the ROC curves of MLP, DT, SVM-l, SVM-r,
SVM-p, and FADNM in the Iris dataset are also provided in Fig. 4. From this figure, we
can observe that the FADNM has larger AUCs than the MLP, DT, SVM-l, SVM-r, and
SVM-p on all datasets. Based on these experimental results, it can be concluded that the
FADNM is an effective classifier.

Fig. 4. ROCs of all methods on the classification datasets.

In the prediction problem experiments, the FADNM is compared with the MLP,
LSTM, SVM-l, SVM-r, and SVM-p. The experimental results and corresponding sta-
tistical analysis are summarized in Table 3. For the Chaos-01 dataset, the FADNM
achieves the best MSE, MAPE, MAE and R. The corresponding p values calculated by
theWilcoxon signed-rank test show that the FADNM is significantly better than theMLP,
LSTM, SVM-l, SVM-r, and SVM-p in terms of theMSE,MAPE,MAE and R. The only
exception that can be found that there is no significant difference between the FADNM
and SVM-r in terms of the R. The FADNM obtains the best results of all indicators on
the Chaos-02 and Chaos-05 datasets, and it is significantly superior to the MLP, LSTM,
SVM-l, SVM-r, and SVM-p in terms of theMSE,MAPE,MAE and R. For the Chaos-03
dataset, the best MSE, MAPE, MAE and R are all achieved by the FADNM, and the
FADNM obviously outperforms the MLP, LSTM, SVM-l, SVM-r, and SVM-p in terms
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of all evaluation criteria. The exceptions can be observed that there is no significant dif-
ference between the FADNM and LSTM in terms of theMAPE or between the FADNM
and SVM-r in terms of the R. The FADNM obtains the best MSE, MAE, and R on the
Chaos-04 dataset, and it is obviously superior to the MLP, LSTM, SVM-l, SVM-r, and
SVM-p in terms of the MSE, MAE and R. The FADNM significantly outperforms the
MLP, LSTM, SVM-l, and SVM-p in terms of theMAPE. For the Chaos-06 dataset, the
FADNM is significantly better than the MLP, LSTM, SVM-l, SVM-r, and SVM-p in
terms of the MSE, MAE, and R.

5.2 Neural Pruning and Hardware Implementation

As mentioned above, for the classification problems, the neural morphology of the
FADNM can be simplified according to the neural pruning scheme employed, resulting
in a pithy dendritic structure. Furthermore, the unique, simple structure can be imple-
mented into a hardware systemwith a logic circuit. Figure 5 depicts the neural structures
after pruning for the Iris dataset. For the Iris dataset, only the dendrite-05 and dendrite-08
are maintained while the original structure of the FADNM has eight dendrites. There-
fore, we can conclude that the pruning operation can drastically simplify the neural
morphology of the FADNM. Furthermore, the simplified structures can be replaced by
the logic circuit, which is also described in Fig. 5. It is worth noting that the logic circuit
almost perfectly retains the classification accuracy of the FADNM. From Table 4, we
can find that the hardware implementation has no obvious effect on the accuracy.

Table 4. Comparison of the FADNM and the logic circuit on classification datasets

Dataset Iris Crab Liver Glass Cancer Wine

Acc of the FADNM (%) 97.33 83.00 69.36 94.39 96.86 93.26

Acc of the logic circuit (%) 97.33 85.00 68.79 94.39 96.86 96.26

Fig. 5. Simplified structures of the FADNM for classification datasets.
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6 Conclusions

Toaddress the lackof neuronal plasticity in themodels, theDNMwithnonlinear synapses
was designed in our previous research. While researching ways to improve the DNM,
we found that the learning algorithm plays a key role, greatly affecting the performance
of the DNM. Although the BP algorithm has long been regarded as a powerful learning
algorithm for training artificial neural networks, its shortcomings still cannot be ignored.
Therefore, the metaheuristic optimization algorithm is introduced into DNM as the
learning algorithm to help it jump out of the local optima. In this study, we employed the
FA as the learning algorithm to train the DNM. Five DNMs were ultimately evaluated
for six classification datasets and six prediction datasets, and their effectiveness was
verified. To objectively evaluate the performances of the learning algorithms, all DNMs
were compared and ranked by statistical tests. The overall experimental results and
corresponding statistical analysis demonstrated that the FA is the most effective learning
algorithm for the DNM in solving both classification and prediction problems. The
FADNM has high accuracy in solving classification problems and a low error in solving
prediction problems, which proves its superior robustness to that of other algorithms.
In addition, the efficiency of the FADNM was reaffirmed via its excellent convergence
speed. For a more systematic assessment, the FADNM is further compared with other
machine learning approaches. The experimental results and statistical analysis denote
that the FADNM is not only an outstanding classifier but also has a superior performance
in forecasting the time series. Moreover, according to the neural pruning scheme, the
unnecessary synapses and superfluous dendrites can be discarded, and the structure of
the FADNM can be drastically simplified. The resulting reconstructed structure can
be replaced by the logic circuit, and the hardwareization has almost no impact on the
accuracy. It may provide a feasible solution in the era of big data, where processing
explosive information has become a daunting challenge. Furthermore, a large number of
powerful machine learning methods are available, and their performance in training the
DNM needs to be studied. More improvements and practical applications of the DNMs
in more fields will be investigated in our future research.
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Abstract. Distributed job shop scheduling is an important branch in the field of
intelligent manufacturing. But the literatures are still relatively limited since the
issue is still in its infancy. Effective methods still need to be explored to obtain
high-quality feasible schemes. This paper proposes an improved genetic algo-
rithm (IGA) to solve distributed job shop scheduling problem (DJSP) considering
minimize makespan. A crossover and a mutation strategies are designed for the
problem-specific job assignment sub-problem in DJSP. The proposed crossover
operator takes the similarity of individuals into consideration, thus the exploration
and exploitation can be well balanced. The IGA was tested on TA benchmark set
from the existing literature, and obtained 10 new best solutions. Extensive com-
putational results and analyses indicate that the proposed algorithm is an efficient
method for solving DJSP.

Keywords: Genetic algorithm · Genetic operator · Distributed job shop
scheduling problem

1 Introduction

The JobShopScheduling problem (JSP) is a stronglyNon-deterministic polynomial hard
(NP-hard) problem [1]. In this problem, there are a set of jobs J = {J1, ..., Jn} that must
be processed on a setM = {M1, ...,Mm} ofmachines. Each job Ji, i= 1,…, n, consists of
ni operations that should be sequentially processed. Besides, each operation oij requires
uninterrupted and exclusive use of its assigned machine for its whole processing time.
The distributed job shop scheduling problem (DJSP) is an extension of JSP by allowing
a job Ji to be processed on machines geographically distributed on f identical factories
F = {F1, ...,Ff }. The problem is to assign each job to a factory and to sequencing
the operations on machines with the objective of minimizing one or more predefined
performance criteria. As an extension of JSP, DJSP is also a NP-hard problem and has
more complex solution space.

Since distributed manufacturing has become a common production model [2], DJSP
gains more and more attention. But the literature is still relatively limited since the issue
is still in its infancy. Excellent review of DE on the state-of-the-art research can be found
in survey [3, 4]. From Ref [3], exact methods and approximate methods such as GA and
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Ant Colony Optimization are already used for solving DJSP. The previous literature
tested the GA with a 6 jobs, 6 machines and 3 identical factories instance. The more
effective method and experiment about large size benchmark instances is still waiting
to be explore.

GA was proposed by John Holland at 1975 [5]. Since it has powerful global search-
ing ability, GA has been applied to several scheduling problems [6–16]. Luo J et al. [12]
made an investigation into minimizing total tardiness, total energy cost and disruption
to the original schedule in the job shop with arrivals of urgent jobs. The particular work
of Ref [13] adopted a modified genetic algorithm approach, it is proposed with operat-
ing parameters which experiments show the advantages of the GA. Liang X et al. [15]
combined GA with a simulated annealing algorithm (SA) component to overcome the
common pre-mature convergence in solving JSP, thus improving the overall performance
of GA and obtaining satisfactory results. In Ref [16], the authors propose a new hybrid
genetic algorithm to solve JSP which contains a new selection criterion to tackle pre-
mature convergence problem. Considering the research effort of GA and characteristics
of DJSP, a novel improved GA, denoted as IGA, was proposed in this paper with two
well-designed operators to solve DJSP.

The proposed algorithm is tested on the 10 benchmark instances provided by Taillard
[17]. We compare IGA to the three algorithms in Ref [18], experiment results show that
proposed algorithm can find high-quality solutions for all of the benchmark instances
with less computational time. It means that the proposed IGA is very competitive to the
state-of-the-art algorithms.

The remaining part of the paper is organized as follows. Section 2 gives details of
the IGA algorithm. Computational results of benchmark instances are shown in Sect. 3
while Sect. 4 summarizes the concluding remarks.

2 IGA Algorithm

GA is a computational method based on the mechanics of biological genetic evolution.
It contains the theory of evolution and biological processes such as selection, crossover,
and mutation operators. For solving combinatorial optimization problems, GA is a good
algorithmic framework. Based on GA, the IGA algorithm contains new crossover oper-
ators and mutation operators for solving DJSP. The procedure of IGA is shown in
Table 1.

The parameters include population size Popsize, the total number of generation
MaxGen, reproduction probability pr , crossover probability pc, mutation probability
pm. degree of similarity ps, and the run time of each instance RunTime. The following
describes the encoding, decoding of the individual. The encoding method in Ref [19]
is adopted. Because DJSP contains two sub-problems, the chromosome includes two
strings carrying factory assignment information and operation sequence. For example
in Fig. 1, there are three jobs and two factories. In this solution, J1 and J3 are assigned
to factory 1, J2 are assigned to factory 0. The sequence of operation in each factory
following the operation sequence. In the decoding procedure, firstly generating job set
Jf = {Ji}, i ∈ {1, ..., n}, then each factory is decoded to active schedule in turn [14].
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Table 1. Procedure of IGA

Procedure of IGA

Step 1: Set the parameters of the proposed IGA;
Step 2: Initialization: initialize the population and set Gen = 1, Gen is the current generation;
Step 3: Evaluation: evaluate every individual in the population by the objective;
Step 4: Is the termination criteria satisfied? if yes, turn to step 7; else, turn to step 5;
Step 5: Generate the new population:
Step 5.1: Selection: generate the new population which pr × Popsize individuals by elitist
selection scheme and others by tournament selection;
Step 5.2: Crossover: set R as a random value, R ∈ [0, 100000], if R > pc × 100000, copy
parents to next generation; else, generate children by POX [14] or JBX [14] in same priority.
During POX [14] and JBX [14], check the similarity of the factory-assignments of parents, if
the same assignments higher than ps of all elements, copy it from parents to children, else,
generate the children’s factory-assignments by factory assignment crossover operator;
Step 5.3: Mutation: generate the new population with the factory assignment mutation method
and neighborhood mutation method with a pm probability;
Step 6: Set Gen = Gen + 1 and go to Step 3;
Step 7: Output the best solution

1 0 1

1 3 1 2 3 2

J1 J2 J3

O11 O31 O12 O21 O32 O22

Factory assignment

Operation sequence

Fig. 1. Encode method

In GA, it is very important to employ good genetic operators which can effectively
deal with the problem and efficiently generate excellent individuals in the population.
The first step of IGA is selection operator. It is used to select the individuals according to
the fitness. Elitist selection scheme and tournament selection scheme are both adopted
in the selection procedure. In the elitist selection scheme, pr × Popsize individuals are
reproduced with good fitness in parents to the offspring. On the other hand, the tourna-
ment selection, a number of individuals will be selected randomly from the population
and keep the best one to the offspring. The second step is crossover operator. Because
factory assignment is one of sub-problem of DJSP and it impacts the fitness of each fac-
tory closely, a crossover operator has been designed for it, which embed in the crossover
operators, POX and JBX. When the degree of similarity of parents lower than ps, it will
be used to generate the factory-assignments of children. The basic working procedure of
factory-assignment crossover operator is described in Table 2 (two parents are denoted
as P1 and P2; two offspring are denoted as C1 and C2):
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Table 2. Procedure of factory assignment crossover operator

Procedure of factory assignment crossover operator

Step 1: select length consecutive elements in P1and save the positions as POS1, where length
> 2;
Step 2:select length consecutive elements in P2 and save the positions as POS2;
Step 3: copy the elements which position in POS1 in sequence from P1 to C1, the remaining
positions are complemented by the corresponding elements in P2;
Step 4: copy the elements which position in POS2 in sequence from P2 to C2, the remaining
positions are complemented by the corresponding elements in P1

Precedence operation crossover (POX) and Job-based crossover (JBX) [14] are
adopted for the operation sequence chromosome. At last but not least, two mutation
operators have been adopted for the factory assignment and operation sequence sepa-
rately. For the operation sequence, neighborhoodmutationmethod [14] has been adopted.
A random mutation operator has been designed for factory assignment. The procedure
of factory assignment mutation is as follows (Table 3):

Table 3. Procedure of factory assignment mutation operator

Procedure of factory assignment mutation operator

Step 1: Select r positions in the parent;
Step 2: For each position, change the element to other factory in the factory set of the
corresponding job

3 Computational Result

Our IGA algorithm is implemented in C++ and runs on an Intel Core i5-9400 processor
with 2.90 GHz CPU and 16 GB RAM. As shown in Table 4, in our experiments, we
set Popsize, MaxGen, pr , pc, pm, ps, and RunTime to 400, 200, 0.005, 0.9, 0.2, 0.7
and 10, respectively. These parameter values are determined by extensive preliminary
experiments. The algorithm was tested using TA benchmark instances in Ref [16] and
compared to the recent state-of-the-art three algorithms DAHACO, HACO and ACO in
Ref [18]. The following is a partial TA instance. For example:

2 2
2 0 2 1 10 0 2 1 2 1 10 0 4
2 0 2 0 4 1 8 1 2 0 5 1 7
Frist line: there are two factories and 2 jobs.
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Second line: for job 1 there are two available factories. For factory 0, there are 2
operations need to be processed, the first operationO11 should be processed on machine
1 for 10 s. And the second operation O12 should be processed on machine 0 for 2 s.
As for factory 1, there are 2 operations need to be processed, the first operation O11

should be processed on machine 1 for 10 s. And the second operation O12 should be
processed on machine 0 for 4 s. The third line has the same rule with the second line.
Other instances in detail are shown in Table 7 at the end of the article.

Note that columns best(avg) and t(s) are the best(average) solution obtained and
average computational time in seconds required by the proposed algorithm. The best-
known solutions that can be obtained by each algorithm are indicated in bold.

Table 4. Parameters of IGA

Variable Value

Popsize 400

MaxGen 200

pr 0.005

pc 0.9

pm 0.2

ps 0.7

RunTime 10

From Table 5, one observes that IGA outperforms DAHACO, HACO, ACO in terms
of solution quality on TA benchmark with f = 2 and f = 4. For TA01–TA10 with f = 2,
theminimizemakespan of each instance proposed byDAHACO,HACOandACO is over
1195, and the best solutions for TA01–10 obtained by IGA are less or more than 1000,
lower than 1070. The optimal solution obtained by IGA better than DAHACO (the best
of three comparison algorithms) in the range of [188, 385]. For example, the best solution
of DAHACO for TA02 is 1213, IGA’s solution for TA02 is 1025. The optimal solution
of IGA is numerically reduced by 188 compared to the optimal solution of DAHACO.
For TA07, the best solution of DAHACO is 1402, IGA’s solution for TA07 is 1017. The
optimal solution of IGA is numerically reduced by 385 compared to the optimal solution
of DAHACO. For TA01TA10 with f = 4, only the minimize makespan of instance TA04
proposed by DAHACO is 980, others are over 1000, and the best solutions for TA01–10
obtained by IGA are less than 1000, more than 900. On behave of the objective function,
IGA is competitive and efficiently compare with the recent state-of-the-art algorithms in
the range of [62, 130]. For TA03, the best solution of DAHACO is 1015, IGA’s solution
for TA03 is 953. The optimal solution of IGA is numerically reduced by 62 compared
to the optimal solution of DAHACO. For TA06, the best solution of DAHACO is 1054,
IGA’s solution for TA06 is 924. The optimal solution of IGA is numerically reduced by
130 compared to the optimal solution of DAHACO. The effectiveness of the proposed
IGA is more clearly seen in the Fig. 2 and Fig. 3. For each of benchmark instances, IGA
obtains better optimal results.
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In terms of the computational time, IGA has a significant computational advantage,
reducing the computational time spent compared to DAHACO. The computational time
of HACO and ACO is not mentioned in the literature [18]. The computational time of
IGA to search an optimal solution is about 9 s, it’s almost ten percent of the cost of
DAHACO. Table 6 shows the average relative percentage deviation (RPD) of the four
algorithms grouped by f . It is used as performance measure in this study to show the
stability of the algorithm. It can be calculated by follows:

RPD = Alg − Min

Min
× 100 (1)

Where Alg is the makespan obtained by a given algorithm alternative on a given
instance and Min is the lowest makespan obtained for the same instance. From Table
6, the RPD of IGA is much less than HACO and ACO, slightly higher in value than
DAHACO. This phenomenon means that IGA is more stable than HACO and ACO, but
slightly less stable than DAHACO.

Fig. 2. Result of the Table 5 with f = 2 Fig. 3. Result of the Table 5 with f = 4

4 Discuss and Analysis

From the results of each experiment, the proposed IGA can obtain much better results
for TA benchmark sets compare with other three state-of-the-art algorithms. Therefore,
the above experimental results indicate that the proposed IGA can solve the DJSP effec-
tively and obtain many good and useful results. The computational time of IGA has
also been compared with other algorithms, IGA cost less computation time than other
algorithm apparently. Therefore, the proposed IGA has both superior effectiveness and
high efficiency for solving DJSP.
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Table 6. Average RPD of the four algorithms grouped by f

F DAHACO HACO ACO IGA

2 0,39 13,12 57,08 1,77

4 0,58 6,39 34,58 2,45

Average 0,48 9,75 45,83 2,11

The reason are as follow. Firstly,GAas an evolutionary algorithmhas powerful global
searching ability. Secondly, in order to solve theDJSPeffectively, effective genetic opera-
tors are employed and designed in thismethod. The population diversitywas enhanced by
the crossover and mutation operators worked on each solution. Therefore, the proposed
approach has very good searching ability with little computational time.
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Table 7. Instances in detail

TA01(f=2)

2 15

2 0 15 6 94 12 66 4 10 7 53 3 26 2 15 10 65 11 82 8 10 14 27 9 93 13 92 5 96 0 70 1 

83 1 15 6 94 12 66 4 10 7 53 3 26 2 15 10 65 11 82 8 10 14 27 9 93 13 92 5 96 0 70 1 83 

2 0 15 4 74 5 31 7 88 14 51 13 57 8 78 11 8 9 7 6 91 10 79 0 18 3 51 12 18 1 99 2 33 

1 15 4 74 5 31 7 88 14 51 13 57 8 78 11 8 9 7 6 91 10 79 0 18 3 51 12 18 1 99 2 33 

2 0 15 1 4 8 82 9 40 12 86 6 50 11 54 13 21 5 6 0 54 2 68 7 82 10 20 4 39 3 35 14 68 

1 15 1 4 8 82 9 40 12 86 6 50 11 54 13 21 5 6 0 54 2 68 7 82 10 20 4 39 3 35 14 68 

2 0 15 5 73 2 23 9 30 6 30 10 53 0 94 13 58 4 93 7 32 14 91 11 30 8 56 12 27 1 92 3 

9 1 15 5 73 2 23 9 30 6 30 10 53 0 94 13 58 4 93 7 32 14 91 11 30 8 56 12 27 1 92 3 9 

2 0 15 7 78 8 23 6 21 10 60 4 36 9 29 2 95 14 99 12 79 5 76 1 93 13 42 11 52 0 42 3 

96 1 15 7 78 8 23 6 21 10 60 4 36 9 29 2 95 14 99 12 79 5 76 1 93 13 42 11 52 0 42 3 96 

2 0 15 5 29 3 61 12 88 13 70 11 16 4 31 14 65 7 83 2 78 1 26 10 50 0 87 9 62 6 14 8 

30 1 15 5 29 3 61 12 88 13 70 11 16 4 31 14 65 7 83 2 78 1 26 10 50 0 87 9 62 6 14 8 30 

2 0 15 12 18 3 75 7 20 8 4 14 91 6 68 1 19 11 54 4 85 5 73 2 43 10 24 0 37 13 87 9 66

1 15 12 18 3 75 7 20 8 4 14 91 6 68 1 19 11 54 4 85 5 73 2 43 10 24 0 37 13 87 9 66 

2 0 15 11 32 5 52 0 9 7 49 12 61 13 35 14 99 1 62 2 6 8 62 4 7 3 80 9 3 6 57 10 7 1 15 

11 32 5 52 0 9 7 49 12 61 13 35 14 99 1 62 2 6 8 62 4 7 3 80 9 3 6 57 10 7 

2 0 15 10 85 11 30 6 96 14 91 0 13 1 87 2 82 5 83 12 78 4 56 8 85 7 8 9 66 13 88 3 15 

1 15 10 85 11 30 6 96 14 91 0 13 1 87 2 82 5 83 12 78 4 56 8 85 7 8 9 66 13 88 3 15 

2 0 15 6 5 11 59 9 30 2 60 8 41 0 17 13 66 3 89 10 78 7 88 1 69 12 45 14 82 4 6 5 13 

1 15 6 5 11 59 9 30 2 60 8 41 0 17 13 66 3 89 10 78 7 88 1 69 12 45 14 82 4 6 5 13 

2 0 15 4 90 7 27 13 1 0 8 5 91 12 80 6 89 8 49 14 32 10 28 3 90 1 93 11 6 9 35 2 73 

1 15 4 90 7 27 13 1 0 8 5 91 12 80 6 89 8 49 14 32 10 28 3 90 1 93 11 6 9 35 2 73 

(continued)
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Table 7. (continued)

2 0 15 2 47 14 43 0 75 12 8 6 51 10 3 7 84 5 34 8 28 9 60 13 69 1 45 3 67 11 58 4 87 

1 15 2 47 14 43 0 75 12 8 6 51 10 3 7 84 5 34 8 28 9 60 13 69 1 45 3 67 11 58 4 87 

2 0 15 5 65 8 62 10 97 2 20 3 31 6 33 9 33 0 77 13 50 4 80 1 48 11 90 12 75 7 96 14 

44 1 15 5 65 8 62 10 97 2 20 3 31 6 33 9 33 0 77 13 50 4 80 1 48 11 90 12 75 7 96 14 44 

2 0 15 8 28 14 21 4 51 13 75 5 17 6 89 9 59 1 56 12 63 7 18 11 17 10 30 3 16 2 7 0 35 

1 15 8 28 14 21 4 51 13 75 5 17 6 89 9 59 1 56 12 63 7 18 11 17 10 30 3 16 2 7 0 35 

2 0 15 10 57 8 16 12 42 6 34 4 37 1 26 13 68 14 73 11 5 0 8 7 12 3 87 2 83 9 20 5 97 

1 15 10 57 8 16 12 42 6 34 4 37 1 26 13 68 14 73 11 5 0 8 7 12 3 87 2 83 9 20 5 97

5 Conclusion

In this paper, an IGA algorithm is presented to solve the benchmark problems designed
for the distributed job shop scheduling problem. The IGA algorithmwas able to produce
new best known solutions of ten benchmark instances, taking less computation time.
However, the stability of the algorithm still needs to be strengthened. For the future
work, strategy of assigning jobs to suitable factories reasonably can be used to update
the quality of optimal solution.
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Grant No. 2018AAA0101704, National Natural Science Foundation for Distinguished Young
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Optimization for Multitask Optimization
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Abstract. In recent years, multitask optimization (MTO) plays an important role
in real life, covering various fields such as engineering, finance, and agriculture.
MTO can solve multiple optimization problems in the meantime and heighten
the performance of solving each task. The teaching-learning-based optimization
(TLBO) algorithm and its improved variants focus on solving single problem. In
this article, a novel multitask teaching-learning-based optimization (MTTLBO)
algorithm is proposed to handle multitask optimization (MTO) problems. Firstly,
MTTLBO makes full use of knowledge transfer between different optimization
problems to improve performance and efficiency on solving MTO problems. The
concept of opposition-based learning (OBL) is introduced into the teaching stage
which allow students to receive a wide range of knowledge and find individuals
with great differences. MTTLBO is compared with some advanced evolutionary
multitask algorithms. The experimental results state clearly that the MTTLBO
algorithm owns excellent performance on nine sets of single-objective problems.

Keywords: Multitask optimization · Teaching-learning-based optimization ·
Opposition-based learning

1 Introduction

The goal of traditional evolution algorithms (EAs) is finding the optimal solution on a sin-
gle optimization problem [1] and generate better individuals by evolutionary operators.
Inspired by multitask learning in machine learning domain [2], evolutionary multitask
(EMT) [3] or multifactorial optimization (MFO) [4] are proposed to resolve many opti-
mization problems. The solution of each task was encoded in the same search space
which makes full use of the commonness or complementarity between different tasks
to transfer positive information between various tasks and promote the evolution of the
population. For a certain task, there is some common useful knowledge on solving it,
which may help solve another task.

With the increasing diversity and complexity of the optimization tasks, Gupta et al.
[4] introduced the idea ofmultitask optimization (MTO) into evolutionary algorithm, and
proposed multifactorial evolutionary algorithm (MFEA). Bali et al. [5] proposed a novel
framework in MFEA (MFEA-II), which can adjust the degree of genetic transfer online
to reduce the negative interaction between different optimization tasks and enhance the
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ability of problem solving. Zhou et al. [6] proposed a novel concept based on MFEA.
The difference with MFEA is that a better crossover operator was selected flexibly for
two parents with different skill factor. Li et al. [7] exploited an explicit multi-population
evolutionary framework. The group is divided into multiple groups according to the
skill factor and a group is responsible for a task. Then, a novel search engine was
used to generate offspring. In addition, by calculating the success rate of information
transmission in each generation, the value of random mating probability rmp can be
flexibly adjusted. Wu et al. [8] applied EA to multitask optimization. The population
was divided into multiple groups according to skill factor and some the worst individuals
of a certain group was replaced by the best individuals in other groups. Then each
group makes full use of information between different tasks to generate new offspring.
Liang et al. [9] adopted two advanced strategies in MFEA. If two randomly selected
parents with different skill factor, one of the parents is transformed into an individual
closing to the other parent. Besides, the idea of OBL was introduced in MFEA. These
strategies enhance the knowledge transfer efficiency and perform efficient exploration
and exploitation. Gupta et al. [10] introduced the idea of multi-objective optimization
(MOO) into the MFEA to deal with MOO problems. Bali et al. [11] established the
probability model by integrating the data generated online during multi-task search
in order to adjust the degree of genetic transfer online. Yao et al. [12] proposed an
advanced strategy inMFEA.BydecomposingMOOtasks into a series of single-objective
optimization (SOO) tasks, a population could be made full use of optimizing all SOO
tasks. Liang et al. [13] developed an advanced algorithm. For two randomly selected
parents from different tasks, one of the parents was mapped into search space of the
other task. Besides, the appropriate method to generate the offspring vector is based on
the information in each generation.

TLBO has beenwidely used inmany fields due to few parameters and high efficiency
[14].However, its research and application are not verymature andhave some limitations.
So, this paper developed a novelMFOwith TLBO bymaking full use of their advantages
to handle MTO problems. In additional, the opposition-based learning mechanism is
introduced into the teaching stage to search for more promising positions and hence
obtain the better solutions.

The rest of this paper is organized as follows. The concept of multitask optimization
is described in Sect. 2. The basic process of TLBO is expounded clearly in Sect. 3.
The basic process of MTTLBO is expounded clearly in Sect. 4. Section 5 carries out
experiments and data analysis. Some conclusions are given in Sect. 6.

2 Multitask Optimization (MTO)

Multi-objective optimization (MOO) is commonly optimization method [15]. MOO
problems only contain one task, which can be used to generate a series of pareto optimal
solutions [16].While the multitask optimization (MTO) problem contains multiple tasks
which can be SOO problem or MOO problem. The optimal solutions of all tasks can be
solved at the same time [17]. The definition of an MFO problem is provided as follows:

{X1,X2, ...,Xk} = {argmin T1(X1), argmin T2(X2), ..., argmin Tk(Xk)} (1)

where Xi denotes an optimal solution of the i-th task Ti(i = 1, 2, ..., k).
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3 Teaching-Learning-Based Optimization

TLBO includes two basic processes: In the teaching stage, teachers guide students to
improve their grades. In the learning stage, students communicate with each other to
check for missing knowledge. The collection of all students is called a class. A certain
subject of the student is regarded as a decision variable of the problem. The score of
students corresponds to the fitness value. The student with the highest score corresponds
to the teacher in the current class.

Teaching Stage: Teachers teach students according to the difference between the
average value of themselves and students.

The average level Xmean of the class is given by

Xmean = 1

m

[
m∑
i=1

xi1,
m∑
i=1

xi2, ...,
m∑
i=1

xid

]
(2)

where xij represents the the j-th dimensional position of the i-th student, and d represents
the dimension.

The difference between Teacher and average level of the class is given by

difference = rand ∗ (Xteacher − TF ∗ Xmean) (3)

Then, the updating formula of the i-th student Xi in teaching stage is as follows:

Xi_new = Xi + rand ∗ (Xteacher − TF ∗ Xmean) (4)

where rand is a random value between 0 to 1 and teaching factor TF can be randomly
1 or 2 at the same probability.

Learning Stage: The updating equation of the i-th student Xi in learning stage can be
given as follows: {

Xi_new = Xi + rand · (Xi − Xk)

Xi_new = Xi + rand · (Xk − Xi)

if f (Xi) < f (Xk)

otherwise
(5)

where Xk �=i is randomly selected from the class, f (Xi) and f (Xk) is the fitness value of
the i-th student and k-th student respectively.

After updating students in Teaching stage and Learning stage, their fitness values are
recalculated. If the fitness value f (Xi_new) is less than f (Xi), thenXi = Xi_new. Otherwise,
this student will remain the same.

4 Multi-tasking Teaching-Learning Based Optimization

Edified by the multifactorial optimization, MTTLBO combine the main ideas of MFEA
with the teaching process and learning process. In this paper, the skill factor τ indicates
the task in which a certain student shows the best performance. Then, all students are
divided into two groups Pτ and P2/τ according to the skill factor. To clearly show the
process of MTTLBO, its complete framework is given as shown in Fig. 1. The main
parts of MTTLBO are introduced clearly as follows.
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Fig. 1. The complete framework of MTTLBO algorithm

4.1 Teaching Stage

In the process of teaching, the learning strategy of the original teaching stage is executed,
and then the opposition-based learning mechanism is executed when the algorithm is
executed at intervals of 50 generations.
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The teacher teaches students according to the difference between the her/his level
and the average level of the group.

The average level Xmean,τ of the group Pτ is given by

Xmean,τ = 1

m

[
m∑
i=1

xi1,τ ,
m∑
i=1

xi2,τ , ...,
m∑
i=1

xid ,τ

]
(6)

where xij,τ represents the the j-th dimensional position of the i-th student in the group
Pτ .

Then, the updating formula of the i-th student Xi is as follows:{
Xi_new,τ_new = Xi,τ + rand(1,D). ∗ (Xteacher,τ − TF ∗ Xmean,τ )

Xi_new,τ_new = Xi,τ + rand(1,D). ∗ (Xteacher,2/τ − TF ∗ Xmean,2/τ )

if rand ≥ rmp
otherwise

(7)

where rmp is set to 0.3, rand(1,D) is the learning step length and D is the number of
dimensions.

Inspired by the MFEA, the offspring can directly imitate the skill factor of any
individual from the parent in the MTTLBO. If the student Xi,τ is taught in the group
Pτ , and the skill factor τi of the i-th individual from the offspring is updated by Eq. (8),
otherwise the skill factor τi of the i-th individual from the offspring is updated by Eq. (9).

τi_new = τi (8)

{
τi_new = τi

τi_new = 2/τi

if rand ≤ 0.5
otherwise

(9)

Moreover, the opposition-based learning mechanism is executed after 50 generation
intervals. The updating formula of the i-th student Xi is as follows:

Xi_new,τ_new = U + L − Xi,τ (10)

where U and L are the upper and lower limit of the unified search space respectively.
Then, the offspring skill factor τi_new is updated by Eq. (8).

4.2 Learning Stage

A random value rand is generated in the range of [0,1]. If rand isn’t less than the rmp,
two random students Xi,τ and Xk,τ with the same factor skill are selected to generate
offspring Xi_new,τ_new by Eq. (11).

{
Xi_new,τ_new = Xi,τ + rand(1,D). ∗ (Xi,τ − Xk,τ ) if ϕi > ϕk

Xi_new,τ_new = Xi,τ + rand(1,D). ∗ (Xk,τ − Xi,τ ) otherwise
(11)

Where ϕi and ϕk is the scalar fitness of the i-th student and k-th student respectively.
Then, the offspring skill factor τi_new is updated by Eq. (8).
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If rand is less than the rmp, two random students Xi,τ and Xk,2/τ with the different
factor skill are selected to generate offspring Xi_new,τ_new by Eq. (12).

{
Xi_new,τ_new = Xi,τ + rand(1,D). ∗ (Xi,τ − Xk,2/τ ) if ϕi > ϕk

Xi_new,τ_new = Xi,τ + rand(1,D). ∗ (Xk,2/τ − Xi,τ ) otherwise
(12)

Then, the offspring skill factor τi_new is updated by Eq. (9).

4.3 Selection Mechanism

After the Teaching stage and Learning stage, parent population and the offspring are
integrated into a new population M. For a certain task Tj, all individuals are sorted
in ascending order according to factorial cost ψ i

j to obtain factorial rank rij of every

individual. Generally, the factorial rank rij can be defined as follows:

rij = i, i = 1, 2, . . . , 2N (13)

where 2N symbolizes the number of the new population.
In multitask environments, the scalar fitness ϕi symbolizes the best factorial rank rij

of the i-th student among all the tasks. That is, the scalar fitness ϕi of every student can
be defined as:

ϕi = 1

minj∈{1,...,k}
{
rij

} (14)

Finally, N individuals in the next generation are selected from new population M
according to their scalar finesses.

5 Simulation Experiment

In order to test the effect of the MTTLBO algorithm, this experiment will use nine sets
of SOMTO problems [1], and compare MTTLBO algorithm with SOTLBO, MFEA,
MFDE and MFPSO algorithm. In order to make a fair comparison, the population size
of all algorithms is set to100. The maximum number of evaluations is used as the stop
criterion for terminating the run which is set to 100,000. Then the average results of 10
independent runs are used for comparison. Table 1 shows the parameter settings of all
algorithms are as follows.
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Table 1. The parameter settings of five algorithm

SOTLBO MFEA MFDE MFPSO MTTLBO

TF = 1 or 2 RMP = 0.3 RMP = 0.3 RMP = 0.3 RMP = 0.3

ηc = 2 F = 0.5 C1 = C2 = C3 = 0.2 TF = 1 or 2

ηm = 5 PCR = 0.9 ωmax = 0.9, ωmin = 0.4

Table 2 shows the average value and standard deviation of the objective function
values of all algorithms independently run 10 times on the classic SOMTO test suite.
Higher average target results are highlighted in bold.

Table 2. Comparison of results obtained by different algorithms on multi-tasking problems

Problem Task Metric SOTLBO MFEA MFDE MFPSO MTTLBO

CI+HS Griewank Mean 3.85E−01 3.59E−01 1.55E−05 3.71E−01 0.00E+00

Std 1.51E−01 5.97E−02 2.65E−05 7.79E−01 0.00E+00

Rastrigin Mean 3.21E+02 2.18E+02 3.58E−02 2.56E+02 0.00E+00

Std 7.63E+01 4.52E+01 6.93E−02 5.36E+02 0.00E+00

CI+MS Ackley Mean 7.12E+00 4.65E+00 1.26E−02 2.66E+00 2.20E−11

Std 8.36E−01 8.42E−01 3.86E−02 6.68E+00 8.93E−12

Rastrigin Mean 3.43E+02 2.18E+02 1.99E−01 2.87E+03 0.00E+00

Std 8.59E+01 5.82E+01 6.30E−01 8.90E+03 0.00E+00

CI+LS Ackley Mean 2.12E+01 2.02E+01 2.12E+01 7.21E+00 1.10E+01

Std 6.28E−02 1.05E−01 3.43E−02 9.63E+00 6.69E+00

Schwefel Mean 1.08E+04 3.61E+03 1.17E+04 4.82E+03 8.03E+03

Std 6.79E+02 3.81E+02 1.24E+03 6.23E+03 5.53E+03

PI+HS Rastrigin Mean 2.94E+02 5.54E+02 8.15E+01 3.87E+02 5.07E+01

Std 6.40E+01 1.32E+02 1.76E+01 1.94E+02 1.51E+01

Sphere Mean 1.97E+01 8.59E+00 2.64E−05 4.64E+03 1.81E+01

Std 1.28E+01 2.46E+00 2.49E−05 4.05E+02 1.50E+01

PI+MS Ackley Mean 6.30E+00 3.67E+00 1.54E−03 3.67E+00 3.09E+00

Std 1.51E+00 3.72E−01 9.00E−04 5.44E−01 8.14E−01

Rosenbrock Mean 9.40E+03 6.26E+02 8.50E+01 1.72E+02 5.99E+02

Std 1.04E+04 1.22E+02 2.02E+01 2.08E+02 7.59E+02

PI+LS Ackley Mean 6.52E+00 2.00E+01 3.68E−01 1.52E−01 2.50E−09

Std 9.86E−01 8.93E−02 6.15E−01 4.80E−01 1.88E−09

Weierstrass Mean 6.07E+00 2.11E+01 2.23E−01 1.95E−01 8.21E−09

(continued)
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Table 2. (continued)

Std 1.48E+00 2.92E+00 4.87E−01 5.85E−01 1.09E−08

NI+HS Rosenbrock Mean 8.27E+03 1.34E+03 7.87E+01 1.63E+02 6.36E+01

Std 7.54E+03 1.25E+03 3.15E+01 2.54E+02 3.28E+01

Rastrigin Mean 3.50E+02 3.17E+02 2.14E+01 1.25E+02 1.30E+01

Std 1.05E+02 1.25E+02 1.63E+01 1.97E+02 1.75E+01

NI+MS Griewank Mean 4.44E−01 4.34E−01 6.65E−05 7.30E−01 5.09E−01

Std 1.77E−01 6.08E−02 2.60E−05 3.98E−01 2.83E−01

Weierstrass Mean 2.02E+01 2.69E+01 3.51E+00 1.27E+01 5.46E−05

Std 2.42E+00 2.73E+00 1.35E+00 3.74E+00 4.71E−05

NI+LS Rastrigin Mean 3.16E+02 5.82E+02 9.26E+01 7.98E+02 8.33E+01

Std 7.04E+01 1.10E+02 1.94E+01 4.65E+02 2.06E+01

Schwefel Mean 1.12E+04 3.69E+03 3.97E+03 1.05E+04 1.15E+04

Std 4.23E+02 4.15E+02 1.09E+03 3.31E+03 2.12E+02

Compared with other EMT algorithms, MTTLBO shows excellent performance
on 11 tasks out of 18 tasks on the classic single-objective MTO test. Compared with
SOTLBO, MTTLBO exhibited superior performance on most of the MFO benchmarks
except for Griewank function from benchmark NI+MS and Schwefel function from
benchmark NI+LS. MFEA performed better thanMTTLBO for Schwefel function from
benchmark CI+LS, Sphere function from benchmark PI+HS, Griewank function from
benchmark NI+MS and Schwefel function from benchmark NI+LS. MFDE performed
better thanMTTLBOfor Sphere function frombenchmarkPI+HS, two tasks frombench-
mark PI+MS, Griewank function from benchmark NI+MS and Schwefel function from
benchmark NI+LS. MFPSO performed better than MTTLBO for two tasks from bench-
mark PI+LS, Griewank function from benchmark NI+MS and Schwefel function from
benchmarkCI+LS,Rosenbrock function frombenchmark PI+LS, and Schwefel function
from benchmark NI+LS. Hence, the experimental data confirmed feasibility and superi-
ority of the MTTLBO algorithm in solving MTO problems. In additional, the MTTLBO
algorithm shows its advantages in the average target value of all tasks in the classicMTO
test problem. Maybe that some better individuals be obtained by the opposition-based
learning mechanism which can search for more promising positions when the algorithm
fell into the local optima.

To observe and compare the searching efficiency of MTTLBO with those of other
algorithms, the convergence curves on all MTO benchmarks are given in Fig. 2. For
example, MTTLBO exhibited excellent performance over other EMT algorithms on the
benchmarks CI+HS and PI+LS, andMTTLBO fell into local optimumon Schwefel from
benchmark NI+LS.
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Fig. 2. The convergence curves on all MTO benchmarks obtained by different algorithms
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6 Conclusions

In this paper, the MTO idea was introduced into the TLBO algorithm. By introducing
opposition-based learning mechanism in the teaching stage, it can prevent the con-
vergence from being too fast and falling into the local optimum. The experimental
results show that, compared with the existing multi-tasking evolutionary algorithms, the
MTTLBO algorithm achieves satisfactory results on SOO.
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Abstract. In this paper, we present a new method for emotion recognition from
facial expressions. The proposed algorithm concentrates on only two specific areas
(eyes and mouth), reducing features and descriptors and focusing only on these
areas. The algorithm extracts characteristics from these two regions of the face
and, in a subsequent process, eliminates the less significant characteristics or those
that introduce noise into the classifier. The system allows obtaining a reduced set
of features to improve the performance of the classification. In the experiments
carried out, we obtain precisions of 99.56%.We evaluated the proposed algorithm
on two benchmark datasets; we find that SVMconsistently outperforms traditional
machine learning techniques.

Keywords: Facial recognition · Vision system · Features selection

1 Introduction

The recognition of emotions is helpful for the identification of human behaviour. Under-
stand human behaviour can help us to solve problems in several disciplines. Some of the
applications are used in psychology, robotics, emotions in text, video games, intelligent
environments, marketing [1], among many more. Last years, research in this area had
increased, which has allowed the emergence of better techniques and the development of
techniques to improve precision in systems to recognize emotions. Some research speaks
of practical algorithms for improving precision, the aspects that influence are quality,
and the extension of the data set, the preprocessing of the images, feature descriptors
and the optimization of the parameters of the classifiers [2–4].

The most used techniques to improve precision are the feature selection stage and a
fine selection of areas of interest. Several studies have concluded that feature selection
intervenes in classification performance [5]. Feature selection techniques allow filtering
the most discriminative characteristics and eliminating those with little discriminatory
power or features that add noise to the classifier. The adequate feature selection stage
has helped to increase the classification precision. Furthermore, the training and testing
times can be reduced significantly. On the other hand, the identification of the face [6–8]
and select areas of interest also reduces the processing and search for features in the entire
image, concentrating only on small areas and reducing the processing significantly.
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In this paper, we identify the six basic emotions according to Ekman [9]. In the
proposal, two areas of interest of the face are selected: the eyes and the mouth. From
these areas, we extracted textural features, LBP and HoG. Finally, a genetic algorithm
is used as a selector of characteristics. Both techniques allow to significantly reduce
processing by considerably reducing the work area and features used. In the experiments
carried out, we used two benchmark data sets. In the characteristic extraction stage, we
use the HoG, LBP, and Haralick textural descriptors as information to identify emotions,
and a genetic algorithm is used to identify the most discriminative features in the data
set. The present work makes it possible to focus the search for features on only two areas
of the face and reduce the number of features used to only those with high discriminative
power. This work’s objective is to reduce the region of interest and then reduce features
by selecting the most discriminating and finding out the combination of features that
can differentiate between types of facial emotions.

The work is structured in the following sections: Sect. 2 presents state of the art in the
area of selection of characteristics for the recognition of emotions, analyzing the different
selection algorithms, descriptors, and classifiers for the identification of emotions, also,
to raise the different applications that these systems have today. In Sect. 3, we show the
preliminaries. Section 4 presents our proposed methodology. In Sect. 5, we perform an
analysis of the results. Finally, in Sect. 6, we present the conclusions and future work.

2 State of the Art

Identifying emotions is a research topic of great interest due to many implementations
in different areas. Identifying the moods in people allows obtaining essential data, such
as likes, approvals, rejections, and interest towards a specific situation or objects. These
data are valuable because they can be raised in a large number of applications and
investigations. The emotion classifier’s accuracy depends on the quality of the data sets,
the preprocessing, feature extraction techniques, and parameters selected in classifiers.
Working with the most discriminative features allows us to reduce the identification
time and increase precision. Most of the investigations seek to eliminate redundant
features from their dataset by using algorithms. Some of these are genetic algorithms
[10], ant colony system (ACS), Cuckoo search, sequential direct selection (SFS) [11].
PSO optimization, among others. As methods of selecting discriminative features. Some
investigations perform combinations of metaheuristic search algorithms; for example,
in [12], a non-dominated classification genetic algorithm II (NSGA-II) and a Cuckoo
binary search for characteristics selection. The authors obtain subsets of the initial pop-
ulation using the Relief algorithm. In their results, the authors report an improvement
in its times and an increase in its precision using SVM and treeBagger classification
algorithms. However, many investigations are focused only on the genetic algorithm
for the selection of the characteristics, in most of the investigations, they propose the
extraction of characteristics using popular descriptors such as HoG, LBP, Transformed
Fourier, Gabor, among others, and the classifiersmost used in research are deep networks
and SVMs. Research shows that the selection of characteristics with genetic algorithms
decreases the error rate, improving identification [13].

Another essential aspect is the selection of the areas of interest of the face. The mus-
cles of the face have different movements that together express emotions. The emotions
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are shown in the eyelids when manifesting an eye movement, or an expression of the
eyes performs the movement in the muscles around the eyes, lifting the eyebrows, mouth
movements, frowning cheek lift, and chin tension [14]. The expression of emotions is
transmitted mainly on the face. However, the movement of the eyebrows and nose is
showed in the eye area. The nose’s movement is shown in the mouth area, and finally, the
movement in the chin and cheeks is dependent on the movement applied in the mouth.
However, several investigations identify emotions by taking the person’s entire face to
extract features. Other investigations are based onmasks with crucial points on the entire
face to identify the relationship of movements and interpret the sets of movements asso-
ciated with an emotion. In this paper, we use specific areas of the face that we consider
discriminatory to identify emotions. In our case, we consider the mouth and eyes as our
areas of interest to identify emotions.

3 Proposed Method

Each of the steps of a vision system has a significant impact on its performance; that is,
the success of a machine vision system depends on the inter-dependent processes. This
paper tries to solve the following problems: extracting information from images from
regions of interest, improving performance by reducing the features, and automatically
recognizing facial emotions. In this section, we describe in detail the proposed method-
ology. Figure 1 shows a flow chart of the proposed methodology. The first step detects
human faces in the image, in the second step detects the mouth and eyes in the face.
The initial detection of the face allows the system to improve the detection of regions
of interest. In the third step, the features of the mouth and eyes regions are extracted
then a genetic algorithm is used to select the best features. This step allows to eliminate
features with low discriminative power and features that introduce noise in the classifier.
The genetic algorithm allows getting the best features with the best discriminative power
and obtaining the best combination of features. Finally, the vector of selected features is
used for the classification of facial emotions. In this paper, we compare the results with
several classifiers. Each step is explained in detail in the following subsections.

3.1 Detection of Areas of Interest

Preprocessing is an essential step in face recognition that consists of several techniques
such as illumination normalization, alignment, resized and cropped images to assure
that the location of the face in a picture is the same in all pictures and reduce the time
of training. In this paper, we work with two areas of interest for the identification of
emotions. Based on practice and research, we determine that these two areas give the
movements of the face.Whenwe aremoving the nose, immediately there aremovements
in the mouth. Similarly, the movement of the forehead or eyebrows is shown in the eye
area. In addition, emotions are expressed directly through macro expressions or micro-
expressions located in these areas of the eyes and mouth. That is why we decided to
focus only on these two areas of interest. Figure 2 shows how the system works in two
steps in the proposed method. First, the system works with Haar features to improve
the performance of the Viola-Jones algorithm, which performs the identification of the
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Fig. 1. Proposed Methodology

face. Then we used a cascade-type classifier trained with positive images of the eyes and
mouths to automatically select the regions of interest. In this step, HoG and LBP type
characteristics are extracted for the training of the cascade classifier. Once we identify
the areas of interest, we cut and set aside working only in these areas.

Fig. 2. Selection of regions of interest

3.2 Features Extractors

For each area of interest, we extract Haralick, HoG, and LBP features. We show the
arrangement of our feature vectors in Fig. 3, and we carry out a concatenation of our
characteristic vectors of each area of interest.

Haralick Texture Features. The Haralick textural features are textural patterns such
as roughness, the softness of the area, smooth or thick, wavy, or irregular. These char-
acteristics allow us to identify an object within an image. These characteristics help us
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identify similar patterns in the object of interest, creating a relationship between shades
in grayscale. The texture is obtained according to the consistent distribution of patterns
and colours of an object. Haralick’s method uses a co-occurrence matrix of gray levels
using adjacent pixels. Texture analysis is performed by obtaining the frequency of the
levels of pairs in the pixels with different distances and directions. Haralick obtains 14
texture descriptors.

LBP Features. TheLBP descriptor is one of themost used techniques for pattern recog-
nition due to its performance; even if there are somewhat complicated environments,
LBP is invariant to lighting and translations. LBP works with monotonic changes in the
scale of grays. This characteristic allows us to identify the same object or texture even
though it has a darker or lighter tonality.

LBP descriptor works in a block size of 3 × 3. The center of the block is used as
a threshold for the remaining pixels in the block and encoded the computed threshold
value into a decimal value as follows:

LBP =
∑P−1

i=0
s(ni − Gc)2

i (1)

s(x) =
{

1, if x > 0
0, otherwise

(2)

Where Gc represents the value of the center pixel in the block. P is the number of
pixels in the block, ni represents the ith neighboring pixel. Finally, a histogram of size
2P is obtained from all the LBP code.

HoG Features. HoG descriptor is a technique for the extraction of shape features.
Although it is also used for texture features, the algorithm works with the structure
or shape of objects. HoG generally performs processes to obtain edges of objects. HoG
gets the edges of the objects in the image. It calculates the magnitude and direction
according to the intensity value of each pixel of a small spatial region referred as “cell”.
Finally, the algorithm obtains a histogram of the magnitude, depending on the direction
angle of each pixel. These values allow us to distinguish different local changes around
the pixels with the contrast change and the local shape.

Let L be an intensity (grayscale) function describing the image. The image is divided
into cells of size n × n pixels, and the orientation θx,y of the gradient in each pixel is
computed as follows:

θx,y = tan−1 L(x, y + 1) − L(x, y − 1)

L(x + 1, y) − L(x − 1, y)
(3)

The orientations θ
j
i i = 1, . . . , n2 in the cell j are quantized and accumulated into a

m-bins histogram.

3.3 Feature Selection

The number of extracted features is enormous and, in some cases, can affect the classi-
fication accuracy by introducing noise into the classifier. We decided to apply a genetic
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algorithm to select features to eliminate redundant characteristics with low discrimina-
tive power or not contribute to the classification precision. One of the most used feature
selection techniques is the genetic algorithm. This is a stochastic method for function
optimization inspired by themechanics of natural genetics and species evolution.Genetic
algorithms operate on a population of individuals to produce better approximations in
each iteration.

Fig. 3. Feature extraction and features selection of the proposed method.

For this stage, a basic genetic algorithm is implemented, using four different classi-
fication methods to obtain subsets of four features. In our problem, we use binary string
encoding, in which a chromosome represents the inclusion/exclusion of the set of fea-
tures. The chromosome is represented as bit strings of 0’s and 1’s. In the chromosome, 1
represents that the feature is selected and 0 otherwise. The algorithm starts with a random
population of feature subsets (chromosomes). Each chromosome is evaluated, measur-
ing its ability to predict a set of labels based on the accuracy. The algorithm replaces
the initial population with a new one that includes features from different chromosomes
that present a higher classification accuracy. This process is repeated until a number of
generations are reached, or accuracy is reached. At each generation, a new population
is created to improve the chromosome population by selecting individuals according to
their fitness level and recombining them together using operators of selection, mutation,
and crossover.

In our experiments, use binary encoding, elitism, size of population = 30, num-
ber of generations = 100, Crossover operator: 2-point crossover with probability =
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0.7, mutation operator: Bit flip with probability = 0.02 and roulette wheel as selection
operator.

In Fig. 2, we show the features extraction stage of two areas of interest selected
and the final arrangement of our characteristic vectors. In this figure, we also mention
our feature selection process with the genetic algorithm to optimize our precision and
execution time.

3.4 Classification Techniques

In this section we describe the classification techniques used in our experiments.

Support Vector Machines (SVM). The SVM classifier has turned out to be one of the
best classifiers used in many applications, and according to recent research, the SVM
generally provides good precision for the recognition of emotions. The basic principle
of an SVM is to create an optimal hyperplane over a set of data with linearly separable
classes.

Logistic Regression. Logistic regression is a predictive algorithmbased on the statistics
andprobability of the data.Logistic regression allowsus toworkwith binary classes using
a sigmoid activation function. The logistic regression estimates possible relationships
between the dependent and independent variables of the data and defines the possible
classification of the data according to the predisposition of the curve of an activation
function. When the curve tends to be infinite positive, the classification is 1; otherwise,
it is 0.

Random Forest. Decision trees are predictive algorithms, and this algorithm allows us
to create a model in the form of a tree with the data. It is based on data impurity metrics
and data probabilities preset in a class. The tree is made up of internal nodes and leaf
nodes, where the internal nodes are based on the impurity metric; a decision is made,
iteratively constructing bifurcations until reaching the leaf nodeswhere the complete path
is associatedwith a class.Decision treeswork by calculating the probability of each class,
which is used to obtain a profit from each node. There are pre-labelled data for each of the
existing classes to later calculate the impurity of each of the characteristics or variables of
the data, being the nodes exhaustive for decision-making and new bifurcations. Decision
trees are based on recursion. In each node, data are divided by eliminating characteristics
that were already used as results of the nodes.

Naïve Bayes. Naive Bayes is a fast and easy to implement classification technique.
The principal advantage of Naïve Bayes is that it only requires a small number of
training data to estimate the parameters necessary for classification. On other hand, a
naive Bayes classifier considers each of the features to contribute independently. It is
a disadvantage because, in most real-life cases, the predictors are dependent, which
impacts the classifier’s performance. Despite their simplicity, naive Bayes classifiers
have worked quite well in many complex real-world applications.
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4 Experimental Results

In this section, the parameters selection technique is shown, also data normalization and
experimental results obtained with the proposed method.

4.1 Data Sets

In the experiments, we use two data sets that are described as follows.

SAMM Database. The SAMM dataset was created at the University of Manchester is
a dataset of actions and spontaneous micro-movements with demographic diversity and
is based on the facial action coding system (FACS). This set contains 159 spontaneous
micro-facial movements of 32 participants of 13 different ethnic groups, a total of 3634
images, and six emotions (Joy, Surprise, Anger, Disgust, Sadness, and Disgust) [15, 16].

SMIC Database. The SMIC dataset created by the University of Oulu is a spontaneous
micro-expressions database, with 164micro-expressions from16 people. SMIC contains
1909 images and five emotions (Joy, Surprise, Disgust, Sadness, and Disgust) [17, 18,
19].

4.2 Feature Extraction and Selection

After of selection of the regions of interest, we extract features from the mouth and eyes
images. Features are extracted one by one and concatenated into a single feature vector.
The final feature vector T was stored in a m × 3824 size array containing m images
with 3824 features. The features are obtained using LBP, textural and HoG features
as described above. All the extracted features were normalized with mean zero and
standard deviation equal to 1. In this stage, we use a GA to select the best features. For
each classifier, we select the best features based on accuracy. In all the experiments, we
use binary encoding, elitism, population with 30 individuals, 100 generations, 2-point
crossover with probability = 0.7, bit flip mutation with probability = 0.02 and roulette
wheel selection operator.

4.3 Parameter Selection

In all used classifiers, optimal parameters were obtained by cross-validation and grid
search. Cross-validation is a model validation technique for assessing how the results of
a statistical analysis will generalize to an independent data set. On the other hand, grid
search exhaustively searches all parameter combinations obtaining the best. For SVM,
the regularization parameter C which induced the best average test error was picked
from the discrete values 10−4, . . . , 104.
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5 Results

In the experiments, all data sets were normalized, and cross-validation was used with k
= 10. Table 1 shows the results obtained with 2 datasets. In the Table Acc represents
the Accuracy, TP represents the true positives, FP represents the false positives, and Fm
represents de f-measure metrics. For each classifier used, accuracies obtained with each
individual set of characteristics are reported. The metric used to evaluate the classifier’s
performance was Accuracy, which is obtained from the classifier hits divided by the total
of the data set.

Finally, we show the effectiveness of the proposed method using feature selection
and with the entire dataset. Table 1, shows the results obtained with all the features and
using only the features selected by the genetic algorithm. The first column describes
the results obtained with all features (AF) and the reduced features with the GA (ReF).
In the Table, SVM represents the results obtained with Support Vector Machines, in
our experiments, we use the Sequential Minimal Optimization algorithm, RF represents
the results obtained with Random Forrest, Bayes (Naïve Bayes), and LR represents the
results with logistic regression.

In the Table, the maximal predictive accuracy to the SAMM dataset is obtained with
SVM classifier 99.56% using the GA to reduce the features, and 98.72% with all the
features. On the other hand, the maximal predictive accuracy to SMIC dataset is also
obtained with SVM classifier 98.14% using the GA to reduce the features, and 97.68%
with all the features.

From the experimental results, one can see that eliminating features in the dataset
can significantly improve the performance of the classifiers and make the algorithm fast.
Moreover, using individuals with all the features and elitism in the GA, guarantees that
the GA improves the performance. The table shows that the results improve less than 1
percentage point when we select features. Only in the SMIC dataset using the Bayesian
classifier, the improvement is 6% points.

Figures 4 and 5 show the confusion matrices obtained with the different classifiers
(SVM, Bayes, random forest and regression logistic) for SAMM and SMIC datasets.
Figure 4 shows that the best-predicted emotions with SVM are dislike and sadness with
100% and the worst predicted is surprise with 99.1%. However, each classifier has its
difficulties in predicting some emotions. Figure 5 shows that best-predicted emotions
are again obtained using SVM, and it is sadness with 100%, and the worst predicted
is happiness with 96.9%. On the other hand, the worst results are obtained with Bayes
classifier with the anger emotion as the best classified with 96.5% and sadness emotion
as the worst predicted with 71.7%. Figure 5 shows that the worst predicted emotions are
again obtained using the Bayes classifier with the SMIC dataset.

Experimental results presented in this section indicate that the proposed method can
be employed for face recognition.Compared to the samemethodwith all the features. The
proposed method attained the highest classification accuracy using the GA on SAMM
and SMIC datasets. In our experiments, we can observe that the use of elitism permits
us to improve the accuracy. Due to the above, in the population generation, we generate
an individual with all the features. GA starts with the individual with all features. In the
worst case, at least the fitness of this individual will be preserved.
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Fig. 4. Confusion matrices of the classifiers with SAMM dataset using reduced features with GA

Fig. 5. Confusion matrices of the classifiers with SMIC dataset using reduced features with GA
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6 Conclusions

In this paper, a novel system for emotion recognition is proposed. The proposed algorithm
selects the region of interest in two stages. First, identify the face region in the image
and then identify the mouth and eyes as principal regions of interest. The algorithm
extract features from two regions in the face and uses a GA to reduce the search area
and the features. The proposed system is evaluated using two benchmark datasets. In
the experimental results, we can see that selecting regions of interest helps the system
improve performance.

Moreover, elitism in the genetic algorithm for feature selection increased the pre-
cision of some of the classifiers. Another essential aspect that genetic algorithm gives
us is to reduce the number of characteristics. This helps speed up computing times. In
this paper, we work with 3824 features initially. However, we observed that the SAMM
data set was reduced by 53.75%, and the SMIC data set was reduced by 52.05%. The
performance of the developedmodel was tested using k fold cross-validation, and results
revealed that the model is a good predictor.
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University of the State of Mexico with the research project 4996/2020/CIB.
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Abstract. Recently, the large-scale optimization problems have become a com-
mon research topic in the field of evolutionary computation. It is hard to find
optimal solutions when solving large-scale multi-objective optimization problems
(LSMOPs), due to the ineffectiveness of existing operators. In the other word, the
search ability of most existing MOEAs on solving LSMOPs is still weak. To
address this issue, an efficient competitive swarm optimizer with a strong explo-
ration ability, denoted as E-CSO, is presented in this paper, which designs a novel
three-particle-based particle updating strategy to improve the search efficiency.
The experimental results validate the high efficiency and effectiveness of our
proposed approach when solving various LSMOPs.

Keywords: Multi-objective optimization · Competitive swarm optimizer ·
Large-scale optimization · Particle swarm optimization

1 Introduction

Multi-objective optimization problems (MOPs) are commonly existed in real-world
engineering applications [1, 2], which often involve two or more objectives conflicting
with each other. There is no one single solution which can optimize all conflicting
objectives. Hence, a set of trade-off optimal solutions called Pareto-optimal set (PS)
is expected for each MOP and its mapping to the objective space is called Pareto-
optimal front (PF). The main goal of solving MOPs is to find a set of solutions that
can closely and evenly approximate its true PF. Over the last past several years, multi-
objective evolutionary algorithms (MOEAs) have become very popular and shown some
advantages for solving MOPs. Most MOEAs can be roughly categorized into three
groups based on the used population update principle, including Pareto-based MOEAs
[3, 4], decomposition-based MOEAs [5, 6] and indicator-based MOEAs [7, 8], which
have been validated to be effective for solving MOPs with a few decision variables.

However,most existingMOEAs show an inefficient performancewhen solving some
MOPs with a large number of decision variables (i.e., more than 100 decision variables),
since the search space is exponentially related to the number of decision variables [9].
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That is, it is very difficult for most existing MOEAs to exploit the optimal solutions in
such a huge search space, because they are more likely to encounter some problems that
converge prematurely to a local optimum [10]. Recently, a number of studies have been
presented to enhance the search ability of MOEAs for solving large-scale optimization
problems (LSMOPs). These MOEAs can be roughly divided into the following two
categories.

The first category of MOEAs for LSMOPs is based on decision variable group-
ing, which divides the decision variables into several groups and then optimizes each
group of decision variable successively [11]. For example, Jia et al. [12] proposed a
new contribution-based cooperative co-evolutionary method, called CBCCO, which can
decompose and optimize nonseparable problems with overlapping subcomponents effi-
ciently. In [13], a cooperative coevolution approach called BHCC was proposed, which
tolerates decomposition errors and introduces cooperation between overall problem and
sub-problems. In [14], an algorithm called HDG was proposed based on a new decom-
position method called a deep grouping method, which not only considers the variable
interaction but also takes the essentialness of the variable into account. In TRDG [15],
when the interaction between two sets is detected, the variables in one of the sets are
divided into three subsets based on the trichotomy method, and then the interaction
between each subset and the other set is detected. ERDG [16] exploits the historical
information on examining the interrelationship of the decision variables of a problem,
so it can spend less computation.

The second category of MOEAs for LSMOPs is based on decision variable analysis,
which divides the decision variables into different categories according to their contribu-
tions to the objective functions and then optimizes each type of decision variable by using
different optimization strategies. For example, in [17], an algorithm called MOEA/DVA
was proposed, which classifies the variables into position variables, distance variables
andmixed variables and then divides the distance variables into a number of independent
subcomponents. After that, MOEA/DVA optimizes each subcomponent of distance vari-
ables until population converges and then optimizes all the decision variables for better
diversity, which can improve the solution quality on most difficult MOPs. In [18], an
algorithm called LMEA was proposed based on a decision variable clustering method,
which divides the decision variables into convergence-related variables and diversity-
related variables, and then optimizes each decision variable by different strategies. In
[19], an algorithm called LSMOEA/D incorporates the guidance of reference vectors
into the control variable analysis and optimizes the decision variables using an adaptive
strategy.

Nevertheless, most existing MOEAs for solving LSMOPs were proposed based on
the division of decision variables, which may encounter some problems when solv-
ing some problems with complicated PFs or PSs. In addition, few MOEAs for solving
LSMOPs optimize all the decision variables simultaneously, due to the inefficient search
ability of existing search operators (i.e., simulated binary crossover [20] and differential
evolution [21]). More recently, some competitive swarm optimizers (CSOs) have shown
a promising performance for solving LSMOPs, because they have a strong exploration
ability when compared to the traditional search operators. Inspired from that, we design
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an efficient competitive swarm optimizer in this paper, denoted as E-CSO, which pro-
poses a novel three-particle-based particle updating strategy with a strong search ability.
The main contributions of this paper are introduced as follows:

1) An effective particle updating strategy is proposed to enhance the search efficiency
for solvingLSMOPs in a huge search space,which involves three particles, including
one winner particle (i.e., Xw) and two loser particles (i.e., XL1 and XL2 ). Specifically,
XL2 is learning fromXw, whileXL1 is learning fromXw andXL2 that has been updated
by Xw. In this way, two-third of particles have been updated after one generation.
That is, the convergence pressure is strengthened by using the proposed particle
updating strategy.

2) A large-scalemulti-objectiveCSOalgorithmbased on the proposed particle updating
strategy is also presented in this paper, called E-CSO. The experimental results
validate the effectiveness of the proposed E-CSO when compared to four state-of-
the-art MOEAs on solving the large-scale multi-objective test problems LSMOP1-
LSMOP9 [22].

The remaining parts of this paper are organized as follows. Section 2 introduces the
related works which about competitive swarm optimizer (CSO). Section 3 introduces the
details of the proposed E-CSO and an analysis on the proposed particle updating strategy.
Section 4 provides the empirical results of the proposed E-CSO and four state-of-the-art
MOEAs. Finally, the conclusions and future works are given in the Sect. 5.

2 Preliminary

2.1 Related Works of Competitive Swarm Optimizer

In so many popular heuristic algorithms, particle swarm optimization (PSO) is usu-
ally used for solving MOPs, because of the strong search ability of PSO and its easy
implementation. Generally speaking, PSO is an intelligent optimization algorithmwhich
simulates the behavior of bird flocking. Every particle in PSO stands for a solution, in
which its velocity and position information are updated by using the particle update strat-
egy. In these years, there are several PSO algorithms which are presented for solving
MOPs [11, 23, 24] and have shown some promising performance.

However, most existing PSOs fail to solve the large-scale MOPs because of lacking
of convergence pressure and population diversity. With decision variables increasing,
although PSO has a large search space, it still can’t solve the problem effectively. More
recently, in order to enhance the ability of PSO solving problems that have a larger
number of decision variables, a novel PSO variant, namely CSO [9], has been proposed
for solving large-scale MOPs, which randomly selects two particles every time and the
velocity and position of the worse particle, called loser particle, is updated by the better
one, called the winner particle.

Recently, some CSO variants have been proposed, such as TPLSO [25], LLSO [26],
SPLSO [27], LMOCSO [28] and so on. Specifically, particles in TPLSOwill go through
two process, which includes mass learning and elite learning. In mass learning, particles
are divided into several groups. In each group, the particles compete with each other
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and the winner will be saved and enter into elite learning. In elite learning, particles
in the swarm are sorted according to their fitness value. After that, each particle needs
to learn from two particles which are better than itself. The above two processes form
the entire evolution process of TPLSO. In LLSO, the particles are divided into four
levels according to their fitness value. Afterwards, particles in each level learn from
those particles which are in lower levels. In SPLSO, the entire process mainly includes
Segment-Based Learning and Segment-Based Predominant Learning. In LMOCSO, the
fitness value of particles in the swarm is first calculated. Then two particles are randomly
selected every time. Afterwards, they compete with each other. At last, the worse particle
will learn from the better particle.

Algorithm 1: The complete framework of the proposed E-CSO
Input: N (population size), Problem
Output: P (final population)
1 R← Uniformpoint (N, Problem.M);
2 P← Initpopulation(N);
3 while fes< MaxFes do
4 P’← Updatingparticle(P); //Algorithm 2
5 P← EnvironmentalSelection(P P’, R);
6 end while
7 return P;

3 The Proposed E-CSO

3.1 The Complete Framework of E-CSO

The pseudo-code of the complete framework of the proposed E-CSO is given in Algo-
rithm 1, which mainly includes initialization process, the process of updating particles
and environmental selection process. The initialization procedure is activated in lines
1–2 of Algorithm 1. To begin with, uniform point function producesN uniform reference
points according to the population size (N) and the number of objectives (M). Then, a
population P is initialized in line 2. With the initialization completed, as shown in lines
3–6, E-CSO enters into a main loop of evolutionary process, which will be terminated
until the fes is greater than or equal to MaxFes. In the loop of evolutionary process, the
velocities and the positions for the particles in P are updated in line 4 by using the pro-
posed efficient particle updating strategy. The details of the proposed particle updating
strategy will be illustrated in Algorithm 2. Afterward, the environmental selection pro-
cess is performed on the particle swarm, which selects the particles for next generation.
Finally, all the particles in P will be outputted as the optimal solutions.

3.2 The Proposed Particle Updating Strategy in E-CSO

The pseudo-code of the proposed particle update process is given in Algorithm 2. Firstly,
the fitness value of each particle in P is calculated in line 1, which adopts the shift-based
density estimation (SDE) strategy [29] to construct the fitness value for each particle,
formulated as below,
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Fitness(p) = min
q∈P\{p}

√
√
√
√

M
∑

i=1

(max{0, fi(�q) − fi(�p)})2 (1)

where fi(
−→p )denotes the ith objective value ofp. Despite of a variety of density estimation

techniques, they only measure the density of a solution by estimating its positional
relationship with other solutions. However, SDE [29] not only considers the diversity
of a solution in the population, but also considers the convergence of a solution in the
population. In SDE, when it estimates the density of a solution i, if other solutions
perform better than i for an objective, it will shift the solutions to the same position
of i on this objective. Therefore, SDE not only reflects the diversity between solutions,
but also reflects the convergence between solutions. Only the solution with both good
diversity and convergence has a low crowding degree in SDE. The solution with either
poor convergence or poor diversity has a high crowding degree in SDE. Besides, a
solution with both poor convergence and poor diversity has a highest crowding degree
in SDE. Then, in lines 3–13, the updating particle procedure steps into the main loop
of updating particles until the i is equal to |P|/3. In the loop of updating particles, three
particles are randomly selected from P in line 4. Afterward, in line 6, the three particles
are sorted according to SDE. Then, Xw, XL2 and XL1 produced in lines 7–9. In lines 7–9
of Algorithm 2, SDE of the Xw is best among the three particles and SDE of the XL2 is
in the middle. Therefore, SDE of the XL1 is the worst. With Xw, XL1, XL2 produced, as
shown in line 10, the XL2 and the XL1 update their velocities and positions using Eq. (2).
At last, Offspring is returned as the final solutions. XL2 and XL1 update their positions
and velocities using the following strategy:

VL1(t + 1) = r1VL1(t) + r2(Xw(t) − XL1(t)) + ψr3(XL2(t) − XL1(t))

VL2(t + 1) = r1VL2(t) + r2(Xw(t) − XL2(t))

XLi (t + 1)=XLi (t) + VLi (t + 1) + r1(VLi (t + 1) − VLi (t)) (2)

where r1, r2 and r3 are uniformly randomly distributed values in [0,1]. ψ is a parameter
within [0,1] that controls the influence of XL2.

Algorithm 2: Updatingparticle(P)
Input: P
Output: Offspring
1 calculate the fitness (SDE) of each particle in P by (1);
2 Offspring Ø;
3 for each particle in P do
4 { wX , XL1, XL2}←randomly select three particles from P;
5 P P\{ wX , XL1, XL2};
6 sort the three particles according to SDE fitness value;
7 wX ← the particle with the best fitness value in (1);
8 XL1←the particle with the worst fitness value in (1);
9 XL2←the particle with the middle fitness value in (1);
10 update XL1 and XL2 by using (2);
11 mutate XL1, XL2 and wX ;
12 Offspring← { XL1, XL2 and wX } Offspring;
13 end for
14 return Offspring;
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Fig. 1. (a) The trajectory of XL2 learning from Xw; (b) The trajectory of XL2 and XL1 learning
from Xw, Xw and XL2 respectively.

Fig. 2. (a) The trajectory of XL2 learning from Xw and X ; (b) the trajectory of XL2 learning only
from Xw

To conclude, E-CSO can accelerate the convergence speed and achieve a stable state
faster, because E-CSO have more particles to be updated, which can move toward Xw
faster and move toward right directions more quickly. In the meanwhile, the particles
learn only from those particleswhich are better than themselves,which can guarantee that
the particles will not move toward wrong directions. More discussions on the proposed
E-CSO have been illustrated in Sect. 3.3 as below.
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3.3 Discussions on E-CSO

(1) Comparison between the two-particle-based CSO and three-particle-based CSO:

To have an intuitive observation on the difference between the two-particle-based
updating strategy and the three-particle-based updating strategy, the trajectories of one
particle learning from the leaders respectively by using two-particle-based and three-
particle-based updating strategy are plotted in Fig. 1(a) and Fig. 1(b)

The difference between two-particle-based CSO and three-particle based E-CSO can
be clearly observed from the above Fig. 1(a) and Fig. 1(b). In Fig. 1(a), during the stage
of updating the particles, only a half of the particles can be updated at one generation
according to two-particle CSO, however, in Fig. 1(b), in the proposed E-CSO, during the
same process, the positions of 2/3 particles can be updated. Evidently, more particles can
be updated by using the proposed E-CSO. That is, E-CSO can accelerate the convergence
speed. Thereby, more particles can get better to adapt themselves to the environment.
Therefore, they can reach at a stable state in a faster speed and with less evaluations.

(2) Comparison between three particles with X and three particles without X

From the above Fig. 2(a) and Fig. 2(b), we can clearly find the difference between
three-particle CSO and E-CSO. In above Fig. 2(a), the updating strategy of velocity
of XL2 includes Xw and X according to three-particle CSO, on the contrary, in above
Fig. 2(b), according to E-CSO, the updating strategy of velocity of XL2 only includes Xw
with the factor that X maybe slow its convergence speed. In addition, in above Fig. 2(a),
the updating strategy of position of XL2 includes the updated velocity and the previous
position, but in E-CSO, the updating strategy of position of XL2 not only includes the
updated velocity and the previous position, but also includes the change of velocity
which can make the XL2 move toward Xw more quickly.

3.4 Complexity Analysis

As far as the computational complexity is concerned, from Algorithm 2, we can see that
during one generation, it takes O(NP2) to calculate the fitness of each particle in P in
line 1 of Algorithm 2, where NP is the swarm size. During the process of producing Xw,
XL2 and XL1 , it takes O(NP*D) in lines 2–9 of Algorithm 2, where D is the dimension
of decision variables. In line 10 of Algorithm 2, O(NP*D) is needed to update XL2 and
XL1 . At last, it takes O(NP*D) to mutate XL1, XL2 and Xw in line 11. To sum up, the
complexity of E-CSO is O(NP2+ NP*D).

As for the space complexity, from Algorithm 2, we can observe that at each gen-
eration, it takes O(NP*D) space to calculate the fitness of each particle in P in line 1
of Algorithm 2. Afterwards, O(NP*D) space is needed to produce Xw, XL2 and XL1 in
lines 2–9. At last, it takes O(NP*D) space to store the offspring. To sum up, the space
complexity of E-CSO is O(NP*D).

To conclusion, E-CSO remains efficient in time complexity and space complexity.
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4 Experimental Studies

In this section, several experiments are conducted to investigate the performance of
the proposed E-CSO in solving LSMOPs. First, the effectiveness of the proposed par-
ticle updating mechanism in E-CSO is empirically studied. Then, the experimental
comparisons between the proposed E-CSO and several state-of-the-art MOEAs (i.e.,
MOEA/DVA [17], LMEA [18], WOF-NSGA-II [30] and LMOCSO [28] on solving
LSMOPs are conducted.

4.1 Benchmark Problems and Performance Metrics

Regarding the adopted benchmark problems in our experiment, nine test problems (i.e.,
LSMOP1-LSMOP9 proposed in [22]) are used for experimental comparison. Among
these problems, they have different characteristics. Specifically, LSMOP1-LSMOP4 are
constructed by linear variable linkages in their PSs and a liner unit hyper-plane in their
PFs, while LSMOP5-LSMOP8 show nonlinear variable linkages in their PSs and a
concave unit hyper-sphere in their PFs. LSMOP9 has a nonlinear variable linkage in its
PS and disconnected segments in its PF.

Regarding the number of objectives (m) for each test problem, we set m = 2 in our
experiment. Regarding the number of decision variables (n), it varies from 100 to 500
(i.e., n = {100, 200, 500}). In addition, the number of subcomponents in each variable
group nk is set to 5.

Regarding the performance metric, the inverted generational distance (IGD) [31] is
adopted to assess the performance of compared algorithms in our experiment. Please
note that 10000 reference points are sampled on each Pareto front of LSMOP1-LSMOP9
for calculating IGD value, which is based on themethods suggested in [32]. Besides that,
all experiments are performed on PlatEMO [33] and the mean and standard deviation of
the IGD value are recorded after 20 independent runs by each compared algorithm. The
Wilcoxon rank sum test with a significance level of 0.05 is adopted to perform statistical
analysis on the experimental results, where “+”, “−” and “~” respectively indicate that
the result obtained by another compared algorithms is significantly better than, worse
than and similar to that obtained by the proposed E-CSO.

4.2 The Compared Algorithms and Experimental Settings

To verify the effectiveness of the proposed E-CSO, four competitive algorithms for
solving LSMOPs are included for comparison, including MOEA/DVA [17], LMEA
[18], WOF-NSGA-II [30] and LMOCSO [28]. A brief introduction of each compared
algorithms is given below:

1) MOEA/DVA[17]:MOEA/DVA introduces an interdependence variable analysis and
a control variable analysis, which are used to decompose decision variables into a
set of low-dimensional subcomponents and recognize the conflicts among objective
function, respectively.

2) LMEA [18]: LMEA proposes a decision variable clustering method, which divides
the decision variable into convergence-related variable anddiversity-related variable.
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3) WOF-NSGA-II [30]: WOF proposes a weight-based optimization framework that
uses a problem transformation scheme to reduce the dimensionality of the search
space.

4) LMOCSO [28]: LMOCSO proposes a two-stage-based particle updating strategy to
update the position for each particle, which preupdates the position of each particle
based on its previous velocity and then updates the position of each preupdated
particle by learning from a leader particle.

Please note that some unique parameter settings for each compared algorithm are
set as suggested in their corresponding references. In addition, some common parameter
settings for all compared algorithms are uniformed, which are introduced as below:

1) Population size (N): The population size is set to 300 for all test problems with two
objectives.

2) Termination criterion (MaxFes): The maximum number of evaluations (MaxFes)
is adopted as the termination criterion for all compared algorithm, which is set to
MaxFes = 15000 ×n (n is the number of decision variables).

4.3 Comparisons Between E-CSO and Existing MOEAs

Table 1 provides a comparison of results in terms of the IGD values obtained by each
compared algorithm for two-objective LSMOP1-LSMOP9 with 100, 200 and 500 deci-
sion variables. It is obvious that the proposed E-CSO showed better overall performance
than the other four competitors. Specifically, E-CSO can obtain the best results on 11
out of the 27 cases, while MOEA/DVA, LMEA, WOF-NSGA-II, and LMOCSO only
show the best results on 4, 0, 12 and 0 out of 27 cases. From the one-by-one comparisons
in the last row of Table 1, E-CSO performed better than MOEA/DVA, LMEA, WOF-
NSGA-II and LMOCSO in 18, 22, 15 and 10 out of 27 cases, respectively, and it was
only respectively worse in 7, 5, 11 and 5 out of 27 cases. According to the experiments
in Table 1, E-CSO performs well in LSMOP1 with 100 and 200 decision variables,
LSMOP4, LSMOP5, LSMOP8 with 100 decision variables and LSMOP9 with 100 and
200 decision variables. E-CSO performs not well in LSMOP1 with 500 decision vari-
ables, LSMOP2, LSMOP3, LSMOP6, LSMOP7, LSMOP8 with 200 and 500 decision
variables and LSMOP9 with 500 decision variables. Especially in LSMOP3, LSMOP6
and LSMOP7with multimodal landscapes, E-CSO behaves badly mainly due to the lack
of diversity. In other LSMOPs, E-CSO shows its superiority because of its fast conver-
gence. Hence, the IGD results summarized in Table 1 has validated the effectiveness of
the proposed E-CSO over other competitive MOEAs.

To visually support the above discussion, some final solution sets with the 10th

best IGD values from all 20 runs are plotted in Figs. 3, 4, 5 for the nondominated
solutions obtained by the five compared MOEAs on two-objective LSMOP9 with 100
decision variables, LSMOP1with 200decision variables andLSMOP5with 500decision
variables based on IGDvalues. Some conclusions can be easily drawn from these figures.
Regarding the different test problemswith various decisionvariables, all thefinal solution
sets obtained by the proposed E-CSO are distributed evenly in these representative
problems with different characteristics, while the final solution sets obtained by other
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competitors showpoor distributions.Hence, it is reasonable to conclude that the proposed
E-CSO shows an obvious superiority over other compared algorithms in solving LSMOP
test problems with different decision variables.

Table 1. IGD values of LMOCSO, WOF-NSGA-II, LMEA, MOEA/DVA, E-CSO on two-
objective LSMOP1–LSMOP9, where the best result on each test instance is shown in a gray
background

GRAY BACKGROUND
Problem D LMOCSO WOF-NSGA-II LMEA MOEADVA E-CSO
LSMOP1 100 3.0789e-3 (2.10e-4) - 4.0340e-1 (5.07e-2) - 1.4596e-2 (1.05e-3) - 4.7404e-3 (1.57e-4)- 2.1516e-3 (9.32e-5)
LSMOP1 200 4.7952e-3 (4.08e-4) - 4.2686e-1 (5.34e-2) - 1.4194e-1 (2.66e-1) - 5.0800e-3 (1.69e-4)- 3.3666e-3 (4.08e-4) 
LSMOP1 500 1.4026e-2 (1.13e-3) - 4.1022e-1 (6.65e-2) - 5.2421e-2 (9.33e-2) - 6.4362e-3 (2.30e-4)+ 1.0606e-2 (1.60e-3) 
LSMOP2 100 4.8628e-2 (1.66e-2) = 2.5868e-2 (7.71e-3) + 1.2268e-1 (4.41e-2) - 1.8746e-1 (2.11e-3)- 3.9346e-2 (3.93e-3)
LSMOP2 200 4.1959e-2 (1.14e-2) = 1.7943e-2 (5.64e-4) + 1.0960e-1 (3.07e-2) - 1.3855e-1 (7.75e-4)- 3.7025e-2 (1.12e-2)
LSMOP2 500 3.1545e-2 (9.80e-4) + 1.1086e-2 (3.50e-4) + 6.0888e-2 (5.07e-3) - 6.2463e-2 (2.54e-4)- 3.3450e-2 (1.31e-3)
LSMOP3 100 6.9037e-1 (5.17e-2) = 6.2328e-1 (3.64e-2) + 1.8030e+0 (2.50e+0) - 7.8749e-1 (3.37e-2)- 7.0451e-1 (8.08e-3)
LSMOP3 200 7.8224e-1 (2.31e-1) - 6.5356e-1 (2.63e-3) + 3.0858e+0 (4.66e+0) - 8.3542e-1 (4.39e-2)- 7.0712e-1 (3.35e-5) 
LSMOP3 500 8.4000e-1 (2.76e-1) = 6.6001e-1 (1.58e-2) + 4.0250e+0 (5.94e+0) - 9.1128e-1 (1.46e-1)= 9.8448e-1 (3.05e-1)
LSMOP4 100 2.7645e-2 (8.49e-4) = 5.0139e-2 (2.49e-3) - 1.4160e-1 (5.48e-2) - 4.4903e-2 (1.12e-2)- 2.6726e-2 (1.00e-3)
LSMOP4 200 1.6989e-2 (4.12e-4) - 3.7614e-2 (2.47e-3) - 8.7735e-2 (4.03e-2) - 4.2358e-2 (9.10e-3)- 1.6227e-2 (2.19e-4)
LSMOP4 500 1.1183e-2 (5.40e-4) = 2.5569e-2 (9.53e-4) - 4.3447e-2 (1.62e-2) - 2.6943e-2 (2.66e-3)- 1.0810e-2 (5.72e-4)
LSMOP5 100 3.9376e-3 (2.89e-4) - 1.3462e-1 (1.01e-1) - 3.7641e-1 (2.98e-1) - 1.0852e-2 (5.52e-4)- 3.2867e-3 (2.58e-4) 
LSMOP5 200 5.3896e-3 (5.57e-4) - 7.5729e-2 (3.70e-2) - 4.1010e-1 (2.73e-1) - 1.2730e-2 (1.14e-3)- 3.7467e-3 (3.10e-4) 
LSMOP5 500 9.4023e-3 (2.72e-3) - 3.9922e-2 (1.64e-2) - 4.6232e-1 (9.16e-2) - 1.2092e-1 (3.30e-1)- 5.7585e-3 (9.88e-4)
LSMOP6 100 7.5751e-1 (1.50e-2) + 4.4301e-1 (1.60e-1) + 7.6759e-1 (2.16e-1) + 8.6606e-1 (3.01e-2)+ 1.0900e+0 (4.85e-2)
LSMOP6 200 7.6025e-1 (6.66e-3) + 4.8044e-1 (1.66e-1) + 7.7327e-1 (1.07e-1) + 6.6489e-1 (1.48e-2)+ 9.0912e-1 (1.73e-2)
LSMOP6 500 7.5450e-1 (2.61e-3) + 3.2969e-1 (6.52e-2) + 5.8865e-1 (1.84e-1) + 5.1584e-1 (1.49e-2)+ 8.1112e-1 (5.37e-3)
LSMOP7 100 1.2986e+0 (2.11e-1) = 9.3666e-1 (2.37e-1) = 1.2704e+0 (1.64e-1) - 6.0278e+0 (1.08e+0)- 1.1599e+0 (3.01e-1) 
LSMOP7 200 1.6460e+0 (3.25e-1) = 9.3576e-1 (1.87e-1) + 1.3548e+0 (2.25e-1) + 4.4612e+0 (1.09e+0)- 1.8357e+0 (4.99e-1) 
LSMOP7 500 1.7418e+0 (1.93e-1) = 9.3822e-1 (6.09e-2) + 1.2194e+0 (3.89e-1) + 2.9427e+0 (6.32e-1)- 1.7146e+0 (3.60e-1)
LSMOP8 100 4.7421e-2 (8.33e-3) - 1.2756e-1 (2.89e-2) - 9.0561e-2 (2.51e-2) - 4.5969e-2 (3.72e-3)- 3.9675e-2 (5.63e-3)
LSMOP8 200 5.1568e-2 (3.20e-3) = 6.1941e-2 (1.83e-2) - 6.5953e-2 (2.93e-3) - 4.5608e-2 (2.91e-3)+ 4.8581e-2 (3.28e-3)
LSMOP8 500 2.6046e-2 (6.04e-4) = 4.2151e-2 (1.42e-2) - 4.1147e-2 (1.97e-3) - 2.2776e-2 (1.14e-3)+ 2.5389e-2 (1.17e-3)
LSMOP9 100 1.5858e-2 (2.85e-3) - 8.1004e-1 (1.17e-16) - 7.1036e-1 (2.77e-1) - 1.1437e-1 (2.11e-2)- 1.0124e-2 (1.60e-3) 
LSMOP9 200 9.3795e-2 (6.21e-2) = 8.1004e-1 (3.10e-16) - 6.8305e-1 (2.97e-1) - 8.1648e-2 (1.08e-2)= 6.3346e-2 (5.17e-2) 
LSMOP9 500 1.0472e-1 (9.80e-3) + 8.0988e-1 (1.91e-4) - 5.4352e-1 (1.65e-1) - 4.6218e-2 (2.15e-3)+ 1.2051e-1 (8.62e-3)

+/-/= 5/10/12 11/15/1 5/22/0 7/18/2

‘+’, ‘-‘ and ‘=’ indicate that the result is significantly better, significantly worse and statistically similar 
to that of E-CSO, respectively

Fig. 3. The final non-dominated solutions obtained by the compared algorithms on two-objective
LSMOP9 with 100 decision variables based on IGD values.
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Fig. 4. The final non-dominated solutions obtained by the compared algorithms on two-objective
LSMOP1 with 200 decision variables based on IGD values.

Fig. 5. The final non-dominated solutions obtained by the compared algorithms on two-objective
LSMOP5 with 500 decision variables based on IGD values.

5 Conclusions and Future Work

In this paper, an efficient competitive swarm optimizer, namely E-CSO, is presented for
solving LSMOPs, which uses a novel three-particle-based particle updating strategy to
evolve the swarm. At the beginning of the proposed E-CSO, three randomly selected
particles are compared with each other firstly, which is based on the fitness value. Then,
these selected particles aremarked as onewinner particle (i.e.,Xw showed the best results
on the fitness value), two loser particles (i.e., XL2 ranked the second based on the fitness
value and XL1 with the worst fitness value), respectively. After that, the loser particles
are learning from the winner particle by using the proposed particle updating strategy.
Specifically,XL2 is learning fromXw, whileXL1 is learning from bothXw andXL2 that has
been updated byXw already. In this way, there are total two-thirds of particles whichwere
updated after one iteration.Hence, the convergence pressure in E-CSO is strengthened by
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using the proposed particle updating strategy, which is crucial for solving someLSMOPs
with a huge search space. In the other word, the search ability in the proposed E-CSO
is improved compared to other traditional CSOs. When compared to five competitive
MOEAs (i.e., MOEA/DVA, LMEA, WOF-NSGA-II and LMOCSO), E-CSO showed
an obvious superiority over other competitors when solving the LSMOP1-LSMOP9 test
problems.

Regarding our future work, 1) the environmental selection in E-CSO will be studied
in our future work. 2) The performance of E-CSO on solving some LSMOPs with more
than 500 decision variables as well as some LSMOPs with some different characteristics
will be further studied. Moreover, 3) the performance of competitive swarm optimizer
that combines some transfer learning methods on tackling multi/many-tasking problems
will also be considered in our future work.
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KGT: An Application Mapping Algorithm
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Abstract. Some previous researches have explored the application mappings for
network-on-chip to reduce the power consumption and the network latency. How-
ever, some of these previous application mapping algorithms only find the local
optimal result instead of a global best solution. To further save the power con-
sumption and reduce the network latency, we propose a novel applicationmapping
algorithm, called KGT mapping algorithm, for the triplet-based multi-core archi-
tecture (TriBA) topology which is WK-recursive based networks well conform
to a modular design due to the properties of regularity and scalability. The KGT
mapping algorithm exploits the advantage of both the Kernighan–Lin partitioning
algorithm and genetic algorithm to reduce the overall power consumption and
network latency. The KGT mapping algorithm generates a mapping solution by
using KL partitioning algorithm. Next, to avoid the premature phenomena, we use
a genetic algorithm to prevent the population trapped in the local optimal solution.
Compared to the random mapping algorithm, the evaluation results demonstrate
that the KGT mapping algorithm saves the power consumption by 22.75% and
reduces the network latency by 17.5% on the average.

Keywords: WK-recursive network · Kernighan–Lin algorithm · Genetic
algorithm · Application mapping · On-chip network

1 Introduction and Motivation

Some researches [1, 2] describe that on-chip multi-core processors such as the power
consumption with respect to the whole on-chip power are 50%. In fact, there is several
factors mainly affect the power consumption such as the network topology, the routing
algorithm, application mappings. So a crucial challenge in NoC is how associate the IP
cores implementing tasks of an application. This is application mapping which plays a
key role to improve the performance of the overall on-chip multi-core architecture.

Several previous application mapping algorithms have been proposed [3–11]. A
two steps Integer Linear Programming (ILP) mapping algorithm has been proposed by
Ostler for process allocation and data mapping [3]. In [4], authors have proposed the
Branch-and-Bound (BB) to topologically find the application mapping by searching
the solution in tree branches and bounding unallowable solutions. Zhou et al. have
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proposed a genetic mapping algorithm which maps application onto NoC optimally
with a minimum average delay [5]. Authors [8] have proposed SMAP algorithm which
performs application mapping for 2DMesh-based NoC to minimize execution time. A
Simulated Annealing (SA) mapping algorithm has been proposed for 2DMesh multi-
core architecture topology which minimizes the on-chip area and the maximum network
communication bandwidth [10].

In this paper, we propose a mapping heuristic algorithm (KGT mapping algorithm)
that is based on Kernighan–Lin (KL) algorithm, genetic algorithm (GA) and the WK-
recursive multicore architecture TriBA to reduce the overall network latency and power
consumption. KL algorithm can reduce the fact network communication cost by plac-
ing frequently communicating cores closely. GA is a kind of mapping algorithm for
exploring optimization and searching solutions. TriBA [12, 13] (Triplet-based architec-
ture) is a novelty WK-recursive on-chip multicore architecture with the characteristic of
scalability and locality.

2 Related Work

Several previous works have been proposed to use specially designed application
mapping algorithms, for example Kernighan-Lin partitioning algorithm and genetic
algorithm, to improve the different NoC architectures performance or reduce power
consumption.

In [14, 15], Sahu et al. proposed three mapping algorithms LMAP, KLMAP and
KMAPwhich apply for 2DMesh, Butterfly Fat Tree andMesh of Tree structures respec-
tively. The KL bi-partitioningmapping algorithms are designed to minimize the network
latency and power consumption. Authors explored the opportunities in optimizing appli-
cation mapping based on Kernighan-Lin algorithms for express channel-based on-chip
network [16]. Manna et al. presented a KL bi-partitioning based approach to perform
mapping the core graph of an application onto 2DMesh-based NoC architecture [17].

However, the KL mapping algorithm has its limitations and the resulted mappings
generated by the KL algorithm may not be fully optimal. It differs from KL algorithm,
the GA algorithm has been observed to perform better application mappings [18–21].
The key problem of the genetic algorithm is that the algorithm needs to avoid premature
convergence to local optima.

A mapping algorithm based on genetic algorithm has been presented by Tosun to
solve the energy and communication-aware mapping problems [18, 19]. In [20], authors
proposed a novel logistic mapping strategywhich employs an adaptive genetic algorithm
for homogeneous 3D NoCs. In [21], Zang et al. designed an application mapping algo-
rithm with genetic algorithm and searched for a low-power mapping solutions through
adaptive crossover and mutation.

Meanwhile, the KL algorithm is bi-partitioning strategy which recursively partition
the core graph to two sub-graphs. So the KL algorithm is only applied to like 2n size
Mesh or BFT architecture, not for new NoC architecture (For example TriBA is 3n size
NoC architecture).

Network-on-Chip (NoC) has been proposed to resolve the network latency and power
consumption limitations of bus-based multi-core architecture [22, 23]. Generally, sev-
eral factors affect the NoC performance and power consumption, such as the network
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topology, the routing algorithm, application mapping. So the design of network-on-chip
(NoC) topology is an important field in themulti-core processor architecture. The triplet-
based multi-core architecture (TriBA) is a kind of the multi-core WK-recursive [24, 25]
network, which has some advantages such as scalability, regularity, locality and sym-
metry. The crucial design goal is to limit more the cores communication in local units,
reducing the network latency and power consumption.

TriBA is a novel NoC multi-core architecture. Each core is connected with adjacent
three neighbor cores. The triplet-based multi-core architecture explores more signifi-
cantly locality than 2D mesh. Moreover, the remarkable characteristic of TriBA full
interconnection flavor can reduce the network communication and network latency. The
definition of TriBA topology is represented as follows.

Definition 1: Given a WK-recursive NoC topology with vn (n ≥ 0) cores (in here v =
3), the core’s ID number is encoded in the sequence an−1an−2…a1a0, where ai{1, 2,…,
v}(0 ≤ i ≤ n−1) which contains the cluster number and the core number after partition
at leveli and the value of ai means the position of the cluster number. The Fig. 1 shows
TriBA topology network as n = 1, 2.

3

21

33

32

23

222112

31

13

11

Fig. 1. TriBA multicore network topology with L = 1, 2

TriBA multi-core architecture has smaller degree, less number of total links, smaller
network diameter and bisection width than other NoC topologies with the same number
of cores [26]. It shows one of TriBA’s cores can spend less time to send amessage to other
cores. Meanwhile, TriBA has a high bisection which means capacity of high network
throughout. Table 1 shows the major criteria of TriBA and other NoC topologies.

Based on the mentioned reasons above, the novelty of our proposed KGT mapping
algorithm employs the advantages ofKL algorithm andGAalgorithm formapping appli-
cation onto TriBA architecture. Firstly, we adopt tri-partitioning with a Kernighan-Lin
algorithm which idea is come from the reference [27]. The modified Kernighan-Lin
tri-partitioning algorithm which fits for the triplet-based characteristic of TriBA ensures
the communication value among cores in the same partition is maximum value and the
communication value among cores between partitions is minimum value. Secondly, we
employ a GA algorithm to find the final global optimal mapping. To the best of our
knowledge, the KGT mapping algorithm is the first work that employ the modified KL
algorithm and GA algorithm onto TriBA, which satisfies the performance requirement
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of the application mapping and minimizes the average network latency and power con-
sumption. Our experimental results show that, the KGT mapping algorithm reduces the
network latency by an average of 17.5% and the power consumption gets decreased by
an average of 22.75% respectively than the random mapping algorithm.

Table 1. Several factors of TriBA and general NoC topologies with n cores

Topology Degree Bisection width Network
diameter

Total links

TriBA 3 log3n 2log3n −1 3(n−1)/2

2DMesh 4
√
n 2(

√
n−1) 2(n − √

n)

Torus 4 2
√
n

√
n 2n

Hypercube log2n n/2 log2n nlog2n/2

3 Problem Formulations

In this section we describe the power consumption model associated to the application
mapping.

3.1 Energy Consumption Model

An energy consumption model has been proposed by Ye et al. for evaluating the power
consumption of switch fabrics in network routers [28]. The equation of the bit energy
(Ebit) is calculated as follows:

Ebit = ESbit + EBbit + EWbit (1)

where ESbit , EBbit and EWbit represent the energy consumed by switch, buffering and
interconnection wires, respectively.

However, for the on-chip multi-core architecture, the energy consumption should
also include links between nodes. So a modified power consumption model has been
proposed by Hu et al. for the on-chip multi-core architecture [4]. Thus, the energy
consumption in sending one bit from a tile to its neighboring tile can be calculated as
follows:

Ebit = ESbit + EBbit + EWbit + ELbit (2)

where ELbit represent the energy consumed by link.
By evaluating the power consumption of all components on-chip multi-core archi-

tecture, Hu et al. found that the energy consumed by buffering and internal wires is
negligible compared with switch and link. Thus, Eq. (2) can be reduced to:

Ebit = ESbit + ELbit (3)
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So, the energy consumption of sending one bit from node i to node j can be expressed
as follows:

Ei,j
bit = nhops × ESbit + (

nhops − 1
) × ELbit (4)

where nhops is the number of routers the bit passes on its way along a path.

3.2 Definition of Application Mapping

In the applicationmapping for on-chipmulti-core architecture, the communication band-
width constraints between tasks are denoted with a core graph while the on-chip network
topology is showed with a topology graph.

Definition 2: The task core graph is a directional graph, C(V, E). A vertex vi ∈ V
indicates a task and the directional edge ei,j ∈ E represents the communication constraint
between the cores vi and vj. Commi,j denotes the weight of edge ei,j, which indicates
the bandwidth constraints of the communication from vertex vi to vertex vj.

Definition 3: The NoC topology graph is a multicore interconnects architecture graph
T(U, F). A vertex ui ∈ U represents a node in multicore NoC topology and the directed
edge fi,j ∈ F indicates a physical link for directed communicating between the vertices
ui and uj. Bwi,j denotes the weighted value of the edge fi,j, which shows the available
communication bandwidth across the edge fi,j.

The application mapping algorithm can be formulated by the mapping function:
Mapping algorithm: given a task core graph C(V, E) and the NoC topology graph

T(U, F), find the function.
map: V → U, such that, map(vi) = uj, ∀vi ∈ V , ∃uj ∈ U , |V | ≤ |U |.
The communication between each pair of task cores is defined as a flow of single

commodity [9], showed as dk , k = 1, 2, … |E|. The value of dk indicates the communi-
cation bandwidth across a edge, which is denoted by vl

(
dk

)
. The set of all commodities

is represented by Dis and is defined as following:

Dis =
{
dk : vl(dk

) = commi,j, k = 1, 2, . . . |E|, ∀ei,j ∈ E,
with source

(
dk

) = map(vi), dest
(
dk

) = map
(
vj

)

The communication bandwidth constraints are indicated as following:

∀link ln,m,
|E|∑

k=1
vl

(
dk

) × f
(
ln,m, rsource

(
dk

)
, dest

(
dk

)) ≤ BW
(
ln,m

)

where f (ln,m, ri,j) =
{
1, if ln,m ∈ L(ri,j)
0, otherwise

}
. If the communication bandwidth

constraints are satisfied, the communication cost is given as following:

comm cos t =
|E|∑

k=1

vl(dk) × hopcount(source(dk), dest(dk))

where hopcount(a, b) is the minimum number of hops between nodes a and b.
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4 The Proposed KGT Mapping Algorithm

We present the proposed heuristic-based KGT mapping algorithm in this section, which
includes theKernighan-Lin partitioning algorithm and genetic algorithm tominimize the
overall communication cost among all of cores. The goal of KL algorithm is to partition
a task graph into subsets recursively and obtain the minimum sum of the communication
costs between the subsets. So we use the KL partition algorithm to obtain the first stage
optimal mapping solution. At the second stage, we apply the genetic algorithm and
obtain the optimal mapping solutions by inheritance, mutation, selection and crossover.
When the offspring is not superior to the parent, the algorithm abandon the local best
solution and regenerate another initial population from KL algorithm for searching the
global optimal solution.

KL partitioning is a bi-partitioning strategy, however, Jesper Larsson [27] shows
direct graph k-partitioning strategy.We can apply the tri-partitioning algorithm for divid-
ing the number of cores to an exact power of 3 in core graph. Otherwise, we add some
dummy nodes which are connected to all cores and between themselves. The commu-
nication costs of edges between cores to dummy node are the value 0 while the values
of edges are infinity between dummy nodes.
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If Gaink > 0 then
Make first k tentative moves permanent

Until Gaink  0

The genetic algorithm is a heuristic search algorithm which is stem from the idea
of nature evolution. As a result, all generated initial solutions are numbered as chromo-
somes and a group of chromosomes constitutes a population. The population uses three
different genetic operators: (1) selection, (2) crossover and (3) mutation to evolve con-
stantly and become to a better one. In every generation, the first pair of chromosomes is
selected randomly from the current population based on the fitness function. The fitness
value of every chromosome is calculated by the fitness function. Using the evaluation
strategy, the chromosomes which generate better offspring will have higher probabilities
to evaluation. Then these selected chromosomes in the first generation are considered as
parents. The offspring resembles its parents and obtains the optimal genes from the par-
ent generation. Moreover, to prevent the algorithm trapped in suboptimal solutions, the
genetic algorithm uses the mutation operator after crossover operator. Every offspring
has a chance to randomly swap several genes in the mutation stage. At last, the new
generated population is used in the next iteration. So, a genetic algorithm constantly
uses these steps until the termination criterion is satisfied or a maximum number of
generations is reached.

The GA algorithm uses the following fitness function to evaluate the probability of
an individual’s survival in a chromosome. An individual’s fitness value is larger which
means its genes will more likely survive in the future generations. In KGT mapping
algorithm,we adopt the reciprocal of energy consumption function as the fitness function
(Table 2).

Fitness() = 1

Commcst
= 1

Etotal
= 1

nhops × (ESbit + ELbit)
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Algorithm 3: Gene Algotithm

GA function( KL_Tripartition(C))
Input: The new core graph C’= (V, E) by KL_Tripartitioning (C),

 NumIter, SizePop, ProCro, ProMut, TriBASize NoC, ProIni, 
Output: The optimal chromosome (the best global solution)
begin
KL_Tripartitioning (C) and initialize the above parameters
for n=1to sizepop

{find the optimal solution}
calculate the average fitness() of the optimal solution
for i=1 to maxgen

{select operation of the optimal solution}
crossover operation of the optimal solution
reverse evolution operation of the optimal solution
for j=1 to sizepop

{
recalculate average fitness() of the optimal solution
find the individual chromosome in the best fitness optimal solution

}

Table 2. The definition of parameters

Parameter Definition Value

NumIter number of iteration 50

SizePop size of population 20

ProCro probability of crossover 0.8

ProMut probability of mutation 0.01

TriBASize size of TriBA 27/81

ProIni probability of initial solution 0.05

Algorithm 4: KGT Mapping Algorithm
Now the next task, each of these 3-core subsets is assigned to the appropriate basic unit
of a 3L TriBA architecture, L is the level of the on-chip multicore TriBA architecture. In
here, the number of cores is 3L. Although these 3-core subsets are attached to the nearby
basic unit arbitrarily, it is still great opportunity to resolve an optimization solution by
the proposed KGT mapping algorithm.
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Firstly, we produce a mapping by using KGT mapping algorithm. At each level of
tri-partitioning, we assign a partition number 1, 2 and 3 to each subset by turn. These
numbers have been utilized in the address assignment process in the KGT mapping
algorithm. In the KGT mapping algorithm, these 3-core subsets are assigned according
to the output results generated by KL tri-partitioning algorithm. After the mapping
algorithmcompleted, each core has an assigned (level number, subset number) to identify
its mapping position on the on-chip multi-core TriBA.

Secondly, the genetic algorithm encodes the population parameters into chromo-
somes, and uses the iterative way to cross and mutation to swap the chromosome coding
numbers. The optimal solutions are close to the most dominant chromosomes step by
step, and ultimately reach the optimization target (Figs. 2, 3, 4).

At last the KGTmapping completed, we obtain the best fitness solution. All of cores
aremapped to the corresponding position of on-chipmulti-core TriBA,meanwhile, those
introduced dummy nodes will be removed included the related unnecessary routers and
links.

5 Experimentation and Results

5.1 The Evaluation Model

In this paper, we evaluate our proposed KGT mapping algorithm in three aspects, the
power consumption, network latency and instructions per cycle (IPC). In Sect. 3, we
describe the energy model which is a key role to evaluate the communication cost
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Fig. 2. The chromosome with 27 genes mapping onto TriBA NoC with 27 cores (the initial state)
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Fig. 3. The partition of 27 genes by KL algorithm

of KGT mapping algorithm. This mapping algorithm includes optimizing both power
consumption and network latency. The formula of network latency is described as
following:

LATavg =
∑N

i=1 LATi
N

where N represents the number of received message packets in certain cycles and
LATi represents the network latency of the ith packet.

The average number of executed instructions for each certain clock cycle is repre-
sented IPC, which is used to evaluate the network throughput performance. The formula
of IPC is described as following:

IPC =
n−1∑

i=0

instructioni
/
cycle
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Fig. 4. 27 genes mapping onto 27 cores TriBA NoC

5.2 Simulator and Benchmarks

In this paper, we used Gem5 as our simulator to evaluate the KGT mapping algorithm,
which is widely used as a configurable architecture simulator for multicore on-chip
architecture-related research. In Gem5, the Orion [29] model is used to evaluate the
power consumption of the various NoC topologies.Meanwhile, the benchmarks of PAR-
SEC [30] are used in the following experiments. We use the WK-recursive NoC TriBA
topology as the NoC topology, which is a regular topology with better NoC topology
characteristics such as smaller network diameter, less total links and lower node degree
than the 2DMesh topology. We compare the KGT mapping algorithm with several other
algorithmson theTriBANoCarchitectures: (1)BL_TriBA(thebaseline):whichmaps the
tasks onto the TriBA NoC topology randomly; (2) KL_TriBA: KL mapping algorithm
on the TriBA structure; (3) GA_TriBA: which is the conventional genetic algorithm
on TriBA NoC structure; (4) KGT: our proposed mapping algorithm on TriBA NoC
structure.

5.3 Results and Analysis

The power consumption is normalized to the BL_TriBA random mapping algorithm.
As shown in Fig. 5, the BL_TriBA random mapping algorithm consumes the highest
power consumption while the KGT mapping algorithm has the least power, with an
average of 5.21% than the random mapping. Figure 6 shows the experimental results
of TriBA’s power consumption with 81 cores. In this experimental result, the power
savings of KGT mapping algorithm is more significant than in the 27core TriBA NoC
architecture in Fig. 5. Overall, KGTmapping algorithm saves power consumption by an
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average of 22.75% compared to the baseline and achieves better performance compared
to KL_TriBA and GA_TriBA.

0.9
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1.02
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KGT

Fig. 5. Power consumption of the four algorithms with 27 cores (normalized to randommapping)

The reason is thatKGTmapping algorithmhas a smaller chance to get trapped in local
optimum than conventional genetic algorithm becausewe add the jumping strategy in the
KGT mapping algorithm. When the offspring are not as good as the parents, the initial
population is abandoned to prevent the future iterative and evolutionary process which
leads toworthless results.Moreover, KL_Tripartioningmapping algorithm combines the
triplet-based characteristic of TriBA to make more communication transfer among three
cores which have the characteristic of local full interconnect flavor. In consequence, the
solution generated by the KGTmapping algorithm has less network communication cost
and lower power consumption than the other mapping algorithm.
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Fig. 6. Power consumption of the four algorithms with 81 cores (normalized to randommapping)

Figure 7 and Fig. 8 show the network latency of TriBA multi-core architecture
normalized to the baseline case. The network latency of experimental results varies
significantly, due to the various communications characteristics of these applications.
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For 27 cores, KL_TriBA, GA_TriBA and KGTmapping algorithm decrease the network
latency by the average 2.9, 4.6 and 10.2% respectively, compared to the baseline case. In
the experimental result of 81 cores, the differences between four mapping algorithms are
more significant because the communication loads between cores are greatly increased.
The KGT mapping algorithm decreases the network latency by an average of 17.5%
compared to the baseline as shown in Fig. 8.
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Fig. 7. Network latency of the four algorithms with 27 cores (normalized to random mapping)
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Fig. 8. Network latency of the four algorithms with 81 cores (normalized to random mapping)

From Fig. 9 and Fig. 10we can observe that the difference among the four algorithms
is not obvious for 27cores and 81 cores. For all these cases, the decrease of the network
performance about KGT mapping algorithm is less than 1.5%, which is negligible. This
indicates that the KGT mapping algorithm is better than the other algorithms at network
performance.

Among the four mapping algorithms, KGT mapping algorithm achieves the best
result in reducing the network communication cost and power consumption. When the
size of the task graph is 27, it only takes several minutes to generate the best solutions,
while it takes longer time to achieve the optimal solution with 81 nodes.
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Fig. 9. IPC of the four algorithms with 27 cores (normalized to random mapping)
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Fig. 10. IPC of the four algorithms with 81 cores (normalized to random mapping)

In summary, the KGTmapping algorithm remarkably decreases the power consump-
tion and network latency by comparing with the randommapping algorithm. Comparing
with the KL algorithm and the genetic algorithm, our KGT algorithm achieves better
performance.

6 Conclusion

By combining the advantage of theKL algorithm and the genetic algorithm, we proposed
amapping algorithmonTriBA, calledKGTmapping algorithm, to explore efficientmap-
ping solutions. Both the power consumption and the network latency have a significant
reduction in these experimental results. From the experimental results, we can see that
the specific multi-core architecture plays its role to the greatest extent only when the
mapping algorithm is designed in combination with the specific multi-core architecture.
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Abstract. With the rapid development of next-generation sequencing and high-
throughput technologies, much biological data have been generated. The analysis
of biological networks is becoming a hot topic in bioinformatics in recent years.
However, many structure analyzing problems in biological networks are compu-
tationally hard, and most of heuristic algorithms cannot obtain good solutions. To
solve this difficulty, many evolutionary algorithms have been proposed for ana-
lyzing the structures in biomedical fields. In this paper, we make a brief review
of evolutionary algorithms for three common applications in biological networks
such as protein complex detection, biological network alignment and gene regu-
latory network inference. Moreover, we give some discussions and conclusions of
evolutionary algorithms for structure analyses in biological networks.

Keywords: Biological network · Evolutionary algorithm · Gene regulatory
network · Protein-protein interaction

1 Introduction

In the past decades, with the continuous development of next-generation sequencing
and high-throughput technologies, much biological data have been generated. With the
completion of the sequencing of the human genome, the research of proteomic [1] has
become an important area in bioinformatics. Proteins usually interact with each other to
incorporate into a protein complex to accomplish biological functions. In recent years,
biologists have found that cellular functions and biochemical events are coordinately
carried out by groups of proteins interacting each other in functional modules. Detecting
these functional modules or protein complexes in PPI networks is essential for under-
standing the structures and functions of fundamental cellular networks [2]. Moreover,
understanding networks can help individuals understand themechanism of cellular orga-
nization, process and functions [3]. Therefore, a comparative analysis of PPI networks
across different species is necessary. Biological network alignment compares PPI net-
works over multiple species, aiming to find an optimal node mapping between PPI
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networks. The studies on biological network alignment be used to guide the knowledge
transfer between conserved regions of molecular networks of different species [4]. On
the other hand, with the development of DNAmicroarray technology, a large number of
gene expression data have been generated [6]. Gene regulatory network inference plays
an important role in biomedical research as the interactions among genes control most
of the biological activities.

Fig. 1. Summary of the reviewed evolutionary algorithms

Although the above-mentioned biological tasks can be solve using high throughput
experiments, these experiments are highly time-consuming. Evolutionary algorithms
(EAs) have been proved to be efficient for many problems of engineering and computer
science. EA is a subclass of evolutionary computation and belongs to the set of general
stochastic search algorithms [6]. EAs can be classified from many perspectives, here we
classify the EAs into two categories that are associated with Genetic Algorithm (GA-
based) and Swarm Intelligence (SI-based) respectively. In this paper, we mainly review
EAs for complexes detection, biological network alignment and gene regulatory network
inference. A summary of related EAs is given in Fig. 1, while the related reviewed works
are summarized as shown in Table 1.

The rest of this paper is organized as follows. Sections 2, 3 and 4 give a brief review
of the applications of EAs in protein complex detection, biological network alignment
and gene regulatory network inference, respectively. Sections 5 and 6 provide discus-
sions and conclusions about the existing challenges and future directions of evolutionary
algorithms for structure analyses in biological networks, respectively.

2 Applications in Protein Complex Detection

2.1 Definition of Protein Complex Detection

The detection of protein complexes in a PPI network is essentially a clustering problem,
which illustrates in Fig. 2.APPI networkG ismathematically illustrated by an undirected
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graph G = (V, E) with set of vertices V and edges E = (u, v) : u, v ∈ V . Each vertex
is corresponded to a protein in PPI network while each edge connects two proteins that
have interaction in biological networks. In some cases, the weights of edges describe
the properties of communication among the PPI network.

Fig. 2. Illustration of protein complex detection. The subgraph C insides the dashed circle
corresponds to a protein complex in an PPI network.

A protein complex corresponds to a subgraph C ∈ G in a PPI network, formed by
a dense cluster of proteins connected through multiple protein-protein interactions [7,
8]. Generally, protein complex in PPI networks is a molecular structure [8]. Many com-
putational algorithms have been proposed to detect protein complexes, while network
clustering is equivalent to the problem of subgraph isomorphism which is NP-Complete
[9].

2.2 GA-Based Approaches

Pizzuti and Rombo [10] adopted Genetic Algorithm (GA) to discover clusters in PPI
networks by different topological fitness functions, and experimental results demon-
strate that GA is a competitive computational technique to deal with the problem of
protein complex detection. Later they proposed a new clustering approach GA-RNSC
[11] combining GA with the Restricted Neighborhood Search Clustering (RNSC) [12].
BiCAMWI [13] usesGA to extract the biclusters in the preprocessing phase and is able to
detect protein complexes in dynamic PPI networks. GACluster [14] designs a new objec-
tive function to maximize intra-cluster cohesion andminimize inter-cluster coupling in a
PPI network. It excludes the crossover operator to avoid disturbing the potentially good
solutions. Besides, a modified version of themutation operator from PROCOMOSS [15]
has been adopted to reach a better solution with the obtained individuals. EGCPI [16]
takes both topologies and protein attributes into consideration with an evolutionary clus-
tering strategy. GA-PPI-Net [17] introduces a specific mutation operator to the GA for
the detection of communities in the protein-protein or gene-gene interaction networks.
Abduljabbar et al. [18] developed a heuristic operator based on Gene Ontology (GO)
[19] for local optimization in order to explore the search space more effectively.

MGOC [20] is a bi-objective clustering method to detect protein complexes which
adopts both topological properties of PPI networks and biological properties based on
GO as objective functions. It adopts NSGA-II [21] as an underlying multi-objective
framework to find the Pareto solutions. Similarly, bi-objective approaches [7, 15, 22]
have been proposed for protein complex detection. Attea and Abdullah [23] as well as
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Abdulateef et al. [24] modeled the complex detection problem as two optimization func-
tions namely IntraComplex score and InterComplex score to measure the topological
quality of complexes. On the other hand, MOBICLUST [25] presents three objective
functions related to the bicluster properties to obtain dense biclusters. MOEPGA [26] is
based on three network topological properties to optimize the density, size and charac-
teristic path length of complexes. MODAPROC [27] consists of an objective function
associated with disease to discover obscure disease specific gene and protein clusters.

In addition to MOEA approaches, MAE-FMD [2] is a global search algorithm based
on a multi-agent evolutionary method. It first employs a group of agents as a population
to carry out random walks from a start protein to other proteins in a PPI network and
obtain their individual solution encodings. Then, it randomly places these agents into
an evolutionary environment and performs three innovative agent-based operations to
increase the energy levels of agents at each iteration. Fuzz-mod-DE [28] utilizes dif-
ferential evolution (DE) and fuzzy membership induced ranking technique to predict
protein complexes. The first phase mainly optimizes the individual objectives indepen-
dently by DE while the second phase selects the unique solution to represent the protein
complex in a PPI network.

2.3 SI-Based Approaches

IQ-Flow [29] is a functional-flow algorithm based on Quantum-behaved Particle Swarm
Intelligence (PSO) to detect protein complexes. It is able to determine the optimum
threshold when calculating the lowest similarity between modules. Sharafuddin et al.
[30] developed a PSO based method which evaluates each subgraph with a cluster score
as fitness function. Ji et al. proposed several Ant ColonyOptimization (ACO) based algo-
rithms for detecting functional modules in PPI networks. NACO-FMD [31] combines
topological properties with functional information to conduct the ants searching effec-
tively in the space of solutions. It is able to overcome noise to some extent by computing
distances between each pair of proteins. ACO-MAE [32] is improved by combining
ACO with a multi-agent concept which could avoid local optima to enhance search
performance. HAM-FMD [33] is an improved version of ACO-MAE which adopts a
different approach to produce clusters and applies a limited neighborhood into ACO to
reduce the number of candidate nodes, which is more effective to detect the functional
modules in PPI networks.

3 Applications in Biological Network Alignment

3.1 Definition of Biological Network Alignment

The goal of the Biological Network Alignment (BNA) problem is to align proteins
across different biological networks based on their topological and biological similarity.
We present the formal definition of the pairwise BNA in this section and it can be
generalized to the multiple BNA problem. Given two undirected graph G1 = (V1, E1)
and G2 = (V2, E2), where G1 and G2 consist of m = |V1| and n = |V2| vertices
respectively. Each vertex is corresponded by a protein in PPI network and each
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Table 1. Summary of the related evolutionary algorithms.

Categories Algorithms Frameworks Year Categories Algorithms Frameworks Year
Abduljabbar et al. [18] GA 2020 Wang and Mohan [34] GA 2019
GA-PPI-Net [17] GA 2019 GABNI [35] GA 2018
EGCPI [16] GA 2016 HPGA [36] GA 2018
GACluster [14] GA 2016 PCA-CMI [37] GA 2017
BiCAMWI [13] GA 2016 RCGAD [38] GA 2015
GA-RNSC [11] GA 2014 pithEBO-FCM [39] MOEA 2020
Pizzuti and Rombo [10] GA 2012 MONET [40] MOEA 2019
Abdulateef et al. [24] MOEA 2018 EMOEAFCM-GRN [73] MOEA 2019
Attea and Abdullah [23] MOEA 2018 Ren et al. [41] MOEA 2016
MODAPROC [27] MOEA 2016 MAGARFFCM-GRN [42] MAGA 2018
Bandyopadhyay et al. [7] MOEA 2015 dMAGA-FCMD [43] MAGA 2017
MOEPGA [26] MOEA 2015 dMAGAFCM-GRN [44] MAGA 2016
Ray et al. [22] MOEA 2013 MALASSORNN-GRN [45] MA 2020
MOBICLUST [25] MOEA 2013 Fefelov et al. [46] DE 2018
PROCOMOSS [15] MOEA 2012
MGOC [20] MOEA 2012
Fuzz-mod-DE [28] DE 2019
MAE-FMD [2] MAGA 2014
Sharafuddin et al. [30] PSO 2013
IQ-Flow [29] PSO 2012
HAM-FMD [33] ACO 2013
ACO-MAE [32] ACO 2012
NACO-FMD [31] ACO 2012

Hurtado et al. [47] PSO+MOEA 2020
multiMAGNA++ [48] GA 2018 RMPSO [49] PSO 2019
DynaMAGNA++ [50] GA 2017 Sultana et al. [51] PSO 2014
MAGNA++ [52] GA 2015 iGA-PSO [53] PSO+GA 2014
MAGNA [54] GA 2014 DPSO [55] PSO 2013
GEDEVO-M [56] GA 2014 GA/PSO with DTW [57] PSO+GA 2012
GEDEVO [58] GA 2013 hybrid GA-PSO [59] PSO+GA 2012
ImAlign [60] AIS 2020 Mahfuz and Showkat [61] ABC 2019
Optnetalign [62] MA+MAEA 2016 Forghany et al. [63] ABC 2012
MeAlign [64] MA 2016 Kentzoglanakis and Poole [65] ACO+PSO 2012
PSONA [66] PSO 2018 ACORD [67] ACO 2012
NABEECO [68] ABC 2013 ESWSA [69] ESWSA 2017

Biological Network Alignment

GA-based

SI-based

Genetic Regularity Network Inference

GA-based

SI-based

Protein Complex Detection

GA-based

SI-based

pair of undirected edge represents an interaction between two proteins
u and v. We suppose that m ≤ n without loss of generality, therefore each node of the
smaller network G1 can be aligned to a node of the larger network G2. An alignment of
G1 to G2 is a total injective function f : V1 �→ V2, as shown in Fig. 3.

BNA problem aims at finding the optimal alignment between networks which can
be measured through a scoring function S. Large number of evolutionary approaches
have been proposed to solve this problem since its NP-Completeness.
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Fig. 3. Illustration of pairwise biological network alignment, dashed arrows represent the
mapping from network G1 to network G2.

3.2 GA-Based Approaches

GEDEVO [58] is a Graph Edit Distance (GED) [70] based optimization model for
BNA. It adopts GA to minimize the GED to obtain the optimal alignment of biological
networks. GEDEVO-M [56] is an extension of GEDEVO which could align multiple
PPI networks rather than two graphs. MAGNA [54] is a global network alignment
approach based on GA, the presented crossover operator produces a child alignment
that resembles both of its parents, while the selection and mutation operators are also
utilized to meet the maximum number of iterations. Besides, it develops a new measure
of alignment quality named S3, by comparing with the drawbacks of the existing EC
and ICS measures. Several improved versions of MAGNA have been proposed such as
MAGNA++ [52], DynaMAGNA++ [50] and multiMAGNA++ [48]. MeAlign [64] is a
MemeticAlgorithm (MA)which combinesGAwith a local search refinement to solve the
BNA problem. The objective function integrates both topological structure and sequence
similarities of the biological network. The GA is used to search the regions of potential
alignment solution, while the local search aims at finding the optimal solutions through a
specific neighborhood heuristic strategy based on the regions.Optnetalign [62] is amulti-
objectiveMAapproachwhich balances the conflicting goals of topological and sequence
similarity according to Pareto dominance and utilizes the crowded comparison operator
first introduced in NSGA-II [21]. Several operators such as efficient swap-based local
search, crossover and mutation have been adopted to create a population of alignments.
Finally, it returns a set of solutions and each of which represents a possible alignment
between biological networks. ImAlign [60] applies adaptive Artificial Immune System
(AIS) for the BNA which combines the fitness and concentration of individuals by
presenting an adaptive clonal section method. Extensive experiments demonstrate that
it performs well in preserving the topological and biological properties of biological
networks.

3.3 SI-Based Approaches

NABEECO [68] is the first Artificial Bee Colony (ABC) optimization approach for
BNA problem. It focuses on the topology of biological networks and adopts GED [70]
as optimization model to minimize. Non-topological nodes as pre-mappings can be used
to accelerate convergence. PSONA[66] is a PSObasedNetworkAlignerwhich redesigns
the PSO in a discrete form to fit the BNA problem and combines the PSO with a swap-
based local search to balance the exploration and exploitation processes of the algorithm.
PSONA integrates both protein sequence similarity and interaction conservations to
optimize a weighted GBA model. Furthermore, a seed-and-extend strategy is employed
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to initialize the alignments and a greedy extension procedure is designed to iteratively
optimize the edge conservations.

4 Applications in Gene Regulatory Network Inference

4.1 Definition of Gene Regulatory Network Inference

The problem of Gene Regulatory Network (GRN) inference can be described and mod-
eled efficiently by the Fuzzy Cognitive Maps (FCMs) [71] as illustrated in Fig. 4. There-
fore, a GRN is represented as a signed directed graph that consists of N nodes. Each of
the nodes corresponds to one gene. FCM can be denoted as an N × N weight matrix
W , in which the weight wij ∈ [−1, 1] represents the influence of node i to node j. GRN
inference problem aims at inferring the complicated relationships among genes based
on the gene expression data.

Fig. 4. Illustration of gene regulatory network inference modeled by the fuzzy cognitive maps,
the weights represent the influence of different nodes.

However, as the number of identified genes increases, the GRN problem is becoming
computational hardness. In this case, the EA based inference algorithms have been
proposed to obtain good solutions efficiently.

4.2 GA-Based Approaches

RCGAD [38] first applies FCMs [71] to reverse engineer causal networks based on a
decomposed framework and a Real-Coded Genetic Algorithm (RCGA). Three operators
such as tournament selection, single point crossover and the non-uniform mutation are
proposed to learn FCMs. PCA-CMI [37] combines GA and path consistency algorithms
based on conditional mutual information to infer GRN. GA is performed to obtain the
most optimal predictor set of each target gene. HPGA [36] consists of a parallel genetic
algorithm part and a hill climbing part. A parallel genetic algorithm is used for global
searches in the whole solution space, while the hill climbing is further utilized to refine
the previous results. GABNI [35] is a method to infer Boolean network from time-series
gene expression data. It applies a modified GA framework to achieve an efficient search,
after the failure of the existing method to find the optimal solution. Wang and Mohan
[34] developed a new variation of evolution strategy to permit both of the parents and
offspring to survive into a new generation depending on the fitness score, which was
utilized to learn sparse representations of GRNs.
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Ren et al. [41] models a three-node enzyme network and optimizes two conflicting
objectives simultaneously to find a robust adaptation in GRN. MONET [40] is a multi-
objective algorithm to infer S-System [72] structures for GRNs by adopting the Pareto
dominance concepts from NSGA-II [21]. Experiments indicate the competitive results
when assessing robustness to noise. EMOEAFCM-GRN [73] proposed by Liu et al. is a
MOEA approach based on FCMs for GRN reconstruction. It first finds different optimal
networks by applying MOEA and then combines the selected networks into the final
solution through an efficient strategy. Later Shen et al. proposed another bi-objective
approach pithEBO-FCM [39] based on the framework of MOEA/D [74] to reconstruct
GRN. It can reduce the search space bydecomposing theFCMlearning task into inferring
each local structure.

Several Multi-Agent Genetic Algorithm (MAGA) based approaches such as
dMAGAFCM-GRN [44], dMAGA-FCMD [43] and MAGARFFCM-GRN [42] have been
proposed successively to reconstruct GRN based on FCMs by Liu et al. in recent years.
dMAGAFCM-GRN is a dynamical MAGA in which agents are designed to represent the
properties of GRN reconstruction and each generation of them is changed dynamically
according to their energy in order to learn continuous states from data. Experimental
results show that it is able to learn FCMs with 200 nodes. While dMAGA-FCMD can
deal with a larger scale FCMs of 500 nodes, by integrating the decomposition-based
approach with dynamical MAGA. MAGARFFCM-GRN adopts random forests as the
feature selection method to initialize the agents which accelerate the convergence speed
of MAGA. Besides, it improves three genetic operators of MAGA and designs a new
self-learning strategy for GRN inference. Apart fromMAGA-based approaches, Fefelov
et al. [46] proposed a hybrid algorithm combining clonal selection and trigonometric
Differential Evolution (DE) for GRN reconstruction. Liu and liu developed a memetic
algorithm MALASSORNN-GRN [45] based on the least absolute shrinkage and selec-
tion operator and recurrent neural network, which can obtain sparse solutions of GRN
reconstruction.

4.3 SI-Based Approaches

Particle swarm optimization related approaches have been applied for GRN inference.
DPSO [55] is an improved PSOmethod with a chaotic operator to model small networks
based on the S-System, an L1 regularizer is adopted to avoid overshooting and increase
the sparsity of the parameters in large networks. Sultana et al. [51] presented effective
operators in PSO to infer the GRN based on the Linear Time Variant model. RMPSO
[49] is also a modified version of PSO to infer GRN which can improve the exploration
capability of particles in search space, as both repositories are maintained for storing
personal and global best solutions of equal fitness, respectively. Lee and Hsiao proposed
a hybrid GA-PSO [59] method to infer GRN, it first determines the network parameters
through the search-based techniques and then reduces the task complexity by involving a
network decomposition procedure. Later they developed a similar parallel evolutionary
algorithmnamed iGA-PSO [53]whichwas executed in cloud computing environments to
speed up the computation. GA/PSOwithDTW [57] is anothermethod that combines GA
and PSO, the time delay relationship between two genes can be inferred by the dynamic
time warping algorithm, then PSO is adopted to discrete the microarray dataset while
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GA is used to generate a set of candidate GRNs. Hurtado et al. [47] recently proposed
a multi-objective PSO approach to reconstruct GRN. It simultaneously optimizes the
topology of a given network as well as tunes the kinetic order parameters in S-System
and finally leads to the Pareto approximation front.

Forghany et al. [63] applied the Artificial Bee Colony (ABC) algorithm and its
variant ABC* to capture the dynamics of GRN based on the S-System. The global
searching capability of ABC* is enhanced when identifying model parameters. Mahfuz
and Showkat [61] also proposed an ABC-based algorithm while they mainly focused
on the accuracy of identified parameters of all 4 datasets. ACORD [67] is based on Ant
Colony Optimization (ACO) and it is able to learn FCMs with more than 100 nodes with
a decomposed approach which optimizes the whole weight matrix into small problems.
Kentzoglanakis and Poole [65] proposed a PSO/ACO framework to learn parameters
of each sub-structure of GRN. ESWSA [69] is another Swarm Intelligence approach to
infer GRN based on the water searching strategy of elephants during drought, each of
the regulatory parameters is calculated in separate search instances. ESWSA performs
well with the presence of noise while it is not suitable for large-scale GRNs.

5 Discussions

EAs have increasingly gained attention in applications of biological networks due to their
good properties in finding the global optimal solutions for large and complicated search
spaces. However, there are several limitations for EAs to solve the above-mentioned
biological analysis tasks. First, extensive experiments are needed to evaluate parameters
of EAs to obtain good results. Moreover, it is difficult to determine the optimal trade-off
between exploration and exploitation properties of EAs. In addition, the solutions are
unstable due to the randomness of EAs and limited generations. Therefore, some prior
knowledge of specific problems is needed to incorporate EAs to guide the search.

6 Conclusions

In this paper, we give a brief review of EAs for three common tasks such as protein
complex detection, biological network alignment and gene regulatory network inference
in biological networks. These tasks are computational difficulties due to the inherent
nature of network structure analyses and the increasing complexity of biological data.
Therefore, EAs are becoming a feasible technique to find good solutions for these tasks
within a reasonable time.

In addition to the above three biological tasks, in recent yearsmany other applications
in biomedical and biochemistry have adoptedEAs to provide reasonable solutions,which
can be complementary to the previous classical approaches. The increasing number of
successful applications of EAs make us believe that the demand for developing EAs will
continue to grow in the near future.
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Abstract. Protein-protein interactions (PPIs) in plants plays a significant role in
plant biology and functional organization of cells. Although, a large amount of
plant PPIs data have been generated by high-throughput techniques, but due to
the complexity of plants cells, the PPIs pairs currently obtained by experimental
methods cover only a small fraction of the complete plants PPIs network. In
addition, the experimental approaches for identifying PPIs in plants are laborious,
time-consuming, and costly. Hence, it is highly desirable to develop more efficient
approaches to detect PPIs in plants. In this study, we present a novel computational
method combining weighted sparse representation-based classifier (WSRC) with
inverse fast Fourier transform (IFFT) representation scheme which was adopted
in position specific scoring matrix (PSSM) to extract features from plant protein
sequences. When performing the proposed method on the plant PPIs data set of
Maize, we achieved excellent results with high accuracies of 89.12%. To further
assess the prediction performance of the proposed approach, we compared it with
the state-of-art support vector machine (SVM) classifier. Experimental results
demonstrated that the proposed method has a great potential to become a powerful
tool for exploring the plants cells function.

Keywords: Plant · Protein-protein interaction · Protein sequence · Inverse fast
Fourier transform · Weighted sparse representation-based classifier

1 Introduction

In plants, the prediction of protein-protein interactions (PPIs) provides important infor-
mation for understanding the molecular mechanisms underlying biological processes.
Recently, a large number of high-throughput experimental approaches have been devel-
oped to identified PPIs, such as affinity-purification coupled to mass spectrometry (AP-
MS) [1] and yeast two-hybrid (Y2H) [2] screens methods. Although we have accu-
mulated a large amount of plants PPIs data [3, 4], these experimental approaches also
have some inevitable drawbacks, which are not only costly, but also laborious and time-
consuming. Moreover, these traditional biochemical experiments always suffer from
high false positive rates and high false negative rates. And due to the complexity of
plant growth and development systems, large-scale prediction experimental methods
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could not be adopted in plant domain, and now only a small fraction of the whole plants
PPIs network can be detected. Therefore, it is very significance to develop the efficient
computational approaches to identify PPIs in plants.

In recent years, much effort has been made to develop PPIs identification methods
based on different data types, including literature mining knowledge [5], gene fusion [6],
and protein structure information [7]. A large amount of PPIs dataset has been built, such
as TAIR [8], PRIN [9], and MINT [10]. There are also some approaches that combine
data and information from different sources to predict PPIs. However, without prior
knowledge of corresponding proteins, these methods cannot be implemented.

Recently, the PPIs prediction methods, which extract information directly from
amino acid sequences have received much attentions [11–18]. Many researchers have
worked to provide sequences-based methods to detect novel PPIs, and experimental
results indicated that PPIs in plants can be accurately identified using only sequence
information [19–23]. For example, Sun et al. [24] presented a method that using a type
of deep-learning algorithm called stacked autoencoder (SAE) to use sequence-based
approaches for predicting PPIs. This model obtained the best results on 10-fold cross-
validation which was based on protein sequence auto-covariance coding. You et al. [12]
also developed a novel computational approach called PCA-EELM to predict PPIs. The
main improvement of this study is that they adopted the PCA method to construct the
most discriminative new feature set. In addition, many methods based on amino acid
sequences have been developed in the literature [25–30].

In this study, we provided a novel computational method to detect the PPIs in plants
from protein sequence information, which employing a novel position specific scor-
ing matrix (PSSM) and combining the weighted sparse representation-based classifier
(WSRC) with inverse fast Fourier transform (IFFT). This feature representation app-
roach combined with the WSRC has remarkably performed in the prediction of the PPIs
in plants. Furthermore, the main idea of our proposed model includes three steps. First,
the plant protein sequence could be represented as a position specific scoring matrix
so that we can obtain the biological evolutionary information between different types
of amino acids. Second, utilizing the inverse Fast Fourier transform (IFFT) method to
extracted a 400-dimensional vector from each plant proteins PSSM matrix. Thirdly, a
powerful classifier, weighted sparse representation-based classifier, is employed to per-
form PPIs predictions on theMaize plant PPIs datasets. We also compared the proposed
model with the state-of-the-art support vector machine (SVM) classifier to further evalu-
ate the prediction performance. The experiments results demonstrated that our approach
performs significantly well in predicting PPIs in plants.

2 Materials and Methodology

2.1 Data Collection and Data Set Construction

In this paper, we verify the proposed model on the Maize PPIs dataset. Maize is one
of the most important food. We collected the Maize data set from agriGO [31] and
Protein-Protein Interaction Database for Maize (PPIM) [32]. After the strict inclusion
and exclusion screening, we select 14230 maize protein pairs as the positive dataset. For
constructing the negative dataset, we selected 14230 additional maize protein pairs of
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different subcellular localizations. As a result, the whole Maize dataset is constructed
by 28460 maize protein pairs.

2.2 Position-Specific Scoring Matrix (PSSM)

Through the Position-Specific Scoring Matrix (PSSM) which is reported by Gribskov
[33] and it achieved great success in protein binding site prediction, protein secondary
structure prediction and prediction of disordered regions [34–37]. The structure of PSSM
can be represented as a matrix of N rows and 20 columns. Each protein sequence can
be transformed as follows:

M = {
Mα,β, α = 1, . . . ,N , β = 1, . . . , 20

}
(1)

where N denotes the length of a given plant protein sequence and column 20 represents
the number of 20 amino acid. For each query sequence, the valueMα,β , which could be
described as β-th amino acid, will be set up by PSSM at the position of α. Thus, Mα,β

can be calculated as:

Mα,β =
20∑

k=1

p(α, k)×q(β, k) (2)

Thus, the value of Dayhoff’s mutation matrix between the β-th and k-th amino acids can
be described as q(β, k), and the occurrence frequency score of the k-th amino acid in the
position of α with the probe can be represented by p(α, k). Hence, a high value means a
strongly conservative position; otherwise, it will imply a weakly conservative position.
In this study, we employed the Position-Specific Iterated BLAST (PSI-BLAST ) tool [38]
to generate the PSSM for each protein sequence. we assigned the e-value to 0.001 and
selected 3 iterations in the process. In addition, all other parameters were set to default
values to obtain highly and widely homologous sequences.

2.3 Inverse Fast Fourier Transform

In the fields of computational science and engineering, the Fast Fourier Transform (FFT)
[39] is one of the most important algorithms. It is an indispensable algorithm in the field
of Digital Signal Processing. However, FFT algorithm is not suitable in many practical
applications when the data are not uniformly sampled. For this reason, we adopted the
inverse fast Fourier Transform (IFFT) [40] method to obtain the transient response in
time domain.

In the FFT, the irregularities of the twiddle factors can be solved by the Sine and
Cosine transform of the signal. The Cosine and Sine transformations of the input signal
are added together to obtain the FFT of the two-dimensional signal. As shown in Eq. (3)
and Eq. (4), the required Sine matrix and Cosine matrix for FFT and IFFT can be defined
as:

C(u + 1, x + 1) = cos((pi/4)∗(u∗x)) (3)

S(u + 1, x + 1) = sin((pi/4)∗(u∗x)) (4)
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Hence, by the rules, the 2-D FFT can be yield by adding the Sine and Cosine transform
as shown in Eq. (5):

F(u, v) =
M−1∑

u=0

N−1∑

v=0

{
F(u, v)(cos(2π(ux + vy)/n)

+j sin (2π(ux + vy)/N))

}

(5)

for k = 0, 1, 2 . . . ,N − 1.
So, the IFFT for 2-D image can be described as follows:

f (x, y) = (1/MN )

M−1∑

u=0

N−1∑

V=0

{
F(u, v)(cos(2π(ux + vy)/N )

−j sin(2π(ux + vy)/N ))

}

(6)

for n = 0, 1, 2 . . . ,N − 1.
In our study, each protein sequence in the Maize dataset, will be converted into a

400-dimensional vector by means of an inverse fast Fourier transform.

2.4 Weighted Sparse Representation-Based Classification

Recently, with the improvement of linear representation methods (LRBM) and com-
pressed sensing (CS) theory, sparse representation-based classification (SRC) [41, 42]
algorithm has been proven to widely applied in signal processing, pattern recogni-
tion and computer vision. The SRC assumes that there is a training sample matrix
X ∈ Rd×n, which denotes n training set and d-dimensional feature vectors, and it also
assumes that there are sufficient training samples belonging to the kth class and set up
Xk = [lk1, · · · lknk ], where nk denotes the sample number of kth class and li represents
the label of ith sample. Thus, the sample matrix X could be defined as X = [X1 . . . XK ].
The SRC algorithm can described the test sample y ∈ Rd with the linear combination
of kth-class training samples as:

y = αk,1lk,1 + αk,2lk,2 + · · · + αk,nk lk,nk (7)

when the whole training set representation are taking into accounts, it can be further
symbolized as follows:

y = Xα0 (8)

where α0 = [
0, · · · , 0, αk.1, αk,2 · · · αk,nk , 0, · · · , 0

]T . It is well known that the nonzero
entries in α0 are only relevant to the kth class, so if the samples size is too large, α0 will
become sparse.

For SRC algorithm, the key of it is to search the α vector that formula (8) can satisfy
and can minimize the l0-norm of itself. It can be represented as:

∧
α0 = argmin‖α‖0 subject to y = Xα (9)

Since problem (9) is a NP-hard problem and it is difficult to be solved accurately.
According to the CS theory, if the α is sparse enough, we can solve the related convex l1-
minimization problem instead of dealing with the solution of l0-minimization problem
directly:

∧
α1 = argmin‖α‖1subject to y = Xα (10)
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To deal with the occlusion, the Eq. (10) can be extended to the stable l1-minimization
problem:

∧
α1 = argmin‖α‖1subject to ‖y − Xα‖ ≤ ε (11)

where ε>0 represents the tolerance for reconstruction error. We can solve the Eq. (11)
by using the standard linear programming methods.

After achieving the sparsest solution
∧
α1, SRC can assign the test sample y to class k

via the following rule:

min
k

rk(y) =
∥∥∥∥y − X

∧
α
k

1

∥∥∥∥, k = 1 . . .K (12)

where X
∧
α
k

1 is the reconstruction which is built by training samples of class k and the
class number of the whole samples can be defined as K. Then the SRC set a test sample
as a sparse combination of training sample. Finally, we assigned it to the class which

can minimizes the residual between itself and X
∧
αk
1 .

However, some studies [43–45] have reported that in some cases, locality structure
of data is more important than sparsity. Moreover, the traditional SRC could not be guar-
anteed to be local. To solve this problem, Lu et al. [46] developed a novel variant of SRC
called weighted sparse representation-based classifier (WSRC). The main improvement
of this method is that it combines the locality structure of data with sparse representa-
tion. Throughmapping the training data into a higher-dimensional kernel include feature
space, it can yield a better performance of classification. Gaussian kernel-based distance
was used in WSRC to calculate the weights:

dG = (S1, S2) = e−‖s1−s2‖2/2σ 2
(13)

where s1, s2 ∈ Rd denotes two samples; σ is the Gaussian kernel width. In this way,
WSRC can preserve the locality structure of data and it can address the following
questions:

∧
α1 = argmin‖Wα‖1 subject to y = Xα (14)

and specifically,

diag(W ) =
[
dG(y, x11), . . . , dG(y, xknk )

]T
(15)

where nk is the sample number of training set in class k and W represents a block
diagonal matrix about locality adaptor. Dealing with occlusion, we would finally solve
the following stable l1-minimization problem:

∧
α1 = argmin‖Wα‖1 subject to ‖y − Xα‖ ≤ ε (16)

where ε>0 denotes the tolerance value.
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To summarize, the WSRC algorithm can be stated as follows:

Algorithm. Weighted Sparse Representation-based Classifier (WSRC)
1. Input: the matrix of training samples ndX R and a test sample dy R .
2. Normalize the columns of X to have unit l2 -norm.
3. Calculate the Gaussian distances between y and each sample in X and employ 

them to adjust the training samples matrix X to 'X .
4. Solving the stable l1 -minimization problem defined in Eq. (15).

5. Compute the residuals 1( ) ( 1,2, , )
k

kr y y X k K .

6. Output: the prediction label of y as ( ) arg min( ( ))kidentify y r y .

3 Results and Discussion

3.1 Evaluation Criteria

To demonstrate the performance of the proposed approach, four evaluation criteria
was used in this work, including accuracy (Acc.), sensitivity (Sen.), precision (Prec.),
and Matthews correlation coefficient (MCC) [47–50]. Their corresponding calculating
formulas are defined as follows:

Acc. = TN + TP

TP + FP + FN + TN
(17)

Sen. = TP

TP + FN
(18)

PR. = TP

TP + FP
(19)

MCC = TN × TP − FN × FP√
(TP + FP)×(TN + FN) × (TN + FP) × (TP + FN)

(20)

where true positive (TP) denotes the number of plants protein-protein pairs classi-
fied as interacting correctly while true negative (TN) stands for the number of non-
interacting PPIs pairs predicted correctly; false positive (FP) denotes the number of true
non-interacting pairs predicted to be PPIs falsely, and false negative (FN) denotes the
count of interacting plants PPIs pairs that predict to have no interaction. In addition, we
also adopted the receiver operating characteristic (ROC) curves to assess the prediction
performance of the proposed approach, and the area under the ROC curve (AUC) is
calculated used for demonstrating the quality of prediction model.
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3.2 Assessment of Prediction Ability

In this article, we used 5-fold cross-validation to evaluate the predictive ability of our
model inMaize data sets. In this way, we can prevent overfitting and test the stability of
the proposed method. More specifically, the whole data set is randomly divided into five
parts, four of them were used to construct a training set and the rest one was adopted as
a testing set. The cross validation has the advantages that it can minimize the impact of
data dependency and improved the reliability of the results.

The five-fold cross validation results of the proposed approach on theMaize datasets
are listed in Table 1. Form Table 1, we can observe that when applying the proposed
method to the Maize dataset, we obtained best prediction results of average accuracy,
precision, sensitivity, and MCC were 89.12%, 87.49%, 91.32%, and 80.59%, with cor-
responding standard deviations 0.59%, 1.38%, 0.64%, and 0.94%, respectively. Figure 1
shows the ROC curves for the proposed approach on Maize dataset. The significantly
average AUC values suggesting that our method is fit well for our purposes to predict
PPIs in plants from amino acid sequences.

Table 1. 5-fold cross-validation results yield on the Maize dataset using the proposed method.

Test set Acc. (%) PR. (%) Sen. (%) MCC (%) AUC (%)

1 89.16 87.81 90.84 80.66 93.64

2 88.64 85.94 91.84 79.83 93.64

3 88.56 87.19 90.89 79.70 93.24

4 89.20 86.84 92.17 80.71 94.05

5 90.04 89.65 90.85 82.06 94.21

Average 89.12 ± 0.59 87.49 ± 1.38 91.32 ± 0.64 80.59 ± 0.94 93.76 ± 0.38

3.3 Comparison of the Proposed Model with Different Classifiert

Although theWSRCmodel obtained better performance in predicting PPIs of plants, we
also need to further verify the prediction ability of the proposed method. We compared
the prediction accuracy of the WSRCmodel with that of the state-of-art SVMmodel via
the same feature extraction approach based on the Maize datasets. We applied the same
feature extraction approach on theMaize datasets and compared the prediction accuracy
of theWSRCmodelwith the state-of-the-art SVM.Weemployed theLIBSVMtool to run
this classification, and 5-fold cross-validation was also adopted in these experiments.
In order to obtain better performance of SVM classifier, we should optimize several
parameters of SVM classifier. In this study, the penalty parameter c and the kernel
parameter g of SVMmodel was optimized by the gird search method. In the experiments
of Maize dataset, we set c = 5, g = 0.5.

As shown in Table 2, it is clearly seen that when applied the SVM model to predict
PPIs onMaize dataset, we yield good resultswith average accuracy, precision, sensitivity,
MCC and AUC of 81.77%, 83.10%, 79.78%, 70.16% and 88.04%, respectively. For the
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Maize datasets, the classification results yield by the SVM-based models are lower than
those by the proposed approach. In summary, it is obvious that the overall prediction
results of WSRC model is better than that of SVM-based approach. The ROC curves of
SVM model are also shown in Fig. 1. All these experiments results indicated that the
weighted sparse representation-based classifier is an effective and robust model for PPIs
prediction in plants.

Table 2. 5-fold cross-validation results yield on the Maize dataset using the proposed method.

Test set Acc. (%) PR. (%) Sen. (%) MCC (%) AUC (%)

IFFT + WSRC

1 89.16 87.81 90.84 80.66 93.64

2 88.64 85.94 91.84 79.83 93.64

3 88.56 87.19 90.89 79.70 93.24

4 89.20 86.84 92.17 80.71 94.05

5 90.04 89.65 90.85 82.06 94.21

Average 89.12 ± 0.59 87.49 ± 1.38 91.32 ± 0.64 80.59 ± 0.94 93.76 ± 0.38

IFFT + SVM

1 81.04 82.37 78.80 69.24 87.50

2 81.72 81.74 80.73 70.10 88.34

3 81.44 82.49 80.68 69.76 87.70

4 82.48 84.09 79.74 71.05 87.96

5 82.16 84.83 78.94 70.64 88.70

Average 81.77 ± 0.57 83.10 ± 1.30 79.78 ± 0.92 70.16 ± 0.71 88.04 ± 0.48

(a) Roc of WSRC method (b) Roc of SVM classifier

Fig. 1. Comparison of the ROC curves obtained by WSRC and SVM-based method on Maize
dataset (5-fold cross validation). (a) shows the ROC curves performed byWSRCmodel. (b) shows
the ROC curves performed by SVM model.
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4 Conclusion and Discussion

In this study, we present an effective and accurate computational method that utilize the
information of amino acid sequences for predicting PPIs in plants. This method is based
on a weighted sparse representation-based classifier combining with inverse fast Fourier
transform and position-specific-scoring-matrix. The main point of this approach is to
employ the unique ofWSRCmethod including better generalization, simply and consid-
ering the sparsity and continuity of plants protein sequence data. The whole prediction
model is composed of the following steps. Firstly, all the plant protein sequences were
converted as the PSSM. Secondly, we employed the inverse fast Fourier transform to
extract feature vectors from PSSM. Finally, weighted sparse representation-based clas-
sifier would be used as the machine learning classifier. The proposed approach performs
significantly well on Maize PPIs datasets. In order to prove the efficient and reliability
efficient of the proposed model, we also compare it prediction performance with the
state-of-the-art SVM model. These experiments results indicates that our method can
improve the accuracy of PPIs prediction in plants. In conclusion, the proposed method
is a reliable and powerful prediction model for future proteomics research.
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Abstract. The convolutional neural network (CNN) has been effectively used
to do feature extraction in medical image analysis including fundus images for
diabetic retinopathy. However, some important detail features are easily ignored,
which causes low prediction accuracy. To solve this problem, a CNN feature
extraction method based on a novel pixel-level attention mechanism is proposed
to achieve an efficient and accurate identification of diabetic retinopathy. Firstly,
data normalization and data augmentation are used to improve the quality of
datasets. Then, according to the structure characteristics of the two backbone
networks Inception- ResnetV2 and EfficientNet-B5, the corresponding attention
modules are introduced respectively. Finally, attention networks are trained as
feature extractors of fundus images, and complementary deep attention feature
descriptors are formed through feature fusion, which can effectively improve the
accuracy of the classification model. The experimental results on EyePACS, Mes-
sidor and OIA datasets show that the proposed method outperforms the previous
ones.

Keywords: Diabetic retinopathy · Attention mechanism · Convolutional neural
network · Feature fusion · Image classification

1 Introduction

Diabetic retinopathy (DR) is a retinal disease caused by hyperglycemia in diabetics
with symptoms such as hemorrhages, microaneurysms, and exudates. DR is one of the
important causes of blindness in adults worldwide [1]. DR is one of the most common
fundus complications, which seriously affects vision and even causes blindness [2].
Early standardized treatment can effectively delay the progression of DR and prevent the
onset of blindness [3]. Professional ophthalmologists complete the diagnosis of DR by
analyzing fundus images, which can be time-consuming and labor-intensive. Therefore,
it is necessary to implement automatic DR detection based on computer-aided diagnosis.
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In previous studies, image processing techniques were mainly used to extract local
lesion features (e.g., hemorrhages,microaneurysms, and hard exudates, etc.) from fundus
images, and then binary classifiers were used to predict DR grading [4, 5]. However,
these methods are based on small datasets, which are prone to some problems such as
model overfitting and difficulty in being widely used.

With the development of deep learning, many researchers have applied it to DR
detection tasks with fruitful results. Xie et al. used data labeled with the lesioned regions
to train CNN [6], which requires a large amount ofmanually labeled sample information,
so the practical application is limited. Zhou et al. used generative adversarial networks
(GAN) to synthesize high-resolution fundus images to increase the diversity of data [7],
but the network structure was not improved. Zeng et al. used binocular fundus images as
input to train the InceptionV3 model with the Siamese-like structure based on transfer
learning [8], but the method lacks a focus on fine-grained features. Fundus images are
typical fine-grained images. Therefore, more attention should be paid to the important
details. Wang et al. proposed a zoom-in network based on attention mechanism, in
which the suspicious regions generated by attention maps are zoomed in for details to
classify DR images [9], but the method lacks channel attention. Bajwa et al. integrated
multiple CNN models and combining fine- and coarse-grained classifiers to evaluate
the performance of the models [10], but the method sacrifices a significant amount of
training time to slightly improve the classification accuracy. Although these methods
perform well, the lack of more attention to detailed features makes them still inadequate
in extracting discriminative features.

By introducing attention mechanism into CNN, the network can pay more attention
to the key information in the image [11]. Hu et al. proposed Squeeze-and-Excitation
Nework (SENet) to model the channel relationship [12]. Mei et al. Proposed a CNN
model based on the attention mechanism for focusing on the correlation between
neighboring pixels in the spatial dimension [13].

Inspired by the above work, we propose a novel pixel-level attention mechanism.
Through spatial attention and channel attention, key features are strengthened and sec-
ondary features areweakened to strengthen the discrimination of features.Ourmainwork
is as follows: 1) Solve the problems of data noise and unbalanced category distribution
through data normalization and data augmentation. 2) Select Inception-ResNetV2 and
EfficientNet-B5 as the backbone networks based on transfer learning to extract deep fea-
tures. 3) The corresponding pixel-level attention module is introduced into the backbone
network to extract effective deep attention features by processing each pixel point on the
image strongly or weakly. 4) Fuse features of the attention networks to form comple-
mentary deep attention feature descriptors to improve the information expression ability
of images.

2 Methodology

We propose a DR classification model based on a pixel-level attention mechanism
(PATT). The overall framework is shown in Fig. 1, where PATT consists of a spatial
attention module and a channel attention module. ESA denotes the spatial attention
module corresponding to EfficientNet-B5, ISA denotes the spatial attention module
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corresponding to Inception-ResNetV2, and CA denotes the channel attention module
corresponding to the two backbone networks. Firstly, as the backbone networks based
on transfer learning [14], Inception-ResNetV2 and EfficientNet-B5 are trained using
preprocessed images. Then, the corresponding pixel-level attention modules includ-
ing spatial attention and channel attention are introduced into the backbone networks.
Finally, the fused deep attention features are input to the LightGBMclassifier for training
after global average pooling (GAP) and dropout layers (Drop), and the predicted results
are output.

Fig. 1. The overall framework of the DR classification model

2.1 Backbone Networks Based on Transfer Learning

Inception-ResNetV2 was proposed based on the InceptionV3 and ResNet models [15].
We use the inception structure to expand the local receptive field to obtain more spatial
information, and use the residual structure in ResNet to train a deeper network to obtain
deep features.

EfficientNet is an adaptive optimization network that balances accuracy and speed
[16]. Traditional CNN models improve performance by simply enlarging the network
width, network depth, or image resolution. While when the model is large, blindly deep-
ening andwidening the network and increasing the image resolutionwill instead degrade
its performance. EfficientNet achieves a good scaling balance of the three elements.

EfficientNet is called N and is defined as

N = ⊗
i=1,2,...,s

FLi
i

(
X<Hi,Wi,Ci>

)
. (1)

Where ⊗ denotes the convolution operation; i denotes the number of convolutional
layers;s denotes the number of convolutional layers with different structures; Fi denotes
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the convolutional layer; Li denotes the network depth; and X<Hi,Wi,Ci> denotes the
input tensor. Under the condition of resource maximization, the optimal combination of
network depth Li, network width Ci and input image resolution size (Hi, Wi) needs to
be found to obtain the highest model accuracy, and the optimal corresponding scaling
of these three dimensions Parameter (d, w, r) is formulated as

N (d, w, r) = ⊗
i=1,2,...,s

F̂d ·L̂i
(
X

<r·Ĥi,r·Ŵi,w·Ĉi>

)
. (2)

Whered=αϕ ,w=βϕ , r=γ ϕ ,ϕ corresponds to themagnitude of resource consumption.
The constraints that need to be satisfied by α, β, and γ are formulated as

α · β2 · γ 2 ≈ 2, (3)

α ≥ 1, β ≥ 1, γ ≥ 1. (4)

where expanding the network will increase the total FLOPS, and to ensure that the total
FLOPS does not exceed 2ϕ , constrain α · β2 · γ 2 ≈ 2. When fixed ϕ = 1, (α, β, γ )
is (1.2, 1.1, 1.15) by grid search, and then the basic model EfficientNet-B0 is obtained;
Keeping (α, β, γ ) constant and using different ϕ while expanding the three dimensions of
EfficientNet-B0, EfficientNet-B1 to EfficientNet-B7 can be obtained. Under the premise
of fully utilizing the resources, EfficientNet-B5 can achieve higher accuracy. Therefore,
we choose EfficientNet-B5 as one of the backbone networks based on transfer learning.

2.2 Pixel-Level Attention Module

The basic framework of the pixel-level attention model is shown in Fig. 2. The feature
maps obtained through the backbone network are used as the input of the spatial attention
module, which can be adaptively and selectively focused on the regions of interest
through the attention of a series of convolutional layers. The focused feature map is
multiplied point by point with the original feature map to obtain a feature map with key
pixels strengthened for better learning of key information. After the spatial attention
module, the channel attention module is introduced to perform weighted aggregation
through feature recalibration. The larger the weight, the more useful information is
contained in the channel, so that the key points can be located more accurately.

Fig. 2. The basic framework of the pixel-level attention model

Considering that the size of the feature map output via EfficientNet-B5 is (7, 7,
2048) and the size of the feature map output via Inception-ResNetV2 is (5, 5, 1536), we
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design the corresponding spatial attention modules separately. The basic structure of the
spatial attention module for EfficientNet-B5 is shown in Fig. 3. The feature map X ∈
RH×W×C output from the last convolutional layer of EfficientNet-B5 is used as the input
of the attention module. Then select some 1 × 1 convolutional layers as the mapping
function for training, and add the corresponding activation function ReLu or Sigmoid
after each convolutional layer, and finally output the feature map F(X) ∈ RH×W×1. F(X)
corresponds to the weight distribution on a single spatial plane, where the larger the
weight, the more key information is contained in the spatial region. To be consistent
with the X size, we transform F(X) into F ′(X) ∈ RH×W×C by repeating the vector and
reshaping. Finally, the multiplication is used to process the strength of each pixel of the
feature map X. The output Y can be expressed as

Y = X × F ′(X ). (5)

Fig. 3. The spatial attention module for EfficientNet-B5 (ESA module)

The basic structure of the spatial attention module for Inception-ResNetV2 is shown
in Fig. 4. The input feature map X ∈ RH×W×C is convolved to obtain a non-linear
expression through the ReLu activation function, and then Sigmoid activation function
is to obtain the weight distribution G(X) ∈ RH×W×1 on a single spatial plane. Transform
the size of G(X) to obtain the feature map G ′(X) ∈ RH×W×C . Finally, multiply X by
G ′(X) to obtain the feature map of the pixels with strong or weak processing for the
purpose of spatial attention. The output Z can be expressed as

Z = X × G′(X ). (6)

Fig. 4. The spatial attention module for Inception-ResNetV2 (ISA module)

After spatial attention mask filtering of the original feature maps, the channel atten-
tion module is added. The principle of the channel attention module used by the two
backbone networks is the same. They perform squeeze and excitation training on the
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Fig. 5. The channel attention module (CA module)

feature map to obtain the weights of different channels for channel feature selection.
The basic structure of the channel attention module is shown in Fig. 5.

The feature mapping processes in Fig. 5 are set up as following. Fsq is a feature
mapping process where the feature map X is squeezed into a feature map with a size of
1 × 1 × C through the global pooling, and the global feature of the channel is obtained
corresponding to a scalar. The Fsq operation can be expressed as

Fsq(ul) = 1

H × W

H∑

i=1

W∑

j=1

ul(i, j), (7)

D(X ) = Concat
[
Fsq

(
u1

)
, Fsq

(
u2

)
, . . . , Fsq

(
uc

)]
. (8)

Where ul(i, j) denotes the information of the point (i, j) on the l-th layer and D(X) is a
one-dimensional vector that connects the information of all channels.

Another feature mapping process is Fex, whose input is D(X) in formula (8) that is
passed through two fully connected layers and ReLu and Sigmoid, which reduce the
number of network parameters and obtain more complex Non-linear expression. Then
obtain a one-dimensional feature vector Y containing the channel weight distribution.
After experimental debugging, setting the channel scaling parameter r to 16 performs
better. The Fex operation can be expressed as

Fex(z,W ) = σ(W2δ(W1z)). (9)

Where z denotes the feature map obtained after the Fsq operation; δ denotes the ReLu
activation function; σ denotes the Sigmoid activation function; W1, W2 denote fully
connected layer.

Finally, the attention feature map Z is obtained by multiplying X and Y, where the
key features on the channel are captured and useless channel features are filtered out.

2.3 Feature Fusion

The backbone networks with attention mechanism can give more comprehensive atten-
tion to the fine-grained lesion features from the space and channel. To further make full
use of the global information of fundus images, the features extracted by the attention
networks are filtered though the global average pooling layer and the dropout layer,
and then fused to achieve feature complementarity and expand feature representations.
The feature vectors are concated to achieve feature fusion. Input the fused features into
the LightGBM classifier for training, and then output predicted result. The traditional
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gradient boosting decision tree (GBDT) needs to scan all features, so its computational
complexity is relatively large and the efficiency is slow when processing big data. To
solve the problem, LightGBM was proposed, where Gradient-based one-side sampling
(GOSS) and exclusive feature bundling (EFB) are used to improve training efficiency
while ensuring accuracy [17].

2.4 Training Algorithm

Figure 6 shows the classification model training algorithm. The training set is input into
the backbone networks with the attention module, where ESA and ISA correspond to the
spatial attention modules of EfficientNet-B5 and InceptionResNetV2, respectively. CA
is the channel attention module adopted by the backbone networks. The feature maps
obtained by the attention module are sequentially input to the global average pooling

Fig. 6. The proposed model training algorithm description
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layer and dropout layer, which can prevent networks overfitting while reducing the
amount of calculations. Among them, the dropout value is 0.5, and the one-dimensional
feature vector is output. The fused features are input into the LightGBM classifier for
training to extract deep attention features with better characterization capability. In order
to save training time, the early stopping method is used. In each iteration of the network
training process, cross entropy [18] is used as the loss function of DR grading, and
the network parameters are continuously updated according to the loss value of each
iteration. The Adam [19] optimizer is used to avoid the local optimization and speed up
the training speed during the training process.

3 Datasets

There are three public datasets including EyePAC, Messidor, and OIA datasets in the
work. There are 35126 fundus images marked with DR grades in the EyePACS dataset,
which are categorized into 0 to 4 grades according to the severity of DR. There are 1200
fundus images in TIF format in the Messidor dataset, which are categorized into 0 to 3
grades. There are 13673 fundus images for DR grading in the OIA dataset, which are
categorized into 0 to 5 grades.

Considering grade 0 (normal) and grade 1 (mild non-proliferative DR) have little
effect on health, but grade 2 (moderate non-proliferative DR) and above must be treated
with corresponding measures, Fundus images are categorized into two grades in the
work. Among them, grade 0 and grade 1 are categorized and re-marked as 0, grade 2
and above are categorized and re-marked as 1.

3.1 Data Normalization

There are some problems in the datasets, such as color interference and category
imbalance, sowe use data normalization and data augmentation to preprocess the images.

The specific steps of image normalization are as follows:

1) Eliminate useless images (overexposure, underexposure or shooting failure, etc.).
2) Crop the black borders around the image.
3) The method of equalizing brightness and contrast is used to normalize the image.

This process is described as

Mout = M × α + β × G(ρ) ∗ M + γ. (10)

Where G(ρ) denotes the Gaussian smoothing function with standard deviation ρ; *
denotes the convolution operation;M andMout are input and output images, respectively.
According to experimental debugging, (α, β, ρ, γ ) is set to (4, −4, 10, 128).

4) Resize the image to 224 * 224 pixels.

Some images are randomly selected from the EyePACS dataset. The comparison
before and after preprocessing are shown in Fig. 7.
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Fig. 7. Comparison before and after preprocessing

3.2 Data Augmentation

Since the proportion of grade 1 images in the datasets is small, in order to avoid overfitting
the classification model, data augmentation is used. Augment grade 1 images through
operations such as rotation, mirroring, and flipping to achieve category balance.

In addition, the Keras Image Data Generator is used for the training set to augment
samples and improve the generalization ability of the model. The related augmentation
methods and corresponding parameters are shown in Table 1.

Table 1. Data augmentation parameters

Method Parameter

Rotation 10

Width_shift 0.2

Height_shift 0.2

Shear 0.2

Zoom 0.1

Horizontal_flip FALSE

Brightness [0.1, 2]

Fill_mode nearest

4 Experimental and Results

4.1 Experimental Setup

WeusesEyePACS,Messidor andOIAdatasets to verify the performance of the classifica-
tion model. The preprocessed datasets are randomly divided into training set, validation
set and test set, where the number distribution is shown in Table 2.
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Table 2. Dataset division

Dataset Training set Validation
set

Test set

EyePACS 30000 5000 5000

Messidor 6000 1000 1000

OIA 18000 2292 2292

4.2 Evaluation Metrics

Tomeasure the model performance, we use accuracy (Acc), sensitivity (Sen), specificity
(Spe), and AUC value, which are formulated as

Acc =
TP + TN

TP + FP + TN + FN
, (11)

Sen =
TP

TP + FN
, (12)

Spe =
TN

FP + TN
. (13)

Where TP, FP, TN, and FN denote true positive, false positive, true negative, and false
negative, respectively.

4.3 Model Performance Analysis

To select better CNNs and a classification model, some CNNs are tested, including
InceptionV3, ResNet-50, DenseNet, Inception-ResNetV2 and EfficientNet-B5. Some
classification models are used in CNNs, including SVM, RandomForest, XGBoost,
and LightGBM. The experiments show that the performance of LightGBM is slightly
improved by 0.02% compared to the others. Table 3 shows the test results of CNNs with
LightGBM on the EyePACS dataset. It can be seen that the Inception-ResNetV2 and
EfficientNet-B5 have the most significant performance.

Table 3. Experimental results of different CNNs model on the EyePACS dataset

Experiment Models Acc/%

1 Inception-V3 84.45

2 ResNet-50 85.3

3 DenseNet 87.23

4 Inception-ResNetV2 89.84

5 EfficientNet-B5 91.04
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Table 4 shows the test results of five methods designed in the work on the EyePACS
dataset. Experiments 1 to 5 denote Inception-ResNetV2, EfficientNet-B5, Inception-
ResNetV2 with the PATTmodule, EfficientNet-B5 with the PATTmodule, and attention
network fusion (Ensembles), respectively. It can be seen from the Table 4 that the perfor-
mance of the backbone network with the pixel-level attention module is better than that
of the original backbone network, and the performance of feature fusion is better than
that of a single network. These show that the pixel-level attention module and feature
fusion can effectively extract key features, which is helpful to improve the performance
of the model.

Table 4. Experimental results of different model on the EyePACS dataset

Experiment Methods Acc/% Sen/% Spe/%

1 Inception-ResNetV2 89.84 84.87 93.85

2 EfficientNet-B5 91.04 85.64 95.53

3 Inception-ResNetV2 + PATT 94.1 90.23 97.14

4 EfficientNet-B5 + PATT 96.02 92.92 98.41

5 Ensembles 96.36 93.45 98.59

Table 5 shows the collected results on the EyePACS and the Messidor datasets for
the DR classification task. On the EyePACS dataset, Bajwa et al. [10] achieved a good
result by integrating ResNet and DenseNet networks and combining coarse and fine-
grained classifiers, which is slightly higher in sensitivity and AUC value. However, our
accuracy is 1.05% higher, the specificity is much better, and our method is superior
on the Messidor dataset. On the Messidor dataset, Wang et al. [9] proposed zoom-in
Net to zoom in for important details, which is extremely poor in specificity. On the
OIA dataset, our method achieves an accuracy of 94.28%, a sensitivity of 90.86%, a
specificity of 97.93%, and a AUC values of 0.94. Through a comprehensive analysis
of the performance of these methods, it can be concluded that our method has good
effectiveness and generalizability.

Table 5. Comparison of experimental results of different methods

Method Acc/% Sen/% Spe/% AUC/%

EyePACS Messidor EyePACS Messidor EyePACS Messidor EyePACS Messidor

Seound et al.
[20]

N/A 74.5 N/A N/A N/A N/A N/A 91.6

Vo et al. [21] N/A 89.7 N/A 89.3 N/A 90 N/A 89.1

Wang et al.
[9]

N/A 91.1 N/A 97.8 N/A 50 N/A 95.7

(continued)
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Table 5. (continued)

Method Acc/% Sen/% Spe/% AUC/%

EyePACS Messidor EyePACS Messidor EyePACS Messidor EyePACS Messidor

Zeng et al.
[8]

N/A N/A 80.7 N/A 95 N/A 94.9 N/A

Nguyen et al.
[22]

82 N/A 80 N/A 82 N/A 90.4 N/A

Bajwa et al.
[10]

95.34 89.25 95 89 81 91 99.23 96.45

Ensembles 96.46 93.7 93.87 91.97 98.42 95.6 97.3 96.8

In order to illustrate the reliability of the model more intuitively, we use the Grad-
CAM algorithm to generate a heat map [23]. In Fig. 8, we can clearly see that there are
obvious bleeding points in the red frame of image (a). The heat map generated by the
Grad-CAM algorithm is fused with the original image (a) to obtain the image (b). It can
be observed that our method has learned the lesion information very well, and improved
the capability of the network to extract effective features.

Fig. 8. Heat map visualization

5 Conclusion

In this work, we propose a novel pixel-level attention mechanism and feature fusion
method for DR grading. Considering the importance of fine-grained features for DR
grading, we design corresponding pixel-level attention modules for different network
structures to maximize the advantages of individual networks, and improve the expres-
sion of key features and weaken the interference of irrelevant information by processing
the strength and weakness of each pixel point on the image with the pixel-level atten-
tion mechanism. Meanwhile, the effective feature information is expanded by fusing the
features of the attention network. Finally, the LightGBM classifier is used to train the
fused deep attention features and extract more discriminative feature representations to
complete the DR classification task. Finally, the experiments on DR datasets verify the
effectiveness and generalization of the classification model. In the future work, we will
improve the classification model so that it can accurately extract more discriminative
features to expand the gap between classes and improve the accuracy of DR grading.
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Abstract. Endmember extraction is widely used to detect spectrally unique sig-
natures of pure ground materials in hyperspectral imagery (HSI). In this paper,
we study which method is good for reducing the dimensionality of the input data
cubes for endmember extraction. In existing works, either principal component
analysis (PCA) or minimum noise fraction (MNF) is used to reduce the dimen-
sionality of the input data cubes. For the first time in literature, we combine locally
linear embedding (LLE) with pixel purity index (PPI) and N-FINDR for endmem-
ber extraction. In addition, we compare LLE with PCA and MNF for endmember
extraction.We find that MNF is better than PCA and LLE, and PCA is comparable
to LLE when combined with PPI and N-FINDR for endmember extraction.

Keywords: Hyperspectral imagery (HSI) · Dimensionality reduction · Locally
linear embedding (LLE) · Principal component analysis (PCA) · Minimum noise
fraction (MNF) · Endmember extraction

1 Introduction

Linear spectral unmixing is a widely adopted method to classify mixed pixels in hyper-
spectral imagery (HSI). It requires to find spectrally unique signatures of pure ground
components, usually known as endmembers, and needs to express mixed pixels as lin-
ear combinations of endmembers. We briefly review several existing spectral unmix-
ing methods published in the literature here. Keshava and Mustard [1] studied spectral
unmixing methods in a systematically way. Chang and Du [2] estimated the number
of spectrally distinct signal sources in HSI data cubes. They developed three Neyman–
Pearson detection theory-based eigen thresholding techniques to solve such problems
that model the virtual dimensionality (VD) estimation as a binary composite hypothesis
testing problem and the VD estimation error can be determined by receiver operating
characteristic (ROC) analysis. Boardman et al. [3] studied mapping target signatures
via partial unmixing of AVIRIS data, which is called pixel purity index (PPI). The PPI
is widely utilized in hyperspectral image analysis for endmember extraction due to its
publicity and availability in the Environment for Visualizing Images (ENVI) software.
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Chang and Plaza [4] proposed a fast-iterative algorithm for implementation of pixel
purity index (FIPPI). Instead of randomly generating vectors as initial endmembers,
the FIPPI determines an appropriate initial set of endmembers to speed up its pro-
cess. Furthermore, it calculates the number of endmembers by VD. Winter [5] invented
the N-FINDR: an algorithm for fast autonomous spectral endmember determination in
hyperspectral data. This technique is based on the geometry of convex sets to find a
unique set of purest pixels in a data cube. The N-volume contained by a simplex from
the purest pixels is larger than any other volume from any other combination of pixels.
The method inflates a simplex inside the data, starting from a random set of pixels.
For each pixel and each endmember, the endmember is replaced with the spectrum of
the pixel and the volume is recalculated. If it increases, the spectrum of the new pixel
replaces that endmember. This process is iterated until no more replacements are done.
Plaza et al. [6] proposed a novel method for unsupervised pixel purity determination
and endmember extraction from multidimensional data cubes. It used both spatial and
spectral information in a combined manner. It was based on mathematical morphology,
a classic image processing method that can be applied to the spectral domain while
keeping its spatial characteristics. The method was evaluated by a specifically designed
framework that utilized both simulated and real hyperspectral data cubes. Ozkan et al.
[7] developed a new endmember extraction and hyperspectral unmixing method, which
is a two-step autoencoder network. It was entirely enhanced and restructured by intro-
ducing additional layers and a projection metric. They introduced a new loss function
that is a Kullback-Leibler divergence term with spectral angle distance (SAD) similarity
and additional penalty terms to improve the sparsity of the estimates. These modifica-
tions set the common properties of endmembers, such as nonlinearity and sparsity for
autoencoder networks. Their method is suitable for large-scale data and it can speed up
on graphical processing units (GPU). Nascimento and Dias [8] proposed a novel method
for unsupervised endmember extraction from hyperspectral data, which is called vertex
component analysis (VCA). The method utilizes two points: (a) the endmembers are the
vertices of a simplex and (b) the affine transformation of a simplex is also a simplex.
Wu et al. [9] studied simplex growing algorithm (SGA) and extended it to a real-time
processing algorithm that can solve for four problems in N-FINDR, (a) use of random
initial endmembers that introduces inconsistent results, (b) high computational com-
plexity that is from an exhaustive search for finding all endmembers simultaneously, (c)
dimensionality reduction due to big data volumes, and (d) lack of real-time capability.

In this paper, we investigate different dimensionality reduction methods and com-
bine them with existing endmember extraction methods such as PPI and N-FINDR. We
compare locally linear embedding (LLE) with principal component analysis (PCA) and
minimum noise fraction (MNF), and we find that MNF performs the best for endmem-
ber extraction. Furthermore, PCA is comparable to LLE for endmember extraction as
demonstrated in our experiments. Even though LLE is a nonlinear dimensionality reduc-
tion method, it does not outperform linear dimensionality reduction method (MNF) for
endmember extraction, which is undesirable.

The organization of this paper is given as follows. Section 2 studies LLE, PCA
and MNF as dimensionality reduction techniques for endmember extraction. Section 3
performs experiments to show the effectiveness of different dimensionality reduction
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methods when combined with PPI and N-FINDR. Finally, Sect. 4 concludes the paper
and proposes future research directions.

2 The Proposed Method

Hyperspectral data analysis is an important job in identification, detection, estimation,
and discrimination of earth surface materials. It is closely related to dimensionality
reduction, endmember extraction, atmospheric correction, spectral unmixing and clas-
sification phases. One important aim in hyperspectral data processing is to yield high
classification rate, which relies on the extracted endmembers. An endmember is a spec-
trally unique, idealized, and pure signature of a surface material. Endmember extraction
is an important goal to obtain the high accuracy for hyperspectral data classification and
spectral unmixing.

Hyperspectral data analysis needs to determine certain basis spectra called end-
members. After these spectra are determined, the HSI data cube can be unmixed into
the fractional abundance of each material in each pixel. The requirement to study a huge
amount of multivariate data introduces the major problem of dimensionality reduc-
tion. The LLE [10] calculates low-dimensional, neighborhood-preserving embeddings
of high-dimensional data. The LLEmaps its high dimensional inputs into a single global
coordinate system in a much lower dimension, and its optimizations only involve global
minima. By studying the local structure of linear reconstructions, the LLE finds the
global structure of nonlinear manifolds.

In this paper, we study PCA,MNF and LLE to reduce the dimensionality of the input
HSI data cube and combine them with existing endmember extraction methods such as
PPI and N-FINDR. Experiments demonstrate that the dimensionality reduction using
MNF is the best for endmember extraction for all testing cases. Also, PCA and LLE
are comparable for endmember extraction. In our previous work [11], we have already
proposed an improved LLE for hyperspectral imagery analysis including endmember
extraction.

Our proposed study for endmember extraction can be described as follows:
Input: A - An HSI data cube with spatial size of M × N pixels and P spectral bands.
K – The number of neighborhoods used in LLE (50).
Output: The endmember spectra extracted from the HSI data cube A.

1. Find the number of distinct endmembers [2] in data cube A, denoted as Num.
2. Set d = 2 × Num for LLE + PPI and d = Num for all other methods.
3. Perform PCA, MNF and LLE to the given HSI data cube A with K neighbours and

retain d output images, denoted the output as B (M × N × d).
4. Extract endmember spectra of dimension d × 1 from B by means of PPI.
5. Extract endmember spectra of dimension d × 1 from B by means of N-FINDR.
6. Find the spatial locations of those endmembers for both PPI and N-FINDR and

output the endmember spectra of dimension P × 1 from the original data cube A.
7. Compute the spectral anglemapper (SAM) between ground truth endmember spectra

and extracted endmember spectra for both PPI and N-FINDR.
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The major contribution of this paper can be given as follows. We investigate dif-
ferent dimensionality reduction methods such as LLE, PCA and MNF for endmember
extraction. For the first time in history, we combine LLE with PPI and N-FINDR for
endmember extraction. Our experiments demonstrate that MNF is better than PCA and
LLE, and PCA is comparable to LLE for endmember extraction. Although LLE is a
nonlinear dimensionality reduction method, it cannot beat linear dimensionality method
MNF for endmember extraction, which is undesirable. Another limitation of LLE is that
it requires a big amount of memory to run and it is slower than PCA andMNF. Therefore,
LLE can only be applied to small and intermediate sized HSI data cubes.

3 Experimental Results

In our experiments, we test the performance of different dimensionality reduction meth-
ods for endmember extraction when combined with PPI and N-FINDR. We test two
widely used data cubes in our experiments. The first data cube is the Indian pines data
cube with spatial size of 145 × 145 pixels and 220 spectral bands. The second data
cube is the jasperRidge data cube with spatial size of 100 × 100 pixels and 198 spectral
bands. Both data cubes are taken from Matlab without much detail about them. We use
the following commands in Matlab to load them:

A = hypercube
(′indian_pines.dat′

);

A = hypercube
(′jasperRidge2_R198.hdr′

);
In this paper, we choose MATLAB R2020b, which contains hyperspectral imaging

Add-Ons. Figure 1 show the #50 spectral band for the Indian pines data cube and the
jasperRidge data cube, respectively. We choose K = 50 as the number of neighbours
in the LLE algorithm. We use the following Matlab command to find the number of
endmembers in the data cube A:

d = countEndmembersHFC(A);
Figures 2 and 3 show the endmember spectra for the Indian pines and jasperRidge

data cubes, respectively. For the Indian pines data cube, MNF + PPI and MNF + N-
FINDR performs the best. For the jasperRidge data cube, MNF + PPI and MNF +
N-FINDR also obtain the best results for endmember extraction. Nevertheless, LLE is
comparable to PCA and it needs more memory than PCA or MNF to run on a computer.

Tables 1 and2 show theSAMbetween the ground truth endmembers and the extracted
endmembers by using LLE, PCA and MNF for the Indian pines data cube and the
jasperRidge data cube, respectively. The numbers of distinct endmembers for both data
cubes are determined by [2]. We use FIPPI to approximately estimate the ground truth
endmembers because we do not know the ground truth endmembers for these two data
cubes. From both tables, we can see that MNF performs better than PCA and LLE, and
PCA is comparable to LLE for endmember extraction.
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Fig. 1. The #50 spectral bands for (a) the Indian pines data cube; (b) the jasperRidge data cube.

Table 1. The spectral angle mapper (SAM) between the ground truth endmember spectra and the
extracted endmember spectra for the Indian pines data cube for different dimensionality reduction
methods. The number of distinct endmembers is determined by [2]. The best method is highlighted
in bond font.

PPI N-FINDR

PCA MNF LLE PCA MNF LLE

Endmember 1 0 0 0.1385 0.0405 0 0.0331

Endmember 2 0.0405 0 0 0.1182 0.0613 0.1385

Endmember 3 0.1385 0.0405 0.1288 0.0655 0.0256 0.0766

Endmember 4 0 0.0163 0 0.0617 0.0454 0

Endmember 5 0.1224 0.0788 0.1093 0.1077 0 0.1053

Endmember 6 0.0703 0.0740 0.1224 0.0408 0.0761 0.1288

Endmember 7 0.0647 0 0.1233 0 0.0725 0

Endmember 8 0.1233 0.1288 0.0766 0.0851 0.0786 0.1175

Endmember 9 0.0676 0 0.1112 0.0543 0.0997 0.0880

Endmember 10 0.0632 0.0256 0.1175 0.0656 0.0846 0.0703

Endmember 11 0.0301 0.0470 0.1318 0.1004 0.1224 0.0653

Endmember 12 0.0987 0.0441 0.0961 0.1247 0.0740 0.0591

Endmember 13 0.1195 0 0.0653 0.0642 0.0390 0.0812

Endmember 14 0.0676 0 0.1422 0.0870 0.0808 0.1311

Endmember 15 0.0650 0 0.0890 0.1320 0.1122 0.0975

Endmember 16 0.1084 0 0.0859 0.0384 0.0766 0.1316

Endmember 17 0.0535 0 0 0.0744 0.0163 0.0583

Endmember 18 0.0383 0.0307 0.0405 0.0997 0.0676 0.0697
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Table 2. The spectral angle mapper (SAM) between the ground truth endmember spectra and the
extracted endmember spectra for the jasperRidge data cube for different dimensionality reduction
methods. The number of distinct endmembers is determined by [2]. The best method is highlighted
in bond font.

PPI N-FINDR

PCA MNF LLE PCA MNF LLE

Endmember 1 0 0 0 0.0392 0 0.3534

Endmember 2 0.0294 0.0363 0 0.0600 0.0923 0.1245

Endmember 3 0.1814 0.0923 0.0297 0.3691 0.1231 0

Endmember 4 0.0392 0 0.1053 0 0 0

Endmember 5 0.0233 0 0 0.0190 0.0195 0.0531

Endmember 6 0.0998 0.0249 0.3278 0.0998 0.0784 0.1199

Endmember 7 0.0156 0 0.1542 0.0794 0 0.0769

Endmember 8 0 0.1529 0 0.0645 0 0.1540

Endmember 9 0.1582 0.1542 0.0156 0.0745 0 0.0450

Endmember 10 0.0303 0.0195 0.1245 0.0350 0.0392 0.0785

Fig. 2. Endmember spectra for PPI and N-FINDR when combined with LLE, PCA and MNF for
the Indian pines data cube.
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Fig. 3. Endmember spectra for PPI and N-FINDR when combined with LLE, PCA and MNF for
the jasperRidge data cube.

4 Conclusions

An endmember in mineralogy is a mineral which is at the extreme end of a mineral
series in purity. Endmember extraction is a main problem in unmixing mineral analysis
and accurate unmixing relies on precise endmember determination. It is not easy to find
completely pure pixels that contain only one endmember spectrum in the HSI data cube.
Since we are considering subpixel content, it is difficult to know whether a pixel is pure
or not. Even if there exist such pixels, finding them in high-dimensional HSI data cube
is exceedingly difficult.

In this paper, we have studied different dimensionality reduction methods before
an endmember extraction method is applied. In existing works, only PCA or MNF
is combined with endmember extraction methods such as PPI and N-FINDR. In this
paper, we study LLE as a dimensionality reduction technique for endmember extraction
as well. We find that MNF is better than PCA and LLE, and PCA is comparable to LLE
for endmember extraction for two testing data cubes. Nevertheless, the limitation of LLE
is that it needs a lot of memory to run and it is slower than PCA andMNF. Consequently,
LLE can only be applied to small and intermediate sized HSI data cubes.

Future research will be done in the following ways. We may apply LLE to hyper-
spectral imagery denoising as an extension to our previous work [12] (PCA + Wavelet
Shrinkage). We may also study deep convolutional networks (CNN) for endmember
extraction and hyperspectral imagery denoising as our next research projects.
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Abstract. In this paper, we propose a novel algorithm for hyperspectral image
(HSI) classification. We use locally linear embedding (LLE) to reduce the dimen-
sionality of the data cube, 2D spatial filtering on the LLE output band images, and
support vector machine (SVM) to classify HSI pixels. In this way, both spatial
information and spectral information are taken into consideration for HSI classifi-
cation. Experiments demonstrate that this new algorithm is extremely competitive
when compared to several existing methods.

Keywords: Hyperspectral image classification · Locally linear embedding
(LLE) · 2D spatial filtering · Support vector machine (SVM)

1 Introduction

Hyperspectral image (HSI) classification is especially important in analyzing land cover
for remotely sensed hyperspectral images, and it has been investigated widely in geo-
science, environmental science, and computer vision. If we have knowledge on true
classes, the main goal in HSI classification is to assign a class label to each pixel of
the observed hyperspectral image. According to machine learning and feature extrac-
tion theories, many HSI classification methods have been developed to improve the
classification accuracy.

We briefly review several existingmethods here. Liu et al. [1] proposed a newmethod
for dimensionality reduction of hyperspectral images based on improved spatial–spectral
weight manifold embedding. F. Zhou et al. [2] studied hyperspectral image classification
via spectral-spatial LSTMs. Chen et al. [3] investigated hyperspectral image classifica-
tion by kernel sparse representation. Melgani and Bruzzone [4] worked on the classi-
fication of hyperspectral remote sensing images with support vector machines. Fauvel
et al. [5] investigated a spatial–spectral kernel-based approach for the classification of
remote-sensing images. Camps-Valls and Bruzzone [6] studied kernel-based methods

© Springer Nature Switzerland AG 2021
D.-S. Huang et al. (Eds.): ICIC 2021, LNCS 12836, pp. 151–159, 2021.
https://doi.org/10.1007/978-3-030-84522-3_12

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-84522-3_12&domain=pdf
https://doi.org/10.1007/978-3-030-84522-3_12


152 G. Y. Chen et al.

for hyperspectral image classification. Li et al. [7] proposed a generalized composite
kernel framework for hyperspectral image classification. Chen et al. [8] studied hyper-
spectral image classification using dictionary-based sparse representation. Li et al. [9]
worked on spectral-spatial classification of hyperspectral data using loopy belief propa-
gation and active learning. Kang et al. [10] studied spectral-spatial hyperspectral image
classification with edge-preserving filtering. Cheng et al. [11] investigated semisuper-
vised hyperspectral image classification via discriminant analysis and robust regression.
Chen et al. [12] worked on deep learning-based classification of hyperspectral data with
extremely good results.

In this paper, we develop a new algorithm for HSI classification. We choose locally
linear embedding (LLE) [13] to reduce the dimensionality of the input data cube, 2D
spatial filtering [14] to the LLE output bands, and support vector machine (SVM) [15] to
classify HSI data cube. As a result, both spatial information and spectral information are
taken into consideration forHSI classification. Experiments show that this new algorithm
is extremely competitive when compared to several existing methods.

The organization of this paper is given as follows. Section 2 proposes a new method
for HSI classification with LLE and SVM. Section 3 performs experiments to show the
effectiveness of our proposed method. Finally, Sect. 4 concludes the paper.

2 The Proposed Method

The requirement to study a huge amount of multivariate data brings in the basic problem
of dimensionality reduction (DR): how to discover compact representations of high-
dimensional data? The LLE [13] is an unsupervised learning method, which can calcu-
late low-dimensional, neighborhood-preserving embeddings of high-dimensional data.
Instead of clusteringmethods for localDR, theLLEmaps its high dimensional inputs into
a single global coordinate system in a much lower dimension, and its optimizations only
solve global minima. By investigating the local symmetries of linear reconstructions,
the LLE learn the global structure of nonlinear manifolds.

The huge need for two-dimensional (2D) digital filters [14] can be derived from
different reasons: high efficiency for image processing and analysis, big application
flexibility, good expansion of standard computers and minicomputers or special type
processors at decreasing cost. Efficient 2D digital filters of finite impulse response (FIR)
type via suitable window functions is also available in the literature.

The purpose of an SVMalgorithm [15] is to find a hyperplane in a higher dimensional
space that correctly classifies the data points. To separate the two classes of data samples,
there exist many possible hyperplanes that can be chosen. The aim is to find a plane
that has the maximum margin, i.e., the maximum distance between data points of both
classes. By maximizing the margin, we can introduce some reinforcement so that future
data points can be classified with more confidence.

We propose a new method for HSI classification in this section. We choose LLE to
reduce the dimensionality of the input HSI data cube, 2D spatial filtering to convolve the
LLE output band images, and SVM to classify the HSI data cube. Our new method con-
siders both spatial information and spectral information at the same time in the process
of classification. Experiments demonstrate that our method is extremely competitive
when compare to existing methods.
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Our proposed method for HSI classification can be described as follows:

Input: A - An HSI data cube with spatial size of M×N pixels and P spectral bands.
K – The number of neighborhoods used in LLE (60).
d - The number of spectral band images to be retained after dimensionality 

reduction using LLE (60).
Output: The class of each spatial pixel in the HSI data cube A.
1. Perform LLE to the given HSI data cube A and retain d output images, denoted 

as B (M×N×d).
2. Set 2D filer f = 1/49×ones(7,7), where ones(7,7) is a matrix of size 7×7 with all 

values 1. 
3. Spatially convolve B with filter f, denoted as C (M×N×d).
4. Classify each hyperspectral pixel vector of size d×1 in C as one of the known 

classes by SVM classifier. Let the output be Map. 

The main contributions of this paper are as follows. We select to use nonlinear
dimensionality reduction method LLE instead of principal component analysis (PCA),
which is a linear method. Our new method takes into consideration of both spatial
information and spectral information at the same time in the process of classification. As
a result, better classification results can be obtained. Our newmethod is simple, fast, and
easy to implement with particularly good classification accuracy. The motivation of this
study is to find a better way to classify HSI images with better classification results. Our
experiments demonstrate that this new method compares favorably to several existing
methods for HSI classification.

3 Experimental Results

In our experiments, we use LIBSVM [16] as a classifier to classify every spatial pixel
in HSI data cube. We select radial basis function as the kernel for SVMs. We randomly
pick 5% of HSI pixels as validation data and the rest of pixels as testing data. We find
the best parameter C in SVM and we use this parameter C to classify pixels in the whole
data cube. We choose two widely used data cubes in our experiments, which can be
described as follows.

(1)Indian Pines. This scene was acquired by the Airborne Visible/Infrared Imaging
Spectrometer (AVIRIS) over the Indian Pine test site in northwestern Indiana, USA, on
June 12, 1992. This data cube has 145 × 145 pixels with 200 spectral bands. Figure 1
depicts the false-colour composite image and the ground-truth map. Table 1 tabulates
ground truth classes and the pixel number for every class in this data cube.

(2) Salinas. This scene was also acquired by the AVIRIS sensor over Salinas Valley,
California. The spatial size of the HSI is 512 × 217 pixels. AVIRIS data cubes have
224 spectral bands. We discard the 20 water absorption bands: [108–112], [154–167],
and 224. Salinas ground truth contains 16 classes. Figure 2 demonstrates a false-colour
composite image and the ground truth map. Ground truth classes and the total pixel
numbers for all classes are shown in Table 2. Since LLE needs a lot of memory to run,
we down sample this scene by a factor of 2 in the spatial domain.
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Fig. 1. Indian Pines data cube. (a) False-color composite image (b) Ground-truth map with 16
classes.

Table 1. Ground truth classes and the total pixel number for each class in Indian Pines data cube.

Class names Total samples

Alfalfa 46

Corn notill 1428

Corn mintill 830

Corn 237

Grass pasture 483

Grass trees 730

Grass pasture mowed 28

Hay windrowed 478

Oats 20

Soybean notill 972

Soybean mintill 2455

Soybean clean 593

Wheat 205

Woods 1265

Buildings Grass Trees Drives 386

Stone Steel Towers 93

We use the following commands in Matlab to train and test SVMs:

model = svmtrain(Y_Train_Val, X _Train_Val, [′−s 0 − t 2 − c C ′]);

[label, acc, dec] = svmpredict(Y_Train_Val, X _Train_Val, model);
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Fig. 2. Salinas data cube. (a) False-color composite image (b) Ground-truth map with 16 classes.

Table 2. Ground truth classes and the total pixel number for each class in Salinas data cube.

Class names Total samples

Broccoli green weeds 1 2009

Broccoli green weeds 2 3726

Fallow 1976

Fallow rough plow 1394

Fallow smooth 2678

Stubble 3959

Celery 3579

Grapes untrained 11271

Soil vinyard develop 6203

Corn senesced green weeds 3278

Lettuce romaine 4wk 1068

Lettuce romaine 5wk 1927

Lettuce romaine 6wk 916

Lettuce romaine 7wk 1070

Vinyard untrained 7268

Vinyard vertical trellis 1807

We randomly pick k percent of the pixels from each class for training and the rest of the
pixels for testing.We run our program for ten times and obtain themean overall accuracy
and standard deviation (STD) from it. We normalize each pixel’s spectral vector Vec as
follows:

outVec = (Vec − mean(Vec))/STD(Vec).
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We run our Matlab code for ten times and obtain the mean overall accuracy and
standard deviation (STD). The overall accuracy and STD are shown in Table 3 for the
Indian Pines data cube. We randomly pick 10%, 20%, 30%, 40%, and 50% of spatial
pixels as training data set and the rest of spatial pixels as testing data set for each class
in the Indian Pines data cube. We randomly pick 2%, 4%, 6%, 8%, and 10% of pixels

Table 3. Overall classification results of different methods for the Indian Pines data set with K
= 60 and d = 60 (Overall Accuracy ± STD). The best results are highlighted in bold font.

Percentage (%) RAW [1] PCA [1] LLE [1] ISS-WME [1] Proposed

10 49.82 ± 1.94 68.40 ± 1.14 65.93 ± 1.71 75.38 ± 1.47 97.45 ± 0.44

20 51.86 ± 1.59 72.34 ± 1.47 71.42 ± 1.27 81.25 ± 1.51 99.04 ± 0.22

30 53.11 ± 1.35 74.82 ± 1.69 74.37 ± 1.48 83.83 ± 1.73 99.39 ± 0.11

40 54.28 ± 1.81 76.07 ± 1.44 75.98 ± 1.21 84.80 ± 1.80 99.63 ± 0.10

50 54.77 ± 1.39 76.65 ± 1.76 76.67 ± 1.27 84.71 ± 0.93 99.77 ± 0.06

Table 4. Classification results of different methods for each class for the Indian Pines data set
(Overall Accuracy) with K = 60, d = 60 and 50% training pixels. The best results are highlighted
in bold font.

Class names RAW [1] PCA [1] LLE [1] ISS-WME [1] Proposed

Alfalfa 13.04 52.17 30.77 86.96 99.57

Corn notill 38.42 69.37 40.06 72.17 99.48

Corn mintill 25.06 48.76 44.34 56.47 99.86

Corn 14.41 77.11 26.27 53.95 99.92

Grass pasture 59.06 90.87 62.38 94.65 99.96

Grass trees 86.48 97.81 97.90 98.86 99.89

Grass pasture mowed 35.71 76.19 50.28 83.81 100

Hay windrowed 88.70 99.86 97.13 99.68 100

Oats 11,24 43.33 30.00 86.67 100

Soybean notill 25.17 63.51 94.24 75.17 99.90

Soybean mintill 71.15 83.32 73.62 79.52 99.85

Soybean clean 56.41 64.75 52.70 74.07 99.36

Wheat 74.51 94.12 75.21 99.87 99.80

Woods 94.57 97.68 86.71 97.66 99.98

Buildings Grass Trees Drives 29.02 45.77 34.20 52.85 100

Stone Steel Towers 91.30 90.58 88.70 98.41 95.22

Overall Accuracy 54.77 76.65 76.67 84.71 99.77
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as training data set and the rest of pixels as testing data set for each class in the Salinas
data cube. For the Indian Pines data cube, the overall classification accuracy and STD
are shown in Table 3; the individual class accuracies with 50% training pixels and the
rest as testing pixels are shown in Table 4; the individual class accuracies with 10%
training pixels and the rest as testing pixels are shown in Table 5. For the Salinas data
cube, the overall classification accuracy and STD are shown in Table 6. We choose K =
60 and d = 60 in all our experiments for our LLE transform. The results of all compared
methods (RAW, PCA, LLE, and ISS-WME) in Tables 3, 4 and 6 are copied from [1],
and the results of all compared methods (RAW, PCA, LDA, and SSLSTMs) in Table 5
are taken from [2]. The best results are highlighted in bold font. Our proposed method
in this paper improves upon existing methods significantly in classification rates for all
cases in our experiments.

Table 5. Classification results of different methods for each class for the Indian Pines data set
(Overall Accuracy) with K = 60, d = 60 and 10% training pixels. The best results are highlighted
in bold font.

Class names RAW [2] PCA [2] LDA [2] SSLSTMs [2] Proposed

Alfalfa 56.96 59.57 63.04 88.78 90.73

Corn notill 79.75 68.75 72.04 93.76 95.48

Corn mintill 66.60 53.95 57.54 92.42 97.20

Corn 59.24 55.19 46.58 86.38 96.29

Grass pasture 90.31 83.85 91.76 89.79 97.01

Grass trees 95.78 91.23 94.41 97.41 99.32

Grass pasture mowed 80.00 82.86 72.14 84.80 100

Hay windrowed 97.412 93.97 98.74 99.91 100

Oats 35.00 34.00 26.00 74.44 96.67

Soybean notill 66.32 64.18 60.91 95.95 95.82

Soybean mintill 70.77 74.96 76.45 96.93 97.75

Soybean clean 64.42 41.72 67.45 89.18 96.74

Wheat 95.41 93.46 96.00 98.48 99.18

Woods 92.66 89.45 93.79 98.08 99.50

Buildings Grass Trees Drives 60.88 47.77 65.54 92.85 97.18

Stone Steel Towers 87.53 88.17 83.66 87.86 92.86

Overall Accuracy 77.44 72.58 76.67 95.00 97.45
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Table 6. Overall classification results of the different methods for the Salinas data set with K =
60 and d = 60 (Overall Accuracy ± STD). The best results are highlighted in bold font.

Percentage (%) RAW [1] PCA [1] LLE [1] ISS-WME [1] Proposed

2 63.34 ± 1.13 75.12 ± 2.18 89.23 ± 2.42 88.53 ± 1.23 96.16 ± 1.04

4 66.47 ± 1.51 77.25 ± 1.34 89.38 ± 2.94 90.22 ± 0.99 98.06 ± 0.36

6 68.01 ± 1.27 77.56 ± 1.84 91.61 ± 2.32 91.90 ± 1.29 98.73 ± 0.34

8 68.96 ± 2.22 77.96 ± 1.87 91.92 ± 3.21 91.16 ± 1.04 99.08 ± 0.14

10 69.13 ± 1.21 79.02 ± 2.29 92.16 ± 2.73 92.19 ± 1.02 99.36 ± 0.13

4 Conclusions

In this paper, we have proposed a novel method for HSI classification by means of LLE
and SVM. We choose nonlinear dimensionality reduction method LLE instead of PCA,
which is a linear method. Our novel method takes into consideration of both spatial
information and spectral information at the same time in the process of classification, so
better classification results can be achieved. Experimental results show that this novel
method compares favorably to several existing methods for HSI classification.
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Abstract. The focus of audio retrieval research is to find the target audio faster
and more accurately in the audio database according to a query audio. In this
paper, a low-dimensional audio fingerprint extractionmethod based on local linear
embedding (LLE) and an efficient hierarchical retrieval method are proposed. In
the fingerprint extraction part, the audio fingerprint is computed by the energy
comparison. The proposedmethod reduces the dimensionality of the energy vector
and the number of energy comparisons by introducing the LLE algorithm, which
results in a low-dimensional audio fingerprint. The retrieval part is divided into
two stages, which are hash value retrieval for single-frame audio fingerprints and
fingerprint block retrieval for consecutive multi-frame audio fingerprints. In the
first stage, the reference audios with the same hash value as the query audio are
filtered out as candidates. In the second stage, the exact retrieval result is found by
calculating the similarity between the query fingerprint block and the reference
fingerprint block. The proposed method reduces the computational complexity
of fingerprint matching by narrowing the scope of retrieval, thus improving the
retrieval speed. In the experimental part, the effectiveness of the proposed method
is evaluated and compared with some state-of-the-art methods. The experiments
prove that the retrieval accuracy and computation speed can reach a high level
after using the proposed method.

Keywords: Audio retrieval · Audio fingerprint · Hash table

1 Introduction

With the development of information technology, the information production speed
has also increased rapidly in recent years [1]. This has resulted in the accumulation
of large amounts of information data. Especially, along with the advancement of the
internet industry, it has made people exposed to huge amount of multimedia data every
day. Therefore, higher technical demands are required on information compression,
recognition and retrieval [2]. In the era, audio retrieval, as an important component of
multimedia retrieval, has become an emerging research area.

The accuracy and speed for audio retrieval have been the key points considered in
research. An audio retrieval system can be divided into two parts: feature extraction and
feature retrieval.

© Springer Nature Switzerland AG 2021
D.-S. Huang et al. (Eds.): ICIC 2021, LNCS 12836, pp. 160–174, 2021.
https://doi.org/10.1007/978-3-030-84522-3_13

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-84522-3_13&domain=pdf
https://doi.org/10.1007/978-3-030-84522-3_13


A Hierarchical Retrieval Method Based on Hash Table 161

In terms of feature extraction, audio fingerprint is favored because of its simple com-
putation, small data size and less susceptibility to signal distortion [3]. Audio fingerprint
can represent an original audio signal consisting of a large amount of data with less data
size. It is derived from the most important part of audio data perceived by the human ear,
which has perceptual similarity [4]. And it also outperforms traditional audio features
such as linear prediction coefficients (LPC) [5], short time zero-crossing rate, and Mel
frequency cepstral coefficient (MFCC) [6] in audio retrieval works. Audio fingerprint-
ing is used in a wide range of applications such as music recognition and copyright
protection [7].

There are various algorithms for audio fingerprinting. The most classic one is Philips
audiofingerprinting based on the energydifference of adjacent frequencybands proposed
byHaitsma et al. [8]. The algorithmhas a high robustness and canmaintain good retrieval
performance when the signal is disturbed. It requires only 3 s of query audio length as its
retrieval granularity (retrieval of the shortest audio segment length required).However, its
resistance to linear speed changes of the audio signal is low andmore errors appear in the
retrieval results in this case [9, 10]. Another representative algorithm is called Shazam
audio fingerprinting proposed by Wang which uses spectral peak pairs for matching
[11]. This method first extracts a series of peaks on the time-frequency domain of the
audio signal. Then it constructs an audio fingerprint by using the time and frequency
information of every two peaks. The method performs very well in dealing with the
effects of noise, filtering and compression. However, the number of the fingerprints
generated by the algorithm and the overall data size is large. Its retrieval performance
degrades significantly as the database size increases.

In recent years, Anguera combined the two methods mentioned above and proposed
an audio fingerprint called Masked Audio Spectral Keypoints (MASK) [12]. In this
method, it uses the spectral peaks as the center to construct the fingerprint computation
region and computes the audio fingerprint by the energy difference. The method has
higher robustness and is applicable to the case of multiple audio mixtures, such as music
and speech. Although the performance of this fingerprint is superior, there is still room to
reduce the data size of the fingerprint. In the completed work, we introduce local linear
embedding algorithm (LLE) [13] to reduce the dimension of the band energy, so as to
extract an audio fingerprint with lower dimension and reduce the overall data size [14].

In feature retrieval, the most common method is to use the similarity of features
as a metric to discriminate the matching results. In order to improve the efficiency of
retrieval, Haitsma builds a look up table (LUT) [15]. It can quickly find the location in
database where the fingerprint is same as the query. Then the location is used as a starting
point for audio segment matching. However, due to the low feasibility and practicality
of LUT, a hash table is used as an alternative. Although this method has a significant
improvement on the retrieval speed, it has the problems of high memory consumption
and low space utilization because of the uneven data distribution in hash table [16, 17].

In addition, Gupta proposes a method for counting the total number of fingerprint
matches [18, 19]. It counts the maximum number of fingerprint matches for each fin-
gerprint as the starting point for the reference audio in the database. The fingerprint
with the highest count is selected as the final starting point. The purpose of the counting
is to reduce unnecessary matches by selecting the fingerprint segments that are most
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similar to the query for further computation. This method requires a large amount of
computation and is more complicated when applied to large-sized database.

In this paper, a hierarchical retrieval model based on hash table is proposed to address
the problemsof high computational complexity andhighmemory consumption in current
audio retrieval systems. The method creates hash tables for each reference audio in the
database, which reduces the amount of data loaded into memory and consumes less
memory space. In first stage of retrieval, reference audios are filtered with the hash value
of a single query fingerprint. Then the whole audio segment is matched in second stage.
The retrieval process reduces the number of matches and the amount of computation.
The proposed method saves valuable memory resources and effectively improves the
speed of retrieval.

The remainder of paper is organized as follows: Sect. 2 introduces the audio fin-
gerprint extraction method used in this paper. Section 3 presents the proposed retrieval
strategy and fingerprint matching method. Section 4 shows the experimental results of
the retrieval system in terms of accuracy and speed. Finally, Sect. 5 summarizes the
proposed method and its performance.

2 Audio Fingerprint Extraction Based on LLE

The amount of original audio data is large, so the audio fingerprint features need to be
extracted for the purpose of reducing the computation. In this paper, a low-dimensional
audio fingerprint extraction method based on LLE is proposed. The process of the
proposed method is as follows.

2.1 Pre-processing

In the framing step, the frame length is set to 100ms overlappedwith an interval of 10ms,
considering that the extraction of audio fingerprints requires high frequency resolution
and wide coverage of time. The framing strategy is mainly to reduce the error caused
by the inconsistency between the starting points of the query and reference audio. With
this strategy, even in the worst case (5 ms difference between the starting points), the
retrieval performance is still good.

2.2 Maximum Spectral Points Extraction

The pre-processed audio data is converted from time domain to frequency domain by
discrete Fourier transform (DFT), and the spectrum is divided into 18 bands. The peak
which has the maximum amplitude of each frame in the frequency domain is selected,
and its frame number and band number are recorded as index information. To ensure
the selection has good coverage over the whole audio segment, the number of the peaks
should be between 70 and 100 per second.
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2.3 Sub-region Division

After the peak selection step, theMASKregion is constructedwith the peak of each frame
as the center. The region consists of 5 bands and 19 frames symmetrically distributed
around the central peak. In the MASK region construction part, overlap is allowed
between the regions belonging to different peaks. In order to prevent the peaks from
appearing at the boundaries of the band, the first and last two bands are reserved in the
peak selection process. In this way, no boundary crossing occurs when creating MASK
regions.

Each MASK region is again divided into four groups of sub-regions: horizontal,
vertical, central and marginal groups. Each sub-region is calculated to obtain an energy
value, and the energy values in the same group form an energy vector. The energy vectors
are used in the subsequent computation of fingerprint generation.

2.4 Audio Fingerprint Generation

The LLE-based audio fingerprint extraction is applied in this paper to downscale the
energy vector of each frame in the horizontal and central group. The audio fingerprint is
then obtained by comparing the differences in energies between sub-regions. The flow
of the method is shown in the following figure.

Fig. 1. Block diagram of audio fingerprint extraction based on LLE.

As shown in Fig. 1, the energy vector of each frame is downscaled by using LLE
to obtain a low-dimensional vector. Next, the novel energy vector is used to obtain a
low-dimensional audio fingerprint by comparing the energy of adjacent sub-regions to
achieve the purpose of fingerprint dimensionality reduction. If the sign of the energy
difference is positive then it is recorded as 1, and the opposite is 0. The final length of
the audio fingerprint is 16 bits. The downscaled audio fingerprints have smaller data
size, occupy less storage space, and are retrieved more efficiently. Since the amount of
information contained in a single fingerprint is small, it is not sufficient to match the
whole audio segment. Therefore, the method uses an audio fingerprint block composed
of multiple consecutive frames of audio fingerprints for feature comparison to complete
the audio retrieval work.

3 Hierarchical Retrieval Based on Hash Table

In order to reduce the computational complexity of retrieval and improve the retrieval
speed, this paper proposes a hierarchical retrieval method based on hash table. The
retrieval process in this paper is divided into two stages: the first stage is the hash
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retrieval of single-frame audio fingerprints; the second stage is the fingerprint block
retrieval of consecutive multi-frame audio fingerprints. The implementation process of
the proposed method is as follows.

3.1 Retrieval Model Overview

The general hierarchical retrieval method is to categorize the stored data during the
database establishment process [20]. Then, in the retrieval process, the category of the
query audio is judged first to initially narrow the scope of the search, and then the similar-
ity between features is calculated to find the exact result. This method is a retrieval from
the perspective of stored data content, which requires a certain degree of differentiation
between data. It cannot cope with the situation of storing the same kind of data and data
types that cannot be specifically distinguished. At the same time, in the retrieval process,
all the required data and data indexes have to be loaded into the memory, which takes
up a large amount of memory space. To solve the above problems, this paper proposes a
hierarchical retrieval method based on hash table from the perspective of retrieval struc-
ture. Unlike othermethods that build a hash table uniformly for all reference fingerprints,
the proposed method builds separate hash tables for fingerprints of each reference audio.
A single hash table stores less data, making it take up less memory when it is called in
a retrieval.

In the first stage of retrieval, the hash value corresponding to the query audio fin-
gerprint is first calculated. Then, based on the matching result of the query hash value
in the hash table database, multiple reference audios containing the same hash value
are selected as candidates for audio retrieval results. In the second stage of retrieval,
the specific location of the fingerprint is found in the fingerprint database based on the
candidate hash table. Finally, the location is used as the starting point to compute the
similarity between the query and the reference audio fingerprint block. If the compu-
tation result is lower than the similarity threshold, the reference audio is output as a
retrieval result. The proposed method first selects multiple candidates from the refer-
ence audio by matching the hash value of a single fingerprint, narrowing the scope of
retrieval. Then the accurate retrieval results are obtained by similarity computation of
audio fingerprint blocks. The retrieval process reduces the computational effort of fin-
gerprint matching and improves the retrieval performance of the system. The proposed
method includes two parts, database construction and retrieval of the query audio. More
details are presented in the following content.

3.2 Database Construction

The database used in this paper is as follows:
Audio database. It stores the information of the original reference audio.
Audio fingerprint database. The audio fingerprint data of each reference audio is

stored in this database.
Hash table database of audio fingerprints. It stores the hash table data of each

reference audio, including the hash value and frame index.
The latter two databases are constructed on the basis of the audio database after the

computation.
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Creation of Hash Table. In this paper, separate hash tables are created for the finger-
print data of each reference audio. The hash table is to map the original audio fingerprint
into a definite integer, namely the hash value, by means of a hash function. With the
hash value as the table header, the frame index (the label of the frame where it is located)
of the fingerprint corresponding to the hash value is stored in the table. The search first
calculates the hash value of the query audio fingerprint, and finds the frame index of the
fingerprint stored in the hash table by this value. Then find the location of the fingerprint
which is same as the query in the fingerprint database. It realizes the fast location of the
query fingerprint in the fingerprint database.

The most important thing in the design of the hash function is to ensure that there is a
unique correspondence between the audio fingerprint and the hash value. Therefore, this
paper adopts binary-to-decimal conversion for the hash calculation of audio fingerprints,
as shown in Fig. 2.

Fig. 2. Block diagram of the calculation process of hash value.

The audio fingerprint used in this paper consists of 16 binary bits, which can be
equated to a binary sequence of 16 bits in length. In Fig. 2, the method converts the
binary sequence into its corresponding decimal number which is used as a hash value.
The frame indexes of the audio fingerprints corresponding to the hash values are stored
in tables, and these frame indexes are used to quickly locate the starting point of a
fingerprint block match during retrieval. For a reference audio with M frames of audio
fingerprint, the fingerprint of its m-th frame is denoted as f m. f m is a 16-dimensional
audio fingerprint vector, which is represented as follows:

f m = [
f (m, 1), f (m, 2), . . . . . . , f (m, 16)

]
(1)

The hash value of f m is calculated by the following formula:

Hm =
∑16

n=1
2n−1f (m, n) (2)

where f (m, n) is the reference audio fingerprint of n-th bit in m-th frame, n = 1,2…16,
corresponding to the 16-bit audio fingerprint. Hm is the hash value calculated from the
m-th frame of the reference fingerprint.

During the conversion, if one bit of the binary sequence changes, its corresponding
decimal number will be different. The hash function satisfies the requirement that dif-
ferent fingerprints correspond to different hash values, and also avoids hash conflicts to
a certain extent. Once the hash values and corresponding frame indexes are obtained,
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the entire hash table can be created for the reference audio. The schematic diagram of
the hash table structure is shown in Fig. 3.

In Fig. 3, the left side shows the hash table of the reference audio, including the
table header consisting of hash values and the stored frame index. On the right side is
the fingerprint block of the reference audio, which contains the audio fingerprint data of
each frame in the reference audio. It can be seen that there may be more than one frame
index corresponding to the hash value, which indicates that the fingerprint is repeated
in the fingerprint block. The multiple frame indexes corresponding to the duplicate
fingerprints are all stored in the hash table to prevent any missing during fingerprint
retrieval. The structure of the above hash table is used to quickly find the location of the
audio fingerprint in the fingerprint database, which improves the retrieval speed.

Fig. 3. Structure of hash table.

Processing of Reference Audio. The Fingerprint Extraction and Hash Table Creation
of the Reference Audio is Shown in Fig. 4.

Fig. 4. Block diagram of the reference audio processing.

According to the process shown in Fig. 4, given an input audio signal S, the finger-
print features of S are first extracted using the audio fingerprint extraction method in
Sect. 2. Then, the M-frame reference audio fingerprint f m is obtained and stored in the
audio fingerprint database. The hash value Hm of each frame of reference fingerprint is
calculated according to Eq. (2). Finally, the hash table of the reference audio is created
and stored in the hash table database.
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3.3 Retrieval of Query Audio

Hierarchical Retrieval. In this paper, a two-stage retrieval model is established: the
first stage is hash matching of single fingerprint, and the second stage is matching of
fingerprint blocks.

Fig. 5. Block diagram of hierarchical search. (Color figure online)

Given a piece of audio to be examined, its fingerprint is first extracted. A frame of
the query fingerprint is selected and its hash value is calculated according to Eq. (2).
Through the first stage of hash matching, multiple reference audios with the same hash
value are found in the hash table database as candidates for the retrieval result. Then,
through the second stage of fingerprint block matching, the location of the fingerprint
is found in the reference audio fingerprint block using the frame index in the hash
table of the reference audio. The location is used as a starting point to calculate the
similarity between fingerprint blocks. Finally, the computation result is compared with
the similarity threshold to determine whether the candidate audio is the retrieval result.
The flow of the retrieval part is shown in Fig. 5.

According to Fig. 5, the retrieval of the query audio can be divided into the following
steps.

Step 1: Given a query audio S ′, the fingerprint features are computed by using the
audio fingerprint extraction method in Sect. 2. A total of R frames of audio fingerprintF

′
r

is obtained, where the n-th bit of the r-th frame of the query audio fingerprint is denoted
as F ′(r, n).

Step 2: From query fingerprint block, a frame of audio fingerprint is selected to
calculate its hash value according to Eq. (2), and the hash value H

′
r is obtained.

Step 3: The first stage of retrieval (red box part in Fig. 5). Using H
′
r . to match in the

hash table database to find multiple hash tables of reference audio with the same hash
value. The corresponding reference audio (Reference 1…Reference n) will be selected
as candidates for the retrieval result.

Step 4: The second stage of retrieval (blue box part in Fig. 5). Based on the frame
index in the hash table, the location of the fingerprint is found in the fingerprint database.
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The fingerprint blocks with frame length T are selected sequentially from the location,
and the similarity between the fingerprint blocks of the query audio and the reference
audio is computed. The similarity is compared with the threshold, and if the similarity is
less than the threshold, the reference audiis output as a retrieval result. On the contrary,
it means there is a large difference between them.

The hierarchical search in this paper is structured in a stepwise manner, narrowing
down the scope of the search before calculating the similarities. This two-stage retrieval
structure greatly improves the efficiency of retrieval and reducing useless matches in the
retrieval process. The actual layout of the retrieval process is shown in Fig. 6.

During the first stage, the query fingerprint is first calculated to get the corresponding
hash value. The value is then matched with the data in the hash table database, and
multiple reference audios containing the same hash value are selected as candidates for
the retrieval result. The first stage enables the target of retrieval to be determined within
a limited number of candidate audio data, reducing the computational effort. It is shown
as a red line in Fig. 6.

The blue line in Fig. 6 represents the second stage. The location of the fingerprint
is first found in the reference fingerprint based on the frame index in the hash table.
Then use it as a starting point to construct a fingerprint block of length T frames for
similarity calculation. The block of the reference audio fingerprint with the length of
T frames from the m-th frame is called Fm. Fm contains the 16-dimensional reference
audio fingerprints of T frames, whose matrix representation is shown in Eq. (3).

Fm =
⎡

⎢
⎣

f m
...

f m+T

⎤

⎥
⎦ =

⎡

⎢
⎣

f (m, 1) · · · f (m, 16)
...

. . .
...

f (m + T , 1) · · · f (m + T , 16)

⎤

⎥
⎦ (3)

where f m…f m+T are the T frames of audio fingerprints in the fingerprint block, and
each frame of audio fingerprints can be written in the form of a 16-dimensional vector
according to Eq. (1). The reference audio fingerprint block Fm in matrix form is con-
structed with fingerprint dimension and fingerpri frame number as rows and columns. In
the same way, the query audio fingerprint block F

′
r of length T frames from r-th frame

can be constructed.
Bit Error Rate (BER) is used in this paper to determine the similarity between the

query audio and the reference audio. The BER calculates the ratio of the number of
fingerprint bits in query fingerprint block and reference fingerprint block that differ in
the same position to the total number of fingerprint bits in the block. The number of bits
that differ between fingerprints is realized by calculating the Hamming distance between
them. The formula for calculating a single fingerprint is as follows:

d(m, r) =
∑16

n=1
f (m, n) ⊕ f ′(r, n) (4)

where d(m, r) denotes the Hamming distance between the m-th frame of the reference
fingerprint and the r-th frame of the query fingerprint, ⊕ is XOR operation, and the
parameter n is the number of bits of the fingerprint. Therefore the matrix form of Eq. (4)
can be represented as follows:

D = Fm ⊕ F
′
r



A Hierarchical Retrieval Method Based on Hash Table 169

=
⎡

⎢
⎣

F(m, 1) · · · F(m, 16)
...

. . .
...

F(m + T , 1) · · · F(m + T , 16)

⎤

⎥
⎦ ⊕

⎡

⎢
⎣

F ′(r, 1) · · · F ′(r, 16)
...

. . .
...

F ′(r + T , 1) · · · F ′(r + T , 16)

⎤

⎥
⎦ (5)

where D is the matrix obtained after the XOR operation of fingerprint blocks Fm and
F

′
r, whose size is the same as the fingerprint block matrix (T × 16). The elements stored

in the matrix D are the Hamming distances of the fingerprints at the same positions in
the fingerprint blocks Fm and F

′
r.

Fig. 6. Search layout. (Color figure online)

The total Hamming distance between the reference and the query fingerprint block
is obtained by summing all the elements in D.

dham =
∑T

i=1

∑16

j=1
Dij (6)

where Dij is the element of the i-th row and j-th column of the matrix D, dham is the
Hamming distance between fingerprint blocks Fm and F

′
r. Combining the fingerprint

block length T and the number of bits of the fingerprint (16 bits), the BER between
fingerprint blocks can be calculated as follows:

EBER = dham
T × 16

(7)

By comparingEBERwithBER threshold, if it is lower than the threshold, it means that
the query audio is more similar to the reference audio, and vice versa, it means that the
two aremore different. Finally, the retrieval results with BER below the threshold among
the candidate reference audio are output which is sorted in ascending order according
to EBER. When the selected frame of the query fingerprint has no matching result in
the audio database, the next frame of the query is to be selected in turn to continue the
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hierarchical retrieval. The retrieval process continues until the length of the remaining
query fingerprint block is less than T frames, which means that the length for fingerprint
block matching is not enough.

Setting of BER Threshold and T. The parameters used for fingerprint block matching
are determined by experiments. Four different fingerprint block lengths and four different
BER thresholds are selected for the experiments. By comparing the retrieval accuracy
under each parameter condition and considering the complexity of retrieval, the best set
of parameters is selected to be applied to the final retrieval system. The retrieval accuracy
with each combination of parameters is shown in the figure below.

In Fig. 7, the lines of the same color indicate the length of the same fingerprint block,
the horizontal axis indicates the different BER thresholds, and the vertical axis is the
accuracy of retrieval. It can be seen from the figure that the retrieval accuracy initially
tends to increase as the BER threshold decreases under the condition that the fingerprint
blocks are of the same length. It indicates that the wrong retrieval results are mainly
eliminated at this period by the decrease of the threshold. However, when the threshold
is reduced to 0.2, a slight decrease in retrieval accuracy is found. This indicates that a
small threshold also rejects some correct retrieval results, which is not conducive to the
screening of retrieval results.

Fig. 7. Retrieval accuracy under different BER thresholds and fingerprint block lengths. (Color
figure online)

Under the condition of the same threshold, the retrieval accuracy tends to increase
with the increase of fingerprint block length. And after the length reaches 250 frames, the
rise of retrieval accuracy tends to level off. Although the longer the length of fingerprint
blocks, the more accurate the calculation of similarity between fingerprint blocks, the
computational complexity of fingerprint block matching also increases. Therefore, the
length of fingerprint blocks cannot be increased endlessly.

After considering the effects of both parameters on the retrieval results, a BER
threshold of 0.25 and a fingerprint block length of 250 frames are experimentally selected
to be applied in the final retrieval system. Under this parameter condition, the similarity
calculation results aremore accurate and the retrieval results can be effectively filtered.At
the same time, the complexity of the calculation is moderate and the retrieval efficiency
of the proposed method is relatively high.
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4 Experimental Results and Analysis

4.1 Experimental Data

The experiments in this paper are performed on data sets with different signal-to-noise
ratios to verify the retrieval performance of the proposed method. The data sampling rate
is 8 kHz. At this sampling rate, the audio data contains enough information and covers
the more sensitive frequency bands of the human ear to meet the requirements of the
audio retrieval task.

The experimental data is introduced as follows:
Database 1 consists of 5000 audio files, including the data collected in the laboratory

and the data collected from the internet. The length of each audio file is between 3 s and
5 min. The storage size of the data is 12.3 GB and the total length is 230 h.

Database 2 is the dataset generated by adding 40 dB white noise to database 1.
Database 3 is the dataset generated by adding 30 dB white noise to database 1.
Database 4 is the dataset generated by adding 20 dB white noise to database 1.
Database 5 is the dataset generated by adding 10 dB white noise to database 1.
Database 6 is a random interception of 1000 audio segments with the length of 3 s

from database 1 and it is used as the query audio set.

4.2 Performance Evaluation

In this paper, recall and precision rate which commonly used in the field of information
retrieval, are selected as the metrics to evaluate the performance of the algorithm. They
are defined as follows:

Recall rate = the number of correct targets detected from the retrieval source/the
number of targets that should have been retrieved × 100%

Precision rate = the number of correct targets detected from the retrieval source/the
number of targets actually retrieved × 100%

4.3 Results and Analysis

The experiments include both accuracy and speed of retrieval, and are analyzed sepa-
rately. In this paper, audio retrieval experiments are conducted in a pure audio database
and several database with different SNR, respectively. The aim is to verify the robustness
and the overall stability of the method in this paper.

To evaluate the performance of the proposed method, the experiments compare the
retrieval results with two classical methods, Philips and Shazam. They are widely used
in the field of audio retrieval and have good retrieval performance. Philips fingerprinting
is done by dividing the spectrum into 33 bands and calculating the 32-dimensional audio
fingerprint by comparing the differences in adjacent bands. Shazam fingerprinting uses
the peak information of the audio in the frequency domain to create a hash with a storage
space of 32 bits as the audio fingerprint. TheMASKfingerprint is also used as a reference
method for performance comparison in the experiments. The MASK fingerprint is the
original fingerprint before dimensionality reduction using the method in this paper, and
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its size is 22 dimensions. The retrieval performance of each method with different SNR
is shown in Fig. 8.

Figure 8(a) and (b) show the results of retrieval recall and precision, respectively. It
can be seen that the proposed method is basically consistent with the reference method
in terms of retrieval performance. As the SNR decreases, the retrieval performance of
the proposed method also decreases slowly and smoothly, which indicates that it is more
resistant to noise.

Fig. 8. Comparison of the retrieval performance of each method.

To show more clearly the size of the audio fingerprints extracted by each method,
they are summarized in Table 1 in this paper.

Table 1. Audio fingerprint size of different methods.

Methods Audio fingerprint size

Philips 32 bits

Shazam 32 bits

MASK 22 bits

LLE 16 bits

The fingerprint extraction methods in Table 1 include the method proposed in this
paper and the three comparison methods. Among them, the LLE audio fingerprint has
smaller size, occupies less storage space, and has higher retrieval efficiency. In summary,
this paper achieves the purpose of reducing the amount of fingerprint data and saving
storage space by reducing the dimensions of audio fingerprints. And themethod performs
well in overall retrieval performance and stability.

To verify the improvement of the retrieval efficiency of the methods in this paper,
the average time consumed by each method in the retrieval process is experimentally
counted. The results are shown in Fig. 9.



A Hierarchical Retrieval Method Based on Hash Table 173

Fig. 9. Comparison of retrieval time by method.

As can be seen in Fig. 9, the proposed method (LLE) has the shortest retrieval time.
It shows that the proposed method effectively improves the retrieval speed and has a low
retrieval complexity. In conclusion, the proposed method achieves fast retrieval speed
and good robustness while ensuring high retrieval accuracy.

5 Conclusions

In this paper, an LLE-based audio fingerprint extraction method is applied and a hierar-
chical retrieval structure based on hash table is proposed. The proposed method achieves
good performance in both retrieval accuracy and speed by reducing the data size of audio
fingerprints and the computation of the retrieval process.While ensuring that the retrieval
work has high retrieval accuracy, a fast retrieval speed is obtained. Experiments prove
that the method is robust to changes in the query audio and is not inferior to the state-of-
the-art methods in terms of retrieval performance. To sum up, the method in this paper
has less fingerprint data amount and lower retrieval complexity, and achieves higher
retrieval performance.
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Abstract. Recent have witnessed significant advances in scene text detection
and recognition. In this paper, we propose a novel pipeline for real-life State Grid
image OCR, named Rectification two-branch OCR, that guarantees the robust-
ness and performance of the real scene recognition. Specially, we first consider
the influence of image quality and adopt specific preprocessing techniques for
different kinds of data, containing both traditional image processing methods and
deep learning-based methods. Then, we propose a simple but effective end-to-end
neural network based trainable model to further locate and recognize scene text.
At last, we combine the image rectification module and OCR module as a new
pipeline for the State Grid image OCR. Extensive experiments on several real
scene datasets demonstrate the effectiveness of our proposed methods and also
prove it can handle more irregular input image such as rotate and crop.

Keywords: Image rectification · OCR · Neural network

1 Introduction

With the development of informatization and digitization, paperless office has become
the new formal of society. An increasing number of documents and forms are scanned
and processed in the form of electronic images, which not only saves the cost, improve
the efficiency, but also promotes the development of environmental protection. With the
combination of digital and tradition office mode, there is an urgent need for a batch of
optical character recognition (OCR) tools that can transformdigital images and formatted
documents to automatically identify and enter the paper documents.

The output of OCR systems is heavily influenced by the quality of the input image.
Here image preprocessing comes into play to improve the quality of input image so
that the OCR engine can produce more accurate results. It is a data preparation step for
contrast enhancement, noise reduction of filtering. Segmentation steps always follow,
with the goal to isolate the regions of interest (ROIs) from the background. As for the
business image data, ROIs are different for different types of data. For example, when
processing ID card images, the name, date of birth and address on the screen should
be segmented first and then the segmented characters can be recognized by the OCR
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system. In this work, we adopt specific preprocessing techniques for different kinds
of data, containing both traditional image processing methods and deep learning-based
methods, and aim at segmenting original images into several ROIs to prepare data for
the OCR modules.

2 Related Work

2.1 Image Rectification and Registration

Image rectification ismainly divided into two categories: geometric rectification and gray
level rectification. For the traditional paper geometric rectification technique, we first get
the gradient information of the image by Canny [1] and other filter operators based on the
second-order information of the image, and then extract the boundary information after
removing the noise by Gaussian filter. By changing the size of the Gaussian filter kernel,
we can get the edge information of different scales. Then we get the more robust edge
information by dilation and erosion algorithms, and further remove the isolated noise
independent of the main part of the image. Finally, the image distortion is determined by
finding the edge position of the outermost contour and the standard position difference,
and the original image is obtained by using the back projection transformation.

At present, the mainstream image matching schemes are based on feature points.
Among the, non-deep learning features such as SIFT, SURF and ORB features are
widely used in the industry [2]. In recent years, as the deep learning develops rapidly, a
number of feature point detection and descriptors based on deep learning are gradually
mature, which surpass all non-deep learning feature schemes in performance. However,
thesemethodsmainly focus on thematching relationship at the patch level, and do not use
the image-level prior to eliminate the mismatching. In 2015, Zagoruyko and Komodakis
proposedDeepCompare [3],which takes image pairs as the input and learns the similarity
of them directly through the Siamese network. Han et al. proposed MatchNet [4], which
can learn descriptors and measurement methods at the same time. Simo-Serra et al.
proposed DeepDesc [5] that measures the distance between features extracted by image
patches learned by hinge loss, and achieved better performance by balancing positive and
negative examples through hard example mining. In 2016, Kurmar et al. [6] proposed to
use global loss to expand the distance between positive and negative examples. Balntas
et al. proposed TFeat network [7] by using shallow convolutional network and faster
hard example mining strategy. Balntas et al. made supervision generalize to positive and
negative examples and proposed a new supervisionmethod. In 2017, Tian et al. proposed
L2Net [8] through an improved unbalanced sampling strategy of positive and negative
examples and a new loss function based on the relative distance in Euclidean space,
which achieved the best performance beyond the predecessors under deep supervision.
Mishchuk et al. [9] broke the best performance of descriptor learning again through a
hard example mining strategy and a simple triplet loss function. The network not only
achieved better results than all traditional methods in the experimental dataset, but also
showed its powerful generalization in the following datasets. Zhang et al. [10] added
the global orthogonal regularization term to the original triplet loss, hoping that the
descriptors could use as wide a parameter space as possible. In 2018, Tian et al. [11]
referred to the graphmatching problem based on the first-order similarity ofHardNet and
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added the second-order similarity regularization, which achieved better results on the
HPatches dataset. In 2019, Luo et al. [12] introduced the spatial constraints between key
points into the network to further improve the performance. In addition, after Yi et al. first
proposed the end-to-end detection and description scheme in 2016, DeTone, Ono, Shen
and Dusmanu et al. [13] proposed the end-to-end feature point detection and description
framework based onCNN,which further improved the effect and generalization of image
matching. Sarlin et al. [14] modeled matching problem by using Transform’s encoder
and optimal transmission problem, to obtain the best results at present.

2.2 OCR

In recent years, the detection and recognition of scene text (optical character recognition)
has aroused more and more research interest in the computer vision community, espe-
cially after the revival of neural networks and the growth of image data sets. Scene text
detection and recognition provides an automatic and fast way to access text information
contained in natural scenes, thereby benefiting various practical applications, such as
contract detection, instant translation, and assistance for the blind.

At present, the research on optical character recognition is relatively mature. We
can divide the general optical character recognition methods into two main categories,
namely, staged detection and end-to-end detection.

Staged Detection. Phased detection is to divide the entire process into two phases: text
detection and character detection. The text area of the input image is first detected, and
then the text area is sent to the detector to detect specific text, and finally the output
result is obtained. For the text detection stage, many methods have been proposed to
detect scene text. Jaderberg et al. Use edge boxes [15] to generate candidate regions
and refine candidate boxes through regression. Some methods use the symmetry of the
text to detect scene text. Adapted from Faster R-CNN and SSD, with carefully designed
modifications. There are also some segmentation methods. These methods first detect
text segments, and then link them to text instances through spatial relationships or link
prediction. In addition, there is a direct return to the text box from the dense segmentation
map. Lyu et al. [16] proposes to detect and group corners of text to generate text boxes.
Liao et al. [17] proposed a rotation-sensitive regression for orientation-oriented scene
text detection. Comparedwith the popularity of horizontal ormulti-directional scene text
detection, almost no work has focused on text instances of arbitrary shapes. Recently,
due to application requirements in actual scenes, the detection of text with arbitrary
shapes has gradually attracted the attention of researchers.

End-to-End Detection. The text detection problem and recognition are completely
separated in two stages, but in fact, these two tasks are actually complementary and
mutually reinforcing. If it is alone, it may cause sub-optimization problems. So some
end-to-end detection methods have been proposed, the most famous of which is the
Mask TextSpotter series. Among them, Mask TextSpotter V1 [18] is based on mask
RCNN and performs end-to-end text recognition based on segmentation. The mask
branch can not only predict the segmentation map to segment the text area, but also
predict the character probability map. Mask TextSpotter V2 adds spatial attention to the
recognition part on the basis of v1 to improve the text recognition ability of the frame.
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Mask TextSpotter V3 adds a segmentation network on the basis of v2 to replace RPN
to generate candidate frames, which are more accurate. However, end-to-end detection
often has the disadvantages of low accuracy and complex network structure.

3 Text Detection and Recognition Based on Two-Branch Mask
OCR Model

3.1 Framework

In view of the reliability and flexibility of the end-to-end method, based on actual
application scenarios, our method chooses the end-to-end method to minimize network
parameters and increase network flexibility while ensuring accuracy.

Fig. 1. The overall framework of the method in this section.

The overall framework of our article is shown in Fig. 1. Our method consists of four
parts: first we use the feature pyramid network as the skeleton, the regional candidate
box network generates text candidate boxes, Fast R-CNN is used as the box regression
method, and finally a mask branch is used for text scene detection and character recog-
nition. In the training process, first we use the feature pyramid network to generate text
candidate boxes, and then we input these candidate box features into Fast R-CNN to
generate more accurate text candidate boxes, and finally our mask branch outputs text
scene graphs and Font segmentation diagram. Let’s introduce these parts separately.

Network Architecture. Due to the different sizes of text in natural pictures, in order to
build a feature map that can integrate high-order semantic information at various scales,
we use a feature pyramid structure based on a residual neural network with a depth of 50.
The Feature Gold Pagoda uses a bottom-up architecture to fuse feature maps of different
resolutions to achieve better results.

Regional Candidate Box Network. We use the regional candidate box network to
generate text candidate boxes for the subsequent Fast R-CNN and mask branch. We
allocate anchor points at different stages according to the size of the anchor points.
Specifically, the area of the anchor is set to {322, 642, 1282, 2562, 5122} pixels in five
stages {P2, P3, P4, P5, P6} respectively. Each stage also uses a different aspect ratio
{0.5, 1, 2}. In this way, the regional candidate box network can handle texts of various
sizes and aspect ratios.
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Fast R-CNN. Then we will use Fast R-CNN to do the classification task regression task.
The role of this stage is to provide more and more accurate candidate frames for the next
stage. The input of this stage is a 7 * 7 feature map generated by the regional candidate
network.

Mask Branch. There are two tasks in the mask branch, one is the global text instance
segmentation task and the other is the character segmentation task. This branch passes
through four convolutional layers and one deconvolutional layer. The size of a given
input is fixed to 16 * 64. The mask branch can predict 38 mappings (size 32 * 128),
including global text instance maps, 36 Character images and character background
images. Regardless of the shape of the text instance, the global text instance graph can
give accurate positioning of the text area. The character mapping table is a 36-character
mapping table, including 26 letters and 10 Arabic numerals. The character background
image of the character area also needs to be removed in the post-processing stage.

3.2 Label Generation

This section introduces how to generate the label form required by the above steps given
a picture I and its corresponding label. We first convert the polygon into a horizontal
rectangle that covers the smallest area of the rectangle. Then we generate the target of
the region candidate box network and Fast R-CNN. For the mask branch of a given
label P, C (which may not exist), two types of target images will be generated, as well
as the candidate boxes output by the regional candidate box network: the global image
for text instance segmentation and the semantic segmentation for characters Character
illustration. Given a label r with text, we first use the matching mechanism to obtain the
best matching horizontal rectangle. The corresponding polygons and characters can be
further obtained. Next, move and adjust the size of the matching polygon and character
frame, and finally get the final semantic segmentation character map.

3.3 Objective Function

We define our objective function as:

L = Lrpn + ∂LRCNN + ∂2Lmask (1)

The first two are defined as the loss function of the candidate box network and the loss
function of Fast R-CNN, which are consistent with the original paper. Lmask is divided
into two parts: the global loss function and the character loss function. The global loss
function is defined as the average. The cross entropy loss function of, and the character
loss function is a weighted spatial soft-max loss function. In our article, ∂ and ∂_2 are
set to 1.

3.4 Forward Propagation

In the training process, the input candidate frame of the mask branch is different from
the training process of the regional candidate network. In the inference phase, we use
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the output of Fast R-CNN as the candidate frame for generating the predicted global
mapping and character mapping, because Fast R-CNN The output is more accurate.
The specific reasoning process is as follows: First, enter the test image, we obtain the
output of Fast R-CNN, and filter out redundant candidate frames through non-maximum
suppression. Then, input the reserved candidate boxes into the mask branch to generate
a global map and a character map. Finally, the contour of the text area is calculated on
the global map and the predicted polygon is directly obtained. In addition, the character
sequence can be generated through the pixel voting algorithm on the character map we
proposed.

Pixel Voting Algorithm. We decode the predicted character map into a character
sequence through the proposed pixel voting algorithm. We first binarize the background
image, the value ranges from 0 to 255, and the threshold is 192. Then obtain all char-
acter areas according to the connected areas in the binarization graph. We calculate the
average value of each region for all character images, and these values can be regarded
as the character category probability of the region. The character class with the largest
average value will be assigned to this area. After that, we group all characters from left
to right according to the writing habits of Chinese characters.

4 Experiments

4.1 Data of Image Rectification

The test data we used are the photos taken from realistic business scenarios provided by
the State Grid, including images of the property title certificate, both sides of ID card,
contracts and electricity meters. Figure 2 illustrates some raw data to process. The exact
size of the testing set is shown in Table 1.

Fig. 2. Examples of some raw data to process. Each column from (a) to (e) represents one example
of the corresponding type of data. Some sensitive privacy information is blocked by mosaic.

Due to the shooting angle and varying illumination, most data cannot be presented
with high quality as shown in Fig. 2, making it difficult to recognize the key information.
Therefore, the first step is to rectify the raw data and segment the ROIs to prepare clean
data for OCR.
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Table 1. The size of testing set.

Data Size

Property title certificate 230

Front of ID card 688

Back of ID card 746

Contract 518

Electricity meter 895

4.2 Image Rectification Evaluation

To evaluate the effectiveness of the proposed method, we conduct extensive experiments
on the above dataset and compare the following methods: (a) traditional rectification
method (denoted by T), (b) the combination of T and SIFT-based matching method,
(c) the combination of T with deep learning-based matching method, (d) the fine-tuned
deep learningmodelwith extra data, and (e) our proposed hierarchicalmulti-scale feature
aggregation image matching algorithm.

The results are shown in Table 2. The accuracy means the proportion of rectified
images that contains the key information to recognize.

Table 2. The rectification accuracy on different testing data. These five columns, from the 2nd

one to the 6th one, report the accuracy on the property title certificate, front of ID card, back of
ID card, contract, and electricity.

Method Accuracy

Property Front Back Contract Meter

(a) Traditional 73.32% 80.75% 79.84% 75.38% 79.32%

(b) T + SIFT 78.50% 84.04% 84.82% 81.02% 83.40%

(c) T + DL 84.38% 87.20% 86.90% 85.63% 85.60%

(d) Fine-
tuning

92.24% 95.45% 94.30% 91.02% 92.53%

(e) Ours 93.45% 97.88% 97.02% 93.41% 94.27%

Our proposed method achieves excellent performance on various dataset of dif-
ferent tasks. Among these methods, the rectification method with image matching
can improve the success rate of traditional method. The deep learning-based match-
ing method achieves the significant improvement by replacing the traditional matching
technique. Besides, the self-supervised method based on data augmentation improves
the performance of the pre-trained model, and the success rate is more than 95% on
the specified dataset. Finally, with the improved deep learning-based image matching
algorithm, the success rate on the specified dataset is more than 97%.
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Some rectification results are shown in Fig. 3. The proposed method works well
with various conditions, including normal shooting, shadow, severe screen glare, bad
illumination and rotation.

Fig. 3. Examples of the rectification results. Each part, from left to right, shows the original image
and the rectified key regions.

4.3 Data of Text Detection and Recognition

The test data we used are the photo of the contract, the front photos of the ID card, and the
back photos of the ID card provided by the power grid. Figure 4 shows an example of the
photos of the contract. The specific quantities of the three types of test data are shown in
Table 3. After these images are corrected, they generally have a relatively straight angle
before being imported into theOCRmodel.Only a few imageswill becomevery distorted
due to the bad filming angle, which will result in failure to recognize successfully.

4.4 Information Extraction and Denoising

Input the picture to be recognized into the OCR model to get the text recognition result
in the picture. The OCR model will give the recognized text, the confidence of the
recognized text result and the pixel coordinates of the text box in the original image, as
shown in Fig. 4. Take the contract as an example, as shown in Fig. 5.

In order to extract only the required information, for example, only the name and ID
number on the ID card are needed to identify the ID card,we chose to use the approximate
coordinates of the name and ID number obtained after correcting the picture and the pixel
coordinates of the text box in the original image. For comparison, if the coordinates of
the text box are within the range of the corrected coordinates, leave this message. In
addition, we have set specific denoising sentences for many situations. For example,
when identifying the number of the contract, the information of the province and city
that is in the same position as the number is often extracted together, and we search in the
extracted results to find the characters “province”, “city”, and “district”. Then leave only
the results after these characters, so that you can accurately filter out the information
you want.
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Fig. 4. An example of the contract photos.

Table 3. Test dataset.

Dataset Quantity

Contract 230

IDcard_front 688

IDcard_back 746

Fig. 5. The recognition result of contract.

After information extraction and denoising, we output the results to a TXT file to
save. Take the contract shown in Fig. 4 as an example, and the output effect is shown in
Fig. 6.
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Fig. 6. An example of the results obtained by extracting information and denoising after the
recognition of the contract.

4.5 Results

Because there are a few test images of the contract that are very slanted after correction
and cannot be recognized by human eyes, the recognition accuracy of our model on
the test data of the contract is only about 85%. In contrast, because ID card photos
are basically normal images with no major abnormalities, the recognition accuracy on
ID card test images can reach about 95%. From this point of view, our model has
excellent performance and can get very good recognition results as long as it is in
general conditions.

Since our model can be used on the GPU, the recognition speed can be greatly
improved. The time to identify a contract is about 1 s, the time to identify the front of the
ID card is about 0.08 s, and the time to identify the back of the ID card is about 0.09 s.
The specific experimental results are shown in Table 4.

Table 4. Recognition accuracy and recognition time of three kinds of test data.

Dataset Accuracy(%) Time(s)

Contract 85.6% 1.112

IDcard_front 97.2% 0.082

IDcard_back 95.5% 0.099

5 Conclusion

In this paper, we propose a novel OCR pipeline named Rectification two-branch OCR,
which can recognize real scene text image more robustness. The experiments show the
effectiveness of our proposed methods. In future work, we consider integrating image
correction and recognition into a network to make the entire module more flexible and
easy to use.
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Abstract. Wireless sensor network (WSN) coverage control is a study of how to
maximize the network coverage to provide reliable monitoring and tracking ser-
viceswith guaranteed quality of service. The application of optimization algorithm
is helpful to effectively control the network nodes energy, improve the perceived
quality of services, and extend the network survival time. This paper presents a
simplified slime mould algorithm (SSMA) for optimization WSN coverage prob-
lem.Wemainly conducted thirteen groups ofWSNs coverage optimization experi-
ments, and compared with several well-knownmetaheuristic algorithms. From the
experimental results and Wilcoxon rank sum test results demonstrate that SSMA
is generally competitive, outstanding performance and effectiveness.

Keywords: WSN · Slime mould algorithm (SMA) · Simplified slime mould
algorithm (SSMA) · Effective coverage rate · Metaheuristic

1 Introduction

Wireless sensor network (WSNs) is composed of a large number of densely distributed
sensor network node, each node has limited computing, storage and wireless commu-
nication capabilities, and can sense the surrounding environment at close range. It has
the characteristics of small size, low cost, and low power consumption. It can assist in
sensing, collecting and processing the information of the monitored object in real time,
so with the rapid development of science and technology in various fields, WSNs has
been widely used in military affairs, environmental monitoring, medical and health care,
safety monitoring and other fields [1].

In various applications of wireless sensor networks, coverage has always been a
crucial issue, which determines the monitoring ability of the target area. An appropri-
ate node deployment strategy can not only improve the service quality of WSNs, but
also effectively promote its energy utilization. However, searching for the optimal node
deployment scheme is a difficult task, especially for large-scale sensor networks [2]. As
this context, scholars choose to focus on meta-heuristic algorithm, which has made a
good contribution to the coverage optimization of WSNs. Ref. [3] used PSO Optimized
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sink node path location in WSNs; Ref. [4] a novel FFO was introduced to the coverage
optimization. Ref. [5] used PSO and Voronoi diagram to optimize sensor coverage in
WSNs. Ref. [6] used a novel DE applied to optimize the coverage problem of WSNs.
Ref. [7] used ACO based sensor deployment protocol for wireless sensor networks. Ref.
[8] proposed a Hybrid Red Deer SSA for Optimal Routing Protocol in Wireless Multi-
media Sensor Networks. Ref. [9] proposes FPA to solve MEB problem in WSNs. Ref.
[10] used FA for power management in (WSNs) et al.

The Slime Mould Algorithm [11] is a novel metaheuristic algorithm, which was
proposed by Seyedali M. et al. in 2020. It to simulate the positive and negative feedback
generated by the propagation wave of biological oscillator during the foraging process of
Slime mould in nature, and to guide their behavior and morphological changes. Because
of its simple concept and strong searching ability, it has been paid attention to and studied
by many scholars since it was put forward. Ref. [12] used HSMA_WOA for COVID-19
chest X-ray images; Ref. [13] dynamic structural health monitoring based on SMA;
Ref. [14] proposed hybrid ANN model with SMA for Prediction of Urban Stochastic
Water Demand; Ref. [15] based on SMA to extract the optimal model parameters of
solar PV panel; Ref. [16] SMA for feature selection; Ref. [17] SMA-AGDE for solving
various optimizationproblems;Ref. [18] usingSMAtoMitigating the effects ofmagnetic
coupling et al.

In this paper, in order to improve the search accuracy and population diversity of the
con SMA in solving the coverage optimization problem of wireless sensor networks, we
propose a simplified slime mould algorithm (SSMA). The SSMA has three highlights:

(1) A simplified slime mould algorithm is proposed to solving WSNs coverage
optimization.

(2) Simplify the position update formula and a new adaptive oscillation factor, for bal-
ance the development and exploration capacity, and improve the coverage capacity
of WSNs.

(3) SSMAwill be experimentally experimented in a small-scale and large-scaleWSNS
coverage problems, and comparative analysis of 6 state-of-the-art algorithms.

The rest of this paper is structured as follows: Sect. 2 briefly reviews the original SMA
algorithm. Section 3 details the simplified SMA (SSMA). Section 4 gives the practical
application of SSMA in solvingWSNs coverage optimization problem. Section 5 carries
out experimental analysis and discussion. Section 6 provides the conclusions and future
directions of this work.

2 Wireless Sensor Network Coverage Optimization

Assumed that themonitoring area ofWSNs is a two-dimensional plane,which is digitized
into L × M grids, and the size of each grid is set to unit 1. N homogeneous sensors are
deployed in this area, and the node set can be expressed asZ = {Z1,Z2 ,Z3, ...ZN } having
the same sensing radius R. In this paper, Boolean model is used as the node sensing
model, so long as the target is within the node sensing range, it can be successfully
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sensed. Assuming that the coordinates of a node zi in the detected area are (xi, yi) and
the position coordinates Dj of the target point are (xj, yj), the distance between the node
and the target point is:

d
(
zi,Dj

) =
√

(xi, yi)2 − (
xj, yj

)2 (2.1)

where p(zi,Dj) represents the perceptual quality of node zi to Dj. When the position Dj

of node zi is within the circle of perceived range, the perceived quality is 1, otherwise it
is 0, and the mathematical expression is:

p(Zi,Dj) =
{
1, if d(zi,Dj) ≤ R

0, otherwise
(2.2)

Generally, the sensor’s perception probability of the target is less than 1. In order to
improve the perception probability of the target, multiple sensors need to cooperate to
detect, so the sensor’s perception probability of a certain target is:

p(Z,Dj) = 1 −
N∏

i=1

[
1 − p(zi,Dj)

]
(2.3)

The coverage rate of the node set Z over the entire monitoring area is:

f =

L×M∑

j=1
p(Z,Hj)

L × M
(2.4)

Equation (2.4) is the objective function of WSN coverage optimization problem.

3 Slime Mould Algorithm

Slime mould algorithm [11] mainly simulates the behavior and morphological changes
of slime mould in the foraging process in nature. SMA can effectively simulates the
information transmissionmechanismof feeding back the food concentration in the search
space through the propagation wave generated by the oscillator, and simulates the threat
to the existence in the foraging process with the weight factor, which improves the
effectiveness of the algorithm.

Slime mould can judge the position according to the concentration of surrounding
food during foraging, and adjust their foraging mode according to the influence of
environment.
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3.1 Mathematical Model

When slime mould foraging, they can sense the concentration and position of food
through odour in the air and then approach it constantly. This process can be expressed
by the following equation:

→
S (t + 1) =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

rand ∗ (ub − lb) + lb, rand < pc
→

S∗(t)+ →
kb ∗(

→
W ∗→

S R1(t) − →
S R2(t)), r < q

→
kc ∗ →

S (t), r ≥ q

(3.1)

where ub and lb are represents the upper and lower boundaries of the search space, rand
and r are random values between [0,1], and pc is a constant, which is taken same as

stander SMA.Parameters
→
kb and

→
kc are oscillation factor, t represents the current iteration

times,
→
S∗ represent the current optimal individual,

→
S represent the current individual,

�SR1 and �SR2 represents two individuals randomly selected in the slimemould population,
→
W represent weight.

The q mathematical formula of is as follows:

q = tanh|f (i) − DF | (3.2)

where i ∈ 1, 2, ...n, f (i) indicated fitness of individual
→
S ,DF represents the best fitness

value obtained in all iterations.
→
kb and

→
kc mathematical formula as follows:

→
kb = [−a, a] (3.3)

a = arctan h

(
− it

Tmax
+ 1

)
(3.4)

→
kc =

(
1 − it

Tmax

)
(3.5)

→
W mathematical formula as follows:

→

W (smell(i)) =

⎧
⎪⎪⎨

⎪⎪⎩

1 + r · log( BF − f (i)

BF − WF + ε
+ 1)

1 − r · log( BF − f (i)

BF − WF + ε
+ 1), other

, i ≤ 2

N
(3.6)

smell = sort(f ) (3.7)

where r is a randomly values interval of [0,1], Tmax indicates the maximum number of
iterations, BF indicates the best fitness in the current iteration, WF indicates the worst
fitness in the current iteration, smell represents the corresponding values sorted by fitness
values. is the fitness of the whole population.
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4 Simplified Slime Mould Algorithm

Since the SMA [11] was put forward, it has been paid attention to and studied by many
scholars because of its simple concept and good effect in solving various practical prob-
lems. However, like many meta-heuristic algorithms, it also has the disadvantages of
premature convergence and easy to fall into local optimum. When solving the coverage
optimization problem of wireless sensor networks, the standard shape memory alloy has
obvious defects such as local optimum location, low coverage rate and insufficient con-
vergence speed. Therefore, we propose a simplified slime mold optimization algorithm
(SSMA) to solve the optimization problem of wireless sensor networks. The position
update in Eq. (3.1(3)) of the SMA is that individuals search around themselves, which
leads to poor exploration ability. Individuals cannot find the global optimal solution
quickly, and easily fall into local optimal solution. The position update in Eq. (3.1(2)),
individuals update their position according to the global optimal solution and two ran-
dom solutions is random choose in the population. This mechanism can balance the
exploration and development ability of the algorithm well. In addition, the oscillation
factor has a vital impact on the optimization performance of SMA.When the oscillation
factor is chosen as trigonometric function, it not only improves the convergence speed of
optimization, but also accords with the actual theory of propagation wave. Therefore, we
propose a simplified slime mould algorithm (SSMA) to solve the coverage optimization
problem of WSNs.

The update formula is as follows:

→
S (t + 1) =

⎧
⎨

⎩

rand ∗ (ub − lb) + lb, rand < pc
→

S∗(t)+ →
kb ∗(

→
W ∗ S→

R1 (t) − →
SR2), otherwise

(4.1)

The oscillation factor formula is as follows:

→
kb = [−a, a] (4.2)

a = γ (cos(π · it

Tmax
) + λ) (4.3)

where a is the value of the change range of γ , γ = 0.5; λ is the value step of the slime
mould, λ = 1.

The SSMA mainly depends on the optimal solution and two random solution in
the population. Equation (4.1) is the core of the SSMA. When z is less than 0.03, slime
mould searches randomly in thewhole search space, and Eq. (4.2) is executed; otherwise,
Eq. (4.3) is executed. The best individual can lead the development stage of slimemould,
while two random individuals in the populationmainly dominate the exploration stage of
the SSMA. This formula can balance the exploration and development of the algorithm.
The pseudo-code of the SMA is shown in Algorithm 1.
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5 Simulation Result

5.1 Problem Definition

As mentioned in the second section, we will define it as follows: the coverage of sensor
nodes is a circle with a fixed radius. Whether a certain position is in the coverage area of
the sensor node can be determined by calculating the distance between the target point
and the node. In order to evaluate the coverage of WSNs in two-dimensional area, the
whole monitoring area is divided into L × M grids. If WSNs can cover points, then the
coverage rate is 1. In addition, we assume that all sensors are the same monitoring area,
and ignore the boundary effect on the sensor network.

During initialization, all sensor nodes are randomly scattered in a given monitoring
area, and the initial coordinates of these sensor nodes are the initial input values of the
algorithm. Each search agent in the algorithm represents a placement scheme of sensor
nodes. In the two-dimensional monitoring area, the dimension of search agent is twice
the number of sensor nodes; In other words, the 2x − 1 dimensional data represents the
abscissa of the x-th sensor node,while the 2x dimensional data represents its ordinate. The
algorithm takes WSNs coverage as the fitness function that is Eq. (2.4), as mentioned in
the second section, and maximizes the fitness function as the optimization goal. Finally,
the optimized coverage and the positions of all sensor nodes are output.

We compare the experimental results of SSMAwith SMA[11], PSO [19],GWO[20],
WOA [21], MPA [22] and FPA [23]. Table 1 summarizes the experimental parameter
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settings for comparison algorithms. In order to eliminate the experimental error caused
by chance, the average value of 20 independent runs is used as the comparison result.
We are mainly divided into two kinds of experiments: low dimension and large-scale
dimension. Other parameter settings: population size N , maximum iterations T ; The
monitoring radius R, the monitoring area L × M , the sensor of node: Node, and the
dimension Dim.

Table 1. Parameter settings for each algorithm

Algorithm Year Parameters and values

PSO [19] 1995 C2 = 1.5,C2 = 2,Wmax = 0.9,Wmin = 0.4

FPA [23] 2012 p = 0.8

GWO [20] 2014 a = [2, 0]
WOA [21] 2016 a = [2, 0], b = 1,A = [2, 0]
MPA [22] 2020 Fads = 0.2,P = 0.5

SMA [11] 2020 z = 0.03

SSMA ~ z = 0.03, λ = 1, γ = 0.5

5.2 Comparative Analysis of Experiments

In this sector, we compared the SSMA with some competitive MAs on WSNs coverage
optimization. Furthermore, all of the experimental series were performed on MATLAB
2017b and were run on a CPU Core i3–6100 v4 (3.70GHz) with 8 GB RAM in this
paper.

In the experimental part, we will set up 3 type groups of coverage optimization
experiments, among which there are two groups of low-dimensional ones, which are
divided into Case1-Case3 and C1-C4, the number of nodes is unequal between 5 to 80
nodes, moreover, there are third groups of large-dimensional experiments, which name
C5 to C10, mainly from 100 to 1200 nodes. The parameter settings of three groups of
experiments are shown in Table 2. The experiments mainly compared the experimen-
tal results of SSMA with six state-of-the-art algorithms to analyze the robustness and
convergence speed.

5.2.1 Low-Dimension Experimental Analysis

In this section, we mainly test and analyze the number of nodes in low dimension.
There are two types of cases in low dimension: Case1-Cas3; C1-C4. Examples Case1-
Case3 come from literature [24], C1-C4 are self-defined cases in this paper, third groups
for large dimension. We used the above two types with different radio for experimental
comparison. Case 1-Case 3 andC1-C4 compares these two groups of seven cases through
Tables 3 and Figs.1 to Fig. 3. Moreover, Tables 3 list results for independent runs for 20
times, where “Ave” and “Std” represent the average coverage and standard deviation,
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Table 2. Parameter settings

Case R(m) Dim Node L*M(m) Maximum iteration Population size

Case 1 1 20 10 5*5 250 30

Case 2 40 40 10*10

Case 3 160 80 15*15

C 1 10 10 5 50*50 100 30

C 2 40 20 80*80

C 3 120 60 100*100

C 4 160 80 150*150

C5 45 200 100 800*800

C6 30 600 300

C7 25 1000 500

C8 20 1400 700

C9 18 2000 1000

C10 15 2400 1200

respectively. Black bold numbers represent the optimal solution, blue bold represents
the secondly best value, and green bold represents the third best.

As Case1 to Case3. It can be clearly seen from Table 3 about the average coverage
rate (mean fitness) of SSMA is significantly higher than that of the other six methods.
C1 is reached 63.05%, ranking first, which was 1.61%, 4.54%, 0.56%, 3.07%, 1.66%
and 10.36% higher than PSO, FPA, GWO,WOA,MPA and SMA, respectively. As C2 is
reached 86.43%, which was 13.97%, 15.07%, 2.55%, 11.44%, 7.9% and 19.35% higher
than PSO, FPA, GWO, WOA, MPA and SMA respectively. The average coverage rate
of SSMA in C3 reaches 99.47%, which is 13.46%, 8.76%, 6.89%, 5.79%, 3.2% and
12.41% higher than PSO, FPA, GWO, WOA, MPA and SMA respectively. The average
coverage rate of SSMA in C4 is 85.13%, which is 21.58%, 13%, 10.64%, 9.64%, 4.14%
and 15.15% higher than PSO, FPA, GWO, WOA, MPA and SMA respectively. The
average coverage rate of C1-C4, SSMA in C1 reached 63.05%, ranking first, which was
1.61%, 4.54%, 0.56%, 3.07%, 1.66% and 10.36% higher than PSO, FPA, GWO, WOA,
MPA and SMA respectively. The C2 is reached 86.43%, which was 13.97%, 15.07%,
2.55%, 11.44%, 7.9% and 19.35% higher than PSO, FPA, GWO,WOA,MPA and SMA
respectively. Case for C3 reaches 99.47%, which is 13.46%, 8.76%, 6.89%, 5.79%, 3.2%
and 12.41% higher than PSO, FPA, GWO, WOA, MPA and SMA respectively. While
mean coverageC4 is 85.13%,which is 21.58%, 13%, 10.64%, 9.64%, 4.14%and 15.15%
higher than PSO, FPA, GWO, WOA, MPA and SMA respectively. From the above data
display and analysis, it can be seen that SSMA has obvious advantages in solving the
coverage optimization problem of wireless sensor networks, and has relatively strong
robustness and fast convergence speed.
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Table 3. Results for low-dimension experimental

The convergence curve of Case1 and C2 show in Fig. 1 that the convergence curve
of SSMA is much faster than the other six algorithms, and other algorithms are easy
to fall into the local optimum, and loss the optimization ability. In Fig. 2, The standard
deviation of SSMA is more stable and higher than other algorithms. As can be seen from
the coverage in Fig. 3, the coverage of SSMA is a superior than other algorithms. As the
dimensionality increases, the coverage performance is stronger.

Fig. 1. Coverage curve on case1 and C2
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Fig. 2. Box plot on Case3 and C4

Fig. 3. Nodes distribution optimization on case 3 and C1

5.2.2 Large-Scale Experimental Analysis

In this section, we applied the proposed SSMA on a large-scale wireless sensor node,
and compare the results with some methods. The experimental parameters are list in
Table 2, which are same as previous mention.

Other algorithms may adapt in low scale dimension problem, but they may lose
performance in large-scale dimension. However, the SSMA is still applicable in the
large-scale nodes. Results of six large-scale cases show in Table 4. It is obviously that
the coverage SSMAof C5, C6, C7 andC9 are ranked first among the six large-scale cases
of C5-C10, and the SSMAof C8 and C10 are ranked second. For C8, the coverage rate of
SSMAwas 0.18% less than that ofMPA rankedfirst, andC10, the coverage rate of SSMA
was 0.05% less than that ofMPA ranked first. It can be seen that the SSMA ranked second
in C8 and C10 is not much different from theMPA ranked first. C5(200 dimensions), the
coverage rate of SSMA reached 78.35%, which was 25.44%, 10.89%, 12.87%, 8.39%,
2.82% and 13.41% higher than that of PSO, FPA, GWO,WOA, MPA and SMA.C6(600
dimensions), the coverage rate of SSMA reached 83.32%, which was 29.67%, 6.94%,
8.54%, 5.41%, 0.49% and 8.68% higher than that of PSO, FPA, GWO, WOA, MPA
and SMA. In C7(1000 dimensions), the coverage rate of SSMA reached 86.29%, which
was 30.44%, 5.46%, 6.95%, 4.32%, 0.21% and 6.92% higher than that of PSO, FPA,
GWO, WOA, MPA and SMA. In experiment C8(1400 dimensions), the coverage rate
of SSMA reached 81.02%, which was 29.58%, 4.45%, 5.47%, 3.43% and 5.54% higher
than that of PSO, FPA, GWO, WOA and SMA. In C9(2000 dimension), the coverage
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rate of SSMA reached 85.15%, which was 31.64%, 3.94%, 5%, 0.1%, 3.22% and 4.83%
higher than that of PSO, FPA, GWO, WOA, MPA and SMA. In C10(2400 dimensions),
the coverage rate of SSMA reached 78.16%, which was 28.21%,3.19%,4.05%,2.82%,
and 4.612% higher than that of PSO,FPA,GWO,WOA,SMA.

From the above results and discussions, it shows that SSMA can solve the coverage
optimization problem of WSNs. SSMA do still used in large-scale experiments, while
other algorithms compared with SSMA have lost their performance. Experiments show
that SSMA has superior performance and competitiveness.

Table 4. Average values results on large-scale experimental

Case PSO FPA GWO WOA MPA SMA SSMA

C5 0.5291 0.6746 0.6548 0.6997 0.7553 0.6494 0.7835

C6 0.5365 0.7638 0.7478 0.7791 0.8283 0.7464 0.8332

C7 0.5585 0.8083 0.7934 0.8197 0.8608 0.7937 0.8629

C8 0.5144 0.7657 0.7555 0.7759 0.8120 0.7548 0.8102

C9 0.5351 0.8123 0.8015 0.8193 0.8505 0.8032 0.8515

C10 0.4995 0.7497 0.7411 0.7534 0.7821 0.7404 0.7816

Figure 4 shows the coverage convergence curve from C7 and C8. We seen that the
convergence curve of SSMA is faster than other algorithms, and the optimization speed is
stronger. With the increase of dimensions, the ability of optimization is less obvious and
the difficulty of optimization increases. Figure 5 shows the graph of standard deviation,
from which it can be seen that SSMA is the best, and Fig. 6 shows the optimization of
node distribution of randomly selected samples in each case. It can be observed that with
the increase of iteration times, the network coverage gradually rises to the optimal value.
However, the increase of the dimension of optimization problem brings great challenges
to the algorithm. It can be seen that with the increase of dimensions, the performance
of optimization becomes a challenge, and the performance of optimization gradually
weakens on high-dimensional tasks.

5.3 Analysis of Statistical Significance

Wilcoxon Sum-Rank Test (WSRT), as a non-parameter test, can effectively evaluate
the statistically significant difference between the two optimization algorithms. Table
5 shows the P-values of Wilcoxon test [25] obtained by different SSMA for 13 cases,
which are statistically significant when the significance level is 0.05. When we calculate
the P-value higher than 0.05, it means that there is no significant difference between the
two methods. On the contrary, when the P-value is less than 0.05, we can see that there
are great differences between them. We use Wilcocxon test to compare the performance
difference between the twomethods. ‘+’ indicates that SSMA is superior to comparison
methods, ‘-’ indicates that SSMA is second only to competitors, and ‘ =’ indicates that
there is no difference in performance between SSMA and comparison methods for each
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Fig. 4. Coverage curve on C 7 to C 8

Fig. 5. Box plot on C 5 and C9

Fig. 6. Node distribution optimization of SSMA and SMA on C 5

example in 20 runs independently. The results highlight the obvious advantages of SSMA
over all other competitors in two different dimensional examples.

It can be seen fromTable 5 that the performance of our proposed SSMA is better than
that of other algorithms. In addition, in Table 6, we use Friedman test [26] to rank several
algorithms. According to the Mean rank obtained by Friedman test, the maximummean
rank of SSMA variables is 6.95, which indicates that the overall performance of the
proposed SSMA in wireless sensor network coverage optimization is the best. The rank
of other test algorithms is MPA > GWO > FPA > WOA > SMA > PSO.
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Table 5. p-values results ofWilcoxon rank sum test for SSMAvs. PSO, FPA, GWO,WOA,MPA,
SMA

Case SSMA

PSO FPA GWO WOA MPA SMA

Case1 8.1993e-05 0.1185 0.0239 3.4338e-04 0.0437 7.8386e-05

Case2 8.4627e-05 7.6461e-05 8.6955e-05 8.6584e-05 2.8314e-04 8.4506e-05

Case3 8.7949e-05 8.6461e-05 8.7949e-05 8.7699e-05 1.0078e-04 8.7699e-05

C 1 0.0645 8.8074e-05 8.8575e-05 8.8449e-05 1.1112e-04 8.8324e-05

C 2 8.8575e-05 8.8449e-05 4.4934e-04 8.8575e-05 8.8575e-05 8.8575e-05

C 3 8.8575e-05 8.8575e-05 8.8575e-05 8.8449e-05 8.8575e-05 8.8575e-05

C 4 8.8449e-05 8.8575e-05 8.8575e-05 8.8575e-05 8.8575e-05 8.8575e-05

C 5 8.8575e-05 8.8074e-05 8.8575e-05 8.8449e-05 1.1112e-04 8.8324e-05

C 6 8.8575e-05 8.8449e-05 4.4934e-04 8.8575e-05 8.8575e-05 8.8575e-05

C 7 8.8575e-05 8.8575e-05 8.8575e-05 8.8449e-05 8.8575e-05 8.8575e-05

C 8 8.8575e-05 8.8575e-05 8.8575e-05 8.8575e-05 8.8575e-05 8.8575e-05

C 9 8.8575e-05 8.8575e-05 8.8575e-05 8.8575e-05 0.390 8.8575e-05

C 10 8.8575e-05 8.8575e-05 8.8575e-05 8.8575e-05 0.6813 8.8575e-05

Table 6. Overall wilcoxon sum test rank results and friedman mean rank test results

Result PSO FPA GWO WOA MPA SMA SSMA

+ / = /- 12/1/0 13/0/0 12/1/0 13/0/0 11/2/0 13/0/0 ~

Mean rank 1.20 4.08 4.25 3.65 5.85 2.23 6.95

Over rank 7 4 3 5 2 6 1

6 Conclusions

In this paper, a SSMA is proposed and applied to solve the coverage optimization prob-
lem ofWSNs. For SSMA,we havemainlymade two improvements. To improved update
position mathematical formula, mainly to improve the optimization performance of the
SSMA hence improve the coverage rate; the second is the improvement of oscilla-
tion factor. The second part of the improvement was mainly improved the optimization
speed in the early stage of search and the convergence speed. For experimental part,
we mainly conducted 13 cases of experiments: low-dimensional experiments and high-
dimensional experiments, and comparedwith six state-of-the-art algorithms. In addition,
Wilcoxon rank sum test and Friedman text are used to determine the significant differ-
ence between the results of SSMA and other competitors. Experimental results show that
these improvements to SSMA can improve search efficiency and speed up convergence.
The proposed SSMA was superior to most comparisons methods. For the future work,
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first, the proposed SSMA can be applied to other real-world problems, such as route
path planning, transportation safety management, job shop scheduling, and graph color-
ing problem. Second, other versions of SSMA can be extended, such as multi-objective
version, complex version, binary version, quantum coding version, etc. Finally, com-
bining SSMA with other algorithms may be a promising aspect. Fourth, the updating
formula and parameters of SSMA can be improved, and the correctness can be verified
by experiments on benchmark problem.
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Abstract. In the field ofmedical image processing today, there aremore andmore
medical image categories, such as cell images, tissue images, etc. Thewide variety
of images is of great help in medical diagnosis, not only for visual observation but
also for precise analysis of various causes of disease. Due to the development of
medicine, the requirements for images are also higher and the amount of data is
becoming larger, and the images have reached tens of thousands of pixels, for the
current computer, the current environment can no longer meet the needs of image
loading display. In response to the above problems, this paper proposes a method
for storing and displaying oversized medical images based on centralized points
of interest, which achieves fast loading and displaying of oversized cell images,
and has been practically applied in relevant medical institutions, achieving certain
results in compressed storage and real-time display of cell images, showing the
effectiveness and advancement of the method.

Keywords: Medical image · Cell image · Image pyramid · Loading and display

1 Introduction

With the continuous development of modern image technology, image processing is
widely used in various fields of people’s life, promoting the progress of today’s society. In
this paper, a technique is proposed to be applied to the fast loading and display ofmedical
images in themedical field.With the development of information technology andmedical
level, medical images are more demanding, using traditional processing methods, the
development of computer hardware can no longer meet the need for medical information
processing [1–3]. It is also a big challenge for memory [4]. The loading display of high-
resolution images has becomean important issue that needs to be addressed in themedical
industry [5, 6]. In response to the above problems, this paper proposes a fast storage
and display technology for super-large medical images. The implemented technologies
mainly include super-large medical image block layered image pyramid technology and
fast image loading and display technology.
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2 Principles and Methods

2.1 Problem Description

For very large image data processing, the first problem is how to compress and store
very large images, and the second problem is the multi-resolution display of images. In
view of these two main problems, we need to consider that the image data will always
be larger than the computer’s memory, which means that it is impossible for the image
data to be stored in the memory for processing. In this case, you need to use compression
storage technology [7, 8]. How to organize the data in the hard disk with the saved data
file has become a very critical issue. For multi-resolution fast display images, we use a
technique similar to image pyramid [9, 10]. The image pyramid finally needs to record
the image information of each layer and each block.

2.2 Image Preprocessing

This paper uses a total of more than 20 sets of image slice data sets. Each set of image
sets can be merged into a complete image. Each set of data sets has at least 300 slice
images, and can contain up to 800 slice images. Each slice image the resolution is 1920
× 1080 or 2448 × 2048, so the original image is currently 37562 × 37000, 39878 ×
38955 and 39221 × 38740, and higher resolutions may appear later. These image data
sets are directly provided by relevant medical institutions.

As far as the first problem is concerned, the image compression storage problem,
associated with the image scanning method, directly scanned images, multi-resolution
can not meet the demand. Therefore, we are constantly exploring and find a way to
digitally slice. There are hundreds, thousands or even tens of thousands of microscopic
images of digital slice images [11, 12]. Each sliced image has a high resolution, and
after multiple magnification, it can fully meet our expectations. Direct splicing way as
Fig. 1a, the effect is not very good, splicing results as Fig. 1b.

1

4

32

5 6

a Tiling method

b Practical results

Fig. 1. Splicing method and actual results

The microscope scans eventually formed in two ways, as shown in Fig. 2, and the
edges of the slices were often offset to varying degrees due to the influence of tilt angle
and whether the scan was bidirectional, while the overlap relationship among them was
mainly influenced by the bidirectional scan [13].
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Fig. 2. Overlap method

2.3 Image Stitching and Cutting Based on Spatial Coordinates

After our research, in thefieldof image stitching, predecessors havedone a lot of research,
and somehave proposed a feature-basedmethod [14]. Thismethod extracts feature points
(edge points, corner points, inflection points, etc.), estimates transformation parameters
for feature points, and finally stitches them, or extracts feature curves and surfaces, or
based on pixels and voxels., The method that all pixels share a feature subset. In this
method, due to translation transformation and rotation transformation, as well as the
unevenness of the platform and the error caused by the focus adjustment, the distance
between the objective lens and the scanning planewill change, thereby causing the image
Small changes in size [15]. There are proposed area-based approaches [16], Simply put, it
is to compare the template of a certain area of image 1with the search area of comparison
image 2 to obtain the similarity and perform stitching. This method will cause the search
space to become larger due to the uncertainty of the initial position, thereby reducing
the speed [17]. A method based on block matching, also known as template matching, is
proposed. Themain operation is to use the template to translate on the graph and calculate
the correlation value. The largest correlation value is the best match [18]. Based on this,
a spatial coordinate based approach is proposed for seamless stitching with the upper left
corner of the slice image as the starting coordinate. For the edge jaggedness generated
after stitching, the inner joining rectangle method was used.

Take the maximum value of the first column, take the maximum value of the first
row, take the minimum value of the last column + slice width, take the minimum value
of the last row + height, the maximum and minimum values refer to the horizontal and
vertical of each slice Coordinates, the specific formula can be:

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

max(x(j−1)) × ColumnCount + 1 (j = 1, 2, · · · ,RowCount)
max(yi) (i = 1, 2, · · · ,ColumnCount)
min(xj×ColumnCount) + ImageWidth (j = 1, 2, · · · ,RowCount)
min(yi) + ImageHeight (i = totalCount − ColumnCount, · · · , totalCount)

(1)

Among them: ColumnCount is the number of slices in each row, RowCount is the
number of slices in each column, and totalCount is the total number of slices.
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2.4 Loading Mechanism Based on Pyramid Data Structure

The minimum unit of operating system memory management is 4K or 8K, so the size of
the slice is 256× 256, 512× 512, 1024× 1024, 2048× 2048 [19]. In order to make the
enlarged image clearer, the system takes 256 × 256. To implement hierarchical access
techniques, a multi-resolution pyramid model is used [20].

Assuming that the width and height of the original layer image is W0*H0, and the
size of the data block is BlockSize*BlockSize, The formula is as follows:

Layers = logmax(W0,H0)/BlockSize
2 + 1 (2)

max(W0, H0) means to take the maximum value of the parameters W0, H0.
Assuming that the resolution of the image of the i-th layer is Wi*Hi, the calculation

rule of the image resolution of the i + 1-th layer Wi + 1*Hi + 1 is:

Wi+1 = floor(Wi
/
2) (3)

Hi+1 = floor(Hi
/
2) (4)

In the formula, floor() means to round down the result in parentheses.
In each image layer, for a specified pixel (x, y), it is assumed that the pixel coordinates

start from 0, and the data blocks in the horizontal and vertical directions also start from
0. Then the following formula can be derived:

Horizontal and block number:

Tx = floor
(
x
/
BlockSize

)
(5)

Ty = floor
(
y
/
BlockSize

)
(6)

Number of horizontal and vertical chunks:

Nx = ceil
(
Wi

/
BlockSize

)
(7)

Ny = ceil
(
Hi

/
BlockSize

)
(8)

Total number of image blocks per layer:

N = Nx ∗ Ny (9)

ceil() means to round up the result in parentheses.

2.5 Quick Display Mechanism Based on Concentrated Points of Interest

Since the number of sliced images is increasing and the final generated image pyramid
structure file is getting larger, an approach based on concentrated points of interest is
proposed below. Load display scheduling algorithm based on concentrated points of
interest: Open the image data file, read the index items and the memory block index
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table, and get the number of pyramid levels of the image. Calculate the layer of the
displayed picture according to the current display resolution. According to the relative
position of the picture and the display area, calculate the index of the taken picture in the
layer. Calculate the position of the image block in the file according to the layer number,
horizontal and vertical index of the taken picture. Read the corresponding image data
block and load it into the screen display area. According to the underlying image block,
the edges and surrounding images are calculated in real time, and the overall image is
complemented. The formula is as follows (Fig. 3):

W ∗ = W0

/
2i(i = 0, · · · , layer) (10)

H∗ = H0

/
2i(i = 0, · · · , layer) (11)

W

(x1,y1) (x2,y1)

(x1,y2) (x2,y2)

H

W
y1

x1

y2-y1

W
H-y2

W-x2

Fig. 3. Edge image decomposition

After the above optimization, the size of the pyramid structure file is greatly reduced,
the display is basically the same as the previous speed, and the time consumption during
compression and loading is also greatly reduced.

The following Table 1 is a time-space comparison between this method and the
normalmethod. It ismainly used for experimental evaluation. Thismethod uses amethod
based on interest points, but the general method does not use this method. In Table 1,
three sets of image data are used Set, compare the two methods from different slice
numbers and resolution of slice maps. It can be intuitively found from Table 1 that
the optimized method has a certain improvement in time and space compared with the
general method, which confirms the superiority of this method.

3 Experimental Realization

The main process of the system is to process the medical digital slice map acquired by
automatic microscope scanning, cut the original map, create index, store the file and
compress the resolution (Fig. 4).

According to the aboveflowchart andTable 1, the processing process not only reduces
the time, but also reduces the space size of the generated files. Figure 5 is the final
complete image taken from the image set of 3–45% of the cells.

The system consists of two main modules, compression and browsing. The com-
pression module is designed to compress the slices acquired by automatic microscope



206 J. Yan et al.

Table 1. Time and space comparison between this method and normal method

Image set Number of
slices

Resolution Method Generation
time

Generated file
size

0923–6336-1 340 2448 × 2048 normal
method

1206.96 s 274 MB

0923–6336-1 340 2448 × 2048 This
method

1003.83 s 212 MB

0926–6336 340 2448 × 2048 normal
method

1250.6 s 281 MB

0926–6336 340 2448 × 2048 This
method

998.05 s 225 MB

cell3–45% 792 1920 × 1080 normal
method

1925.12 s 486 MB

Cell3–45% 792 1920 × 1080 This
method

1523.07 s 406 NB

Fig. 4. Image stitching flow chart

Fig. 5. Final image of 3–45% of cells

scanning. Image browsing module is the main module. The main function of the brows-
ing module is to load the content that needs to be displayed in real time according to the
user’s operation. Among them, the user’s basic operations on the medical image mainly
include translation, enlargement, reduction, and rotation.
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4 Conclusion

This system greatly improves the display speed of super-large medical images by using
the above image data processing methods, so that the amount of image data that can be
processed by the computer system is not limited by the computer memory capacity, and
the processing and display speed is also not affected by the amount of image data. The
influence of, can realize the real-time display of super-large image data. This system
has been applied in individual medical institutions in Suzhou, providing help for rapid
diagnosis of medical institutions.

Acknowledgement. This paper is supported by the National Natural Science Foundation of
China (62073231, 61772357, 61902272, 61876217, 61902271), National Research Project
(2020YFC2006602) and Anhui Province Key Laboratory Research Project (IBBE2018KX09).

References

1. Wang, Y., Chuan-Fu, L.I.: The new research progress of artificial intelligent methods in
medical image processing. Chin. J. Med. Phys. (2013)

2. Ghule, A.G., Deshmukh, P.R.: Image segmentation available techniques, open issues and
region growing algorithm. J. Signal Image Process. (2012)

3. Amintoosi, M., Fathy, M., Mozayani, N.: A fast image registration approach based on SIFT
key-points applied to super-resolution. J. Photogr. Sci. 60, 185–201 (2012)

4. Liu, P.: Research on super-large image segmentation technology and its application inmedical
images. Dalian University of Technology (2010)

5. Zhou, G., Li, Y., Meng, Q.: Application of fuzzy cluster analysis in medical image processing.
Chin. J. Health Inf. Manag. 08, 69–73 (2011)

6. Schadt, E., Linderman, M., Sorenson, J., et al.: Computational solutions to large-scale data
management and analysis. Nat. Rev. Genet. 11, 647–657 (2010)

7. Ping, Z., Jian, Z., Wu, S., et al.: Image processing system and method for in vitro culture and
expansion of umbilical cord mesenchymal stem cells (2019)

8. Bansal, N.: Image compression using hybrid transform technique. J. Glob. Res. Comput. Sci.
4 (2013)

9. Jiang, D.: GISmap dynamic roaming algorithm based on image pyramid. Comput. Eng. Des.,
199–203 (2013)

10. Ravisankar, P., Sree Sharmila, T., Rajendran, V.: Acoustic image enhancement usingGaussian
and laplacian pyramid – a multiresolution based technique. Multimedia Tools Appl. 77(5),
5547–5561 (2017). https://doi.org/10.1007/s11042-017-4466-7

11. Xu, R.: Application of Distributed Parallel Computing in Accelerated Processing of Digital
Human Image Resampling. Third Military Medical University (2007)

12. Mahalanobis, A., Kubala, K.S., Ashok, A., et al.: The algorithm stitching formedical imaging.
Comput. Imag., 98700M (2016)

13. Jiang, M., Tao, Z., Jiang, T., et al.: Development of laser confocal scanning microscope based
on continuous scanning mode. Opt. Instru., 60–65 (2013)

14. Cheng, Q.: Research and implementation of feature-based image mosaic fusion technology.
Dig. Technol. Appl., 116 (2016)

15. Yue, Y., Miao, L., Peng, S.: Automatic stitching method of multi-layer microscopic images.
J. Comput. Aided Des. Graph., 000959–000964 (2006)

https://doi.org/10.1007/s11042-017-4466-7


208 J. Yan et al.

16. Li, Y., Li, G., Gu, S., Long, K.: Image stitching algorithm based on re-gion segmentation and
scale-invariant feature transformation. Opt. Precis. Eng. 24, 1197–1205 (2016)

17. Liu, L.: Endoscope image stitching. Xidian University (2012)
18. Li, X., Lu, S.: Research on panoramic image stitching algorithm based on block matching.

Technol. Econ. Mark., 27–28 (2019)
19. Li, L.: Research on Multi-scale Expression and Fast Display Technology of Embedded GIS

Spatial Data. Southeast University (2018)
20. Wang, J.,Wang, B., Yang, G., et al.:Medical image fusion technology based onmorphological

pyramid. Ord. Ind. Autom., 82–84 (2014)



Person Re-identification Based on Hash
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Abstract. Person re-identificaton aims to retrieve interested person objects from
the person image database in cross camera scene, which has a wide range of
application value in the field of video surveillance and security. With the genera-
tion of massive monitoring data, the retrieval speed of person re-identificaton is
required to be higher. Facing the problem of the slow retrieval speed of person re-
identification in large-scale monitoring data, we propose a person re-identification
methodbasedonhash.When traininghashmapping function,we innovatively adds
a batch hash code learning (BHL) module in the network to generate hash code as
supervision information, which contributes greatly in retaining similarity infor-
mation between person image pairs. Although the retrieval speed gets improved
due to the concise binary hash features from hash mapping function above, we
still need to retain the high accuracy at the same time and a coarse-to-fine (CF)
retrieval strategy is proposed. Experiments on two public person re-identification
datasets, Market-1501 and DukeMTMC-ReID, show the effectiveness of the pro-
posed method. Compared with the benchmark model, the performance of our
method is only 0.5% lower in mAP, but higher by 0.3% in Rank-1 on Market-
1501 dataset. And on DukeMTMC-ReID dataset, Rank-1 and mAP are only 0.3%
and 0.4% lower. However, the retrieval speed of the two datasets is increased by
12 times and 16 times respectively.

Keywords: Person re-identificaton · Hash · Deep feature · Retrieval speed

1 Introduction

Person re-identification (Re-ID) aims to retrieve interested person from the image
database collected by different cameras, which has a wide range of application prospects
and values in the field of video surveillance and security. Most of current person re-
identification methods only focus on how to improve the retrieval accuracy of models.
Both the traditional methods based onmanual features [1–3] and the deep learning-based
methods [4–7] expect to extract a discriminative feature of person image. These features
are continuous real values. In the retrieval stage, we calculate the Euclidean distance
or cosine similarity between the image to be queried and all the image features in the
image database, and then compare them to get the returned results. Because calculat-
ing Euclidean distance or cosine similarity requires multiple multiplication operations,
it takes a long time. With the increasing amount of data in the image database, each
retrieval will take longer time, which is obviously not conducive to the better implement
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of person re-recognition technology. Therefore, it is necessary to study the fast retrieval
of person re-identification.

There are two ways to realize the fast retrieval of person re-identification. One
is to reduce the dimension of person feature representation. That is, the original
512-dimensional features used to represent person are now 256-dimensional, 128-
dimensional, 64-dimensional, etc. However, when features are not redundant, reduc-
ing their dimensions will greatly reduce the accuracy of retrieval. In addition, multiple
multiplication operations in Euclidean distance or cosine similarity cannot be avoided.
Therefore, this method is not feasible. The other method is to map the person features
into the form of binary hash features and calculate the Hamming distance when compar-
ing the person hash features. Compared with the traditional cosine similarity calculation
method, the Hamming distance has lower time complexity because it does not need
multiple multiplication operations. Table 1 shows a comparison of the time taken to
calculate the cosine similarity and the Hamming distance with different feature length
on the Intel Xeon E5–2620 CPU. It can be seen that the Hamming distance calculation
is one order of magnitude faster than the cosine similarity calculation. Therefore, this
paper studies how to map the deep feature into a binary hash feature without reducing
the much accuracy so as to achieve the purpose of improving the retrieval speed.

Table 1. Time consuming comparison of cosine similarity and Hamming distance under different
feature lengths

Feature length Computation time (s)

Cosine similarity Hamming distance

128 2.0 × 10–5 1.6 × 10–6

256 4.3 × 10–5 2.7 × 10–6

512 8.9 × 10–5 4.8 × 10–6

1024 1.6 × 10–4 1.0 × 10–5

2048 3.5 × 10–4 2.2 × 10–5

This paper mainly studies fast retrieval of person re-identification. In general, the
main contributions of this paper are as follows: 1) We propose a method to map person
deep features into binary hash features, which consists of two stages. In the first stage,
ResNet50 [8] is used to train a model that is of extracting person deep features. The
second stage is to add two modules, which are batch hash code learning (BHL) and
hash map learning (HML), on the basis of the model trained in the first stage. The main
function of BHL module is to generate the hash code that retains the pair similarity of
a batch image deep feature, and then use the hash code as the supervision information
to better help the learning of the hash mapping function. The function of HML is to
map the deep feature of the image into a continuous hash code, and then map it into a
discrete form by a binary function. Using hash feature as person feature can effectively
improve the retrieval speed. 2)We propose a coarse-to-fine (CF) retrieval strategy, which
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further improves the accuracy of retrieval. 3) We verify the effectiveness of the method
proposed in this paper through experiments on two classic datasets.

2 Related Work

Hashing Algorithm. At present, the research on hash algorithm is mainly in the field
of large-scale image retrieval, which can be divided into data-independent method (LSH
[9]) and data-dependentmethod (SH [10], ITQ [11]) according towhether it is dependent
on data. For the data-independent hash method, the hash function is often generated ran-
domly and independent of any data, and more hash bits are often needed to obtain better
results. The data-dependent method is to overcome the limitation of data-independent
algorithm, hoping to use data information to generate a relatively short encoding length
and better retrieval accuracy of hash code. The data-dependent algorithms can be divided
into supervised hashing (KSH [12], SDH [13], CNNH [14], NINH [15], DPSH [16])
and unsupervised hashing (SH [10], ITQ [11], SADH [17]) according to whether the
label information of data is used. Supervised hashing mainly extracts the similarity rela-
tionship between original data and label information into the obtained hash code, while
unsupervised hashing does not use the label information of dataset, but only learns the
hash function from image data.

Person Re-identification. Person re-identification aims to solve the problem of per-
son retrieval in cross-camera scenes. The main problem it faces is the small intra-class
distance and large inter-class distance caused by the large changes in illumination, occlu-
sion, posture and perspective. The existing person re-identificationmethodsmainly study
how to extract a robust and discriminative feature. According to the different feature
extraction methods, the current person re-identification methods can be divided into the
traditional manual features-based approach [1–3] and the deep learning-based approach
[4–7]. However, they are all to extract continuous real value features of person, and the
use of these features requires the calculation of cosine similarity or Euclidean distance
in the retrieval stage, which will lead to slow retrieval when the image database becomes
large. Under the same feature length, the Hamming distance calculation based on hash
feature is much faster than the cosine similarity and Euclidean distance calculation.
Therefore, some hashing methods (CSBT [18], PDH [19], SADH [17], ABC [20]) have
been proposed. The main idea of these methods is to extract the binary hash feature of
the image to replace the continuous real value feature. However, thesemethods generally
require longer hash code length to make the retrieval results have better accuracy, and
the increase of hash code length will increase the retrieval time, which deviates from
the original intention of using hash method. This paper tries to solve these problems to
a certain extent.

3 Method

In order to improve the person re-identification retrieval speed, this paper proposes a
method which can map the deep feature to hash code. Firstly, a hash mapping function is
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learned to map the deep feature into a continuous hash code while maintaining semantic
similarity and distance similarity. Then, a binary function is used to discretize the hash
code. Finally, a concise binary hash code is obtained. In addition, in order to improve
the retrieval speed and give consideration to the accuracy at the same time, this paper
proposes a coarse-to-fine retrieval strategy.

ResNet50

ResNet50

Weight retention

Deep feature 
similarity 

matrix

Random hash

Hash mapping function Learning

Hash 
similarity 

matrix

Batch hash code learning

Stage1

Stage 2

Fig. 1. Overall network structure

3.1 Overall network structure

Figure 1 shows the overall network structure of the method proposed in this paper,
which includes two stages. Stage 1 is the deep feature learning stage. The main purpose
of which is to train a convolutional neural network model to extract deep features from
person images. Stage 2 is hash mapping function learning stage. The main goal of this
stage is to train a function that can map deep features into continuous hash codes.

3.2 Deep Feature Learning

In the stage of deep feature learning, we directly usedResNet-50 [8] as the basic network.
The network structure and network parameters were consistent with those before the last
global average pooling layer (GAP) of ResNet-50. At the same time, two layers of full
connection layer were added after the last global average pooling layer (GAP), which
are FC1 layer and FC2 layer shown in Table 2. FC1 layer mainly plays the role of feature
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dimension reduction, that is, the 2048-dimension feature is reduced to 512-dimension
after global average pooling. This layer can reduce the influence brought by feature
redundancy to a certain extent. FC2 layer is the classification layer. The number of
neuron nodes c in this layer is consistent with the number of person identities in the
dataset. The detailed network structure and parameters of Stage 1 are shown in Table 2.
In this part, the loss function is cross entropy loss based on identity.

Table 2. Stage 1 network structure and configuration

Layer Name Feature Map Size Configuration
Conv1 128×64 filter 7×7, 64, stride 2

Conv2_x 64×32

max pooling 3×3, stride 2

Conv3_x 32×16

Conv4_x 16×8

Conv5_x 8×4

GAP 1×1 global average pooling 8x4
FC1 - 512, dropout, tanh
FC2 - c-dim, softmax

3.3 Hash Mapping Function Learning

After the training in Stage 1, we can get a model that can extract the deep features of
person. In Stage 2, we discard the classification layer FC2 and take the 512-dimension
output of FC1 layer as the extracted deep features of person. We use a two-layer full
connection layer to learn the hash mapping function in order to increase the non-linear
expression ability of the hash mapping function. Its parameter configuration is shown in
Table 3.

ReLU is used in the activation function of Hash_FC1 layer to alleviate the gradient
disappearance to a certain extent. Since we ultimately hope to obtain a hash code in
the form of {−1, 1} binarization, Tanh is used in the activation function configuration
of Hash_FC2 to facilitate binarization. The final output of the hash_FC2 layer can be
expressed in the form of Formula (1), where v = [v1, v2, · · · , v512] represents the deep
features extracted from a person image.W1 andW2 represent the full connectionweights
of the Hash_FC1 andHash_FC2 layer. b1 and b2 represent the bias parameters of the two
layers respectively. The deep feature of an image can be mapped into [−1, 1] through
formula (1). Since it is a continuous real value, we use the binary function formula (2)
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to obtain a binary hash code. Because the binary function is not derivative, we do not
binarize during training.

h(v) = tanh
(
WT

2 (W
T
2 v + b1)+ b2

)
(1)

bk(v) = sgn(hk(v)), k = 1, 2, · · · , q (2)

In order to make the trained hash mapping function retain part of the semantic
information, we add a classification layer after the output of Hash_FC2.The number of
neurons in the classification layer was the same as the number of person categories in
the dataset. The cross entropy loss based on identity was still used for the classification
layer.

In order to make the trained hash mapping function retain the similarity information
between the deep feature pairs of person images, we present a batch hash code learning
process. The main goal of this process is to generate a corresponding binary hash code
for each deep feature in a batch, so that this hash code can retain similarity information
between the deep feature pairs. That is if the deep feature pairs are similar in Euclidean
space, their corresponding hash codes should also be similar in Hamming space. The
learning process of this batch hash code is as follows. 1) Calculate the cosine similarity
matrix S between the normalized n person deep features {v1, v2, · · · , vn} in a batch
firstly. 2) Randomly generate n binary hash codes of length B, with the value of−1 or 1,
denoted as H. And calculate the Hamming similarity matrix between them. 3) Draw on
the experience of reference [14], H is optimized by Formula (3) to minimize its value
through the method of coordinate descent.

min
H

||S− 1

q
HHT ||2F (3)

The binary hash code obtained at the end of batch hash code learning can retain the
similarity information between sample pairs. Using this hash code as the supervision
information to conduct a L1 Loss with the output of Hash_FC2, the hash mapping
function can retain part of the similarity information when mapping the deep features.

Table 3. Hash mapping function configuration

Layer name Configuration

Hash_FC1 1024, ReLU

Hash_FC2 q-dim, Tanh

3.4 Search Strategies from Coarse to Fine

The deep features of person images contain more high-level semantic information, and
it is more accurate for person retrieval than binary hash feature. In order to further
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improve the retrieval accuracy, a coarse-to-fine retrieval strategy is proposed in this
paper. As shown in Fig. 2, the returned person image with green border in the figure are
the correctly retrieved image, while the ones with red border are the incorrectly retrieved
image.

Coarse Retrieval. Given a person image Iq to be retrieved and an image library G =
{g1, g2, · · · , gm} containing m person images, their deep features are extracted firstly
and denoted as Vq and V = {v1, v2, · · · , vm} respectively. Then, these deep features
are mapped into continuous hash features by using the hash mapping function learned
in stage 2 and binarized by Eq. (2), denoted as Hq and H = {h1, h2, · · · , hm}. Gh ={
gh1 , g

h
2 , · · · , ghm

}
can be obtained by calculating the Hamming distance betweenHq and

H and sorting from small to large. Under coarse retrieval, Gh is the result returned by
the system.

Fine Retrieval. In the experiment, it is found that under coarse retrieval, the images of
person different from the one to be retrieved will sometimes come to the front in the
returned results. That is, the Hamming distance between those images and the person
image to be retrieved is also relatively small. In order to improve the retrieval accuracy,
we propose the fine retrieval on the basis of the coarse retrieval to optimize the results
of the coarse retrieval. Specifically, a threshold Ht is set at first. In the result of coarse
search Gh, there are l retrieval results Ght =

{
gh1 , g

h
2 , · · · , ghl

}
which are smaller than

the thresholdHt . We recalculate the cosine distance by using the deep feature and sorted
from largest to smallest to get the resultGct =

{
gc1, g

c
2, · · · , gcl

}
. The final result returned

by the system is Gc =
{
gc1, g

c
2, · · · , gcl , ghl+1, · · · , ghm

}
.

For pedestrian images with threshold less than     , depth feature is used to reorder

Query image I q

Coarse retrieval
(Hamming distance)

Fine retrieval
(Cosine Similarity)

Fig. 2. Retrieval strategy from coarse to fine

4 Experiment

4.1 Datasets and Evaluation Indicators

This paper evaluates the proposedmethod on two common public datasets, Market-1501
and DukeMTMC-ReID. These two datasets and the evaluation criteria used in this paper
will be introduced in detail.
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Market-1501 [21] dataset was collected in front of a supermarket in Tsinghua Uni-
versity, using six cameras, including five high-resolution cameras and one low-resolution
camera. There are 1501 person identities in this dataset, among which 12936 images in
the training set contain 751 person identities, 19732 images in the test part contain 750
person identities and some interference items, and there are 3368 person images to be
retrieved.

DukeMTMC-ReID [22] was collected from Duke University. It is a subset of
DukeMTMC, a person tracking dataset, and uses eight outdoor cameras. The dataset
contains 1812 person identities of which 1402 appear in more than two cameras. Among
1402 person identities, there are 702 person identities and 16522 images in total for
training. Another 702 person identities and 408 interfering person images are selected
as candidate sets and 2228 person images are to be retrieved.

In this paper, we use cumulativematch characteristic (CMC) curve andmean average
precision (mAP) to evaluate the accuracy of ourmethod. CMCmainly calculates Rank-1.

4.2 Experimental Environment and Parameter Setting

The proposed method is implemented in Pytorch deep learning framework and is imple-
mented on Ubuntu16.04 operating system with Intel Xeon E5–2620 having RAM of 16
GB memory and GTX TitanX GPU with 12 GB of GPU memory.

According to reference [5], the size of each input image is adjusted to 256 × 128
in the two stages of training and augmented by horizontal flip and random erasing [23].
The batch size is set as 32, the learning rate of FC1 and FC2 in the full connection
layer is set as 0.05 in the stage 1 training. The learning rate of Conv1 ~ Conv5_x is set
as 0.005. In stage 2, the deep feature extraction part uses the result of stage 1 as the
pre-training weight. The learning rate of hash map function learning network is set to
0.05, and we use stochastic gradient descent SGD algorithm to optimize the network
weight parameters. We train a total of 60 iterations on the dataset, and the learning rate
is reduced 10 times after 30 iterations. In the retrieval strategy from coarse to fine, when
the feature length mentioned in this paper is 512 and the threshold is set to 200.

4.3 Experimental Results and Analysis

4.3.1 Experimental Comparison with Related Methods

Tables 4 and 5 show the comparison of this paper with relevant methods on Market-
1501 and DukeMTMC-reID datasets. R in the table represents the deep feature of real
values, and B represents the hash feature of binary values. The non-hashing correlation
methods proposed in this paper in Tables 4 and 5 can be divided into two groups. One
is the non-hashing method for extracting person deep features, and the other is the
hashing correlation method. From Tables 4 and 5 we can analyze the following three
points: 1) Although this method does not work hard on the person deep feature extraction
network, a simple ResNet-50, to extract deep features and learn a hash mapping function
for mapping the extracted deep features into hash codes, it has still greatly surpassed
the existing hash methods in accuracy, which even can be comparable with the methods
based on deep features, such as IDE [4] and GLAD [5]. 2) Compared with the existing
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non-hashing method using deep feature directly, the method in this paper has lower
retrieval time. 3) The proposed coarse-to-fine strategy, which first uses hash feature to
sort the person images whose Hamming distance is less than the threshold of 200, and
then uses the deep feature to calculate cosine similarity to reorder the sorted results. The
Rank-1 and mAP of the results on the Market-1501 dataset are improved by 3.0% and
5.1% respectively. At the same time, the retrieval time is about 0.03 s longer than that of
only calculating Hamming distance, which fully reflects the good performance of this
retrieval strategy.

Table 4. Comparison with related methods on market-1501 dataset (%, s)

Method Feature type and length Market-1501

Rank-1 mAP Retrieval time consuming (s)

IDE [4] R 2048 88.1 72.8 6.4 × 100

GLAD [5] R 4096 89.9 73.9 1.3 × 101

PCB [6] R 12288 93.8 81.6 3.2 × 101

CSBT [18] B 512 42.9 20.3 1.1 × 10–1

PDH [19] B 512 44.6 24.3 1.1 × 10–1

SADH [17] B 512 42.3 22.8 1.1 × 10–1

ABC [20] B 512 69.4 48.5 1.1 × 10–1

Ours B 512 84.8 65.6 1.1 × 10–1

Ours w/CF B + R 512 87.8 70.7 1.4 × 10–1

Table 5. Comparison with related methods on DukeMTMC-ReID dataset (%, s)

Method Feature type and length DukeMTMC-ReID

Rank-1 mAP Retrieval time
consuming (s)

IDE [4] R 2048 69.4 55.4 6.0 × 100

GLAD [5] R 4096 – – –

PCB [6] R 12288 83.3 69.2 2.9 × 101

CSBT [18] B 512 47.2 33.1 8.0 × 10–2

PDH [19] B 512 – – –

SADH [17] B 512 – – –

ABC [20] B 512 69.9 52.6 8.0 × 10–2

Ous B 512 75.9 57.4 8.0 × 10–2

Ous w/CF B + R 512 78.9 60.7 1.0 × 10–1
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4.3.2 Hyperparameters Setting

1) Influence of different learning rates and batch sizes on model performance.
As a hyperparameter, learning rate will generally bring different model results when
set differently in training. Because too large or too small learning rate setting may
lead to the network falling into local optimization instead of global optimization.
Figure 3 shows the performance results of the model with different learning rates
when the length of the hash code is fixed at 512 and the batch size is 32 on the
Market-1501 dataset. It can be seen that when the learning rate is set to 0.05, the
performance indexes of the model achieve relatively good results.
Batch size is also a hyperparameter which has a great impact on the performance
results of the model. In the learning module batch hash code in stage 2 of the
method proposed in this paper, the deep feature of a batch is used to calculate its
cosine similarity matrix. This matrix plays a guiding role in the optimization of
generating random hash codes. The optimized hash code serves as the supervision
information to guide the learning of the hash mapping function. So the batch size
has an important impact on the performance of the model. Figure 4 shows the results
of the model under batch size of 8, 16, 32 and 64 respectively when the length of
the hash code is fixed at 512 and the learning rate is 0.05 on Market-1501 dataset. It
can be seen that the model achieves better results when the batch size is set at 32.

Fig. 3. Different learning rates Fig. 4. Different batch sizes

2) Influence of hash code length on model performance.
The length of the hash code is an important factor affecting the performance indexes
of themodel. Because the short hash codemay lose features,while the long hash code
will make features redundant, which will affect the accuracy of model retrieval. In
addition, the longer hash code will bring the problem of longer retrieval time. Table
6 shows the model under different length of hash code performance indexes. We can
see from Table 6: 1) when the set length of hash code from 128 to 256, the Rank-1 of
the model and mAP increased by 5.3% and 6.2% respectively. When the set length
of hash code from 256 to 512, the model of the Rank-1 and mAP increased by 2.4%
and 4.4% respectively. Indicators improved a lot. However, when the hash length is
set from 512 to 1024, the Rank-1 and mAP of the model are only increased by 0.3%
and 0.8% respectively. When the hash length is set from 1024 to 2048 and from
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2048 to 4096, the Rank-1 and mAP of the model are improved little. This indicates
that the feature is lost when the dimension is lower than 512, while the feature is
redundant when the dimension is higher than 512. 2) With the increase of the hash
code setting, the retrieval time is also increasing. Considering the accuracy of the
retrieval and the retrieval time, it is more appropriate to set the hash code length to
512 dimensions.

Table 6. Performance comparison of different length hash codes (%, s)

Hash code length Rank-1 mAP Retrieval time
consuming

128 77.1 55.0 4.7 × 10–2

256 82.4 61.2 8.6 × 10–2

512 84.8 65.6 1.1 × 10–1

1024 85.1 66.4 2.0 × 10–1

2048 85.7 67.3 4.7 × 10–1

4096 86.2 67.5 1.0 × 100

4.3.3 Network Ablation Experiment

In order to demonstrate the effectiveness of each module of the method proposed in
this paper, a network ablation experiment is carried out in this paper. The experimental
results are shown in Tables 7 and 8, where R represents the real value deep feature
and B represents the binary value hash feature. The baseline model in the table is the
model trained in Stage 1 of Fig. 1, on which 512-dimension deep features are directly
extracted for retrieval test. The direct hashing(DH) means that the deep features are
directly discretized into hash features using Hamming distance for retrieval. HMF is
hash map learning module, BHL is batch hash code learning module and CF stands
for coarse-to-fine (CF) retrieval strategy. It can be seen from Tables 7 and 8: 1) the
use of deep feature has a higher retrieval accuracy than the use of hash feature. 2) The
direct binary discretization of deep features has poor performance in terms of accuracy.
3) Using the deep features to relearn a hash mapping function (excluding hash code
learning module) improves more than deep features binary discretization directly on
Rank-1 and mAP for 5.8% and 6.3% respectively on the Market-1501 dataset. Rank-1
and mAP increased by 4.4% and 2.4% on DukeMTMC-ReID dataset. It shows that the
output of the hash mapping function can retain the semantic information in the deep
feature well. 4) Batch hash code learning module is designed to retain the similarity
information between feature pairs. It can be seen from Tables 7 and 8 that the network
with this module is 4.7% and 4.9% higher than the network without this module in Rank-
1 and mAP on Market-1501 dataset. It is 4.7% and 3.7% higher in Rank-1 and mAP on
the DukeMTMC-ReID dataset. It shows that the output of the hashmapping function can
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retain the similarity information between deep features well. 5) The proposed coarse-
to-fine retrieval strategy takes a little retrieval time, but can further greatly improve the
performance index of the model. Compared with the benchmark model based on deep
feature to calculate cosine similarity, the mAP on Market-1501 dataset has only lower
by 0.5%, and exceeds the Rank-1. On the DukeMTMC-ReID dataset, the difference
between Rank-1 and mAP was only lower by 0.3% and 0.4%. However, the retrieval
speed is increased by 12 times and 16 times respectively. So the method proposed in
this paper has more advantages from the comprehensive consideration of accuracy and
retrieval time.

Table 7. Retrieval performance under different network structures on Market-1501 dataset

Baseline DH HMF BHL CF 
Feature Type 
and Length 

Market-1501 

Rank-1 mAP 
Retrieval Time 
Consuming 

√ × × × × R  512 87.5 71.2 1.7×100

√ √ × × × B  512 74.3 54.4 1.1×10-1

√ × √ × × B  512 80.1 60.7 1.1×10-1

√ × √ √ × B  512 84.8 65.6 1.1×10-1

√ × √ √ √ B+R 512 87.8 70.7 1.4×10-1

Table 8. Retrieval performance under different network structures on DukeMTMC-ReID dataset

Baseline DH HMF BHL CF 
Feature Type 
and Length 

DukeMTMC-ReID 

Rank-1 mAP 
Retrieval Time 
Consuming 

√ × × × × R  512 79.2 61.1 1.6×100

√ √ × × × B  512 66.8 51.3 8.0×10-2

√ × √ × × B  512 71.2 53.7 8.0×10-2

√ × √ √ × B  512 75.9 57.4 8.0×10-2

√ × √ √ √ B+R 512 78.9 60.7 1.0×10-1

5 Conclusion

In order to solve the problem of slow retrieval speed in large-scale image data of person
re-identification, we propose a method that can map deep features into hash codes. By
learning a hash mapping function, this method can map a deep feature to a continuous
hash code under the condition of keeping semantic similarity and distance similarity
unchanged, and then discretize it through a binary function to get a concise binary
hash code. In addition, in order to improve the retrieval speed and give consideration
to the accuracy, we propose a retrieval strategy from coarse to fine. We have carried
out experiments in two common data sets, Market-1501 and DukeMTMC-ReID, and
analyzed the experimental results, and demonstrated the effectiveness of this method.
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Abstract. Currently, the research on substation automation inspection relies on
inspection robots and computer vision technologies. However, due to limitations
of existing methods, some existing methods cannot meet the requirements of iden-
tifying instruments of wide varieties. Additionally, the applications of these meth-
ods are hindered by interferences, such as illumination and shadow. This paper
presents an automatic readingmethod for pointer instruments. First, it proposes an
instrument location method based on correlation filtering, which exhibits a good
tolerance of severe lighting changes. Second, to identify the pointer angle, which
is themajor task in inspection, a human vision-inspiredmethod is proposed, which
directly reads the orientation of the pointer by Gabor-based filtering. This one-
stage pointer angle identification algorithm is superior compared with a popular
method based on Hough-transform in terms of robustness and accuracy. Because
the latter includes several steps which lead to be fragile in practical applications.
The experimental results show that the proposed method exhibits strong robust-
ness against illumination variations and shadows, which is verified in different
kinds of instruments.

Keywords: Machine vision · Automatic recognition method · Correlation
filtering · Gabor filter · Pointer instrument

1 Introduction

The pointer-type instruments have several advantages: simple structure, strong anti-
electromagnetic interference capability, and low price, so it has wide applications in the
power system. At present, the substation mainly relies on human resources to collect
the readings of the instruments. However, the inspection task has a high labor intensity
and security risks, and its reliability is greatly affected by human factors. Therefore, it is
necessary to develop a system that automatically reads the instrument indication. Many
researchers use robotics and computer vision technology to achieve automatic power
inspection.

At present, the substation automation inspection program collects real-time data
of instrument images by intelligent inspection robots [1]. The automatic recognition
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method of the instrument includes two main steps: (1) positioning an instrument; (2)
recognizing the instrument reading.

The positioning step detects an instrument’s coordinates in the image collected with
a robot and then extracts the instrument’s dial area. The current mainstream methods
include Hough transform circle detection, template matching, and feature point match-
ing. Lin Zhang et al. [4] proposed a method based on visual saliency, which uses the
local pixel inhomogeneity factor model to improve the instrument area’s visual saliency
and locate the instrument by Hough transform circle detection.

The recognition step identifies the reading of the pointer in the dial area. This step
can be implemented by two methods: distance-based one and angle-based one. The
distance-based process uses [1] the distance relationship between the pointer and the
scale to calculate the instrument’s reading. Jianna Chi et al. [3] proposed a method that
uses the central projectionmethod to determine the position of the scale. The angle-based
method recognizes the pointer angle to calculate the reading of the instrument. The core
technology for the angle-based method involves the Hough transform line detection
[5]. The key factor which affects the performance of the method is the extraction of
lines corresponding to the pointer (skeleton or edge). But for instruments with complex
surfaces, the thinning algorithm could produce unexpected straight lines, which makes
it hard to distinguish the true pointer skeleton.

Before extracting the pointer skeleton, the pointer was extracted by the silhouette
method (gray subtraction) to remove objects other than the pointer [5]. These methods
can achieve good results for images acquired in the laboratory under the ideal condition.
Since image noise affects the extraction of the pointer skeleton, a preprocessing step,
such as median filtering [6], is required. There are also some problems in extracting
the pointer skeleton, such as the skeleton is discontinuous. Han Jiale [7] use corrosion
expansion to solve it after extracted the pointer skeleton. Because the substation has a
complex spatial structure, the camera could not face the instrument surface vertically
when captures images, which may cause errors in instrument readings. To solve this
problem, some scholars introduced binocular vision to reduce the interference of the
shooting angle on the recognition of the reading [8]. Besides, the environmental factors
of the substation have a great influence on the recognition of the instrument reading,
especially the illumination changes. Chao Zheng et al. [9] believed that the existing
methods are most sensitive to light, so the retinal cortical theory is used to reduce the
influence of illumination changes, and the perspective transformation is used to correct
the camera angle. Because the Hough transform cannot cope with various complicated
situations, these researches are all about how to accurately and robustly extract pointers
and enable them to be correctly detected by Hough transforms.

Our contribution to this paper is that we proposed a new combination of the instru-
ment positioningmethod and the instrument reading recognitionmethod. It shows robust
performance, especially when the instrument is in the outdoor environment. Due to the
work situation, our instruments are posed outside and need a robot to take a picture
for reading the instrument. To optimize our method under these interferences under the
outdoor environment, a novel idea is proposed to recognize instrument reading, which is
inspired by human vision. Without modeling or identifying the pointer in a dial instru-
ment, we directly acquire the pointer’s orientation by introducing direction-sensitive
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filtering (DSF). To manipulate the features of a straight pointer, i.e., length and width,
DSF with a designed Gabor function shows good performance.

2 Related Works

According to our investigations, the current research still has some limitations for the
instrument positioning in the outside environment. Due to the diversity of instrument
types, the instrument positioningmethods based on the Hough transform circle detection
are only applicable in circular instruments. [13] Moreover, the Hough transform circle
detection may easily detect multiple circles of similar size, making it impossible to
determine the instrument position accurately. [2] Also, the feature-point-based methods,
such as ORB, SIFT, and SURF, are with insufficient feature points and feature point
matching errors due to the instability of the detail information in the dial.

For the recognition step, theHough transform line detection utilizes only the pointer’s
linear characteristics regardless of the pointer width information for the recognition of
instrument reading. Therefore, the result of Hough transform line detection depends on
the production of extracting the pointer line. However, those silhouette-based methods
detecting the pointer’s outline are of poor performance in real environment applications.
Several interferences on the surface of instruments cause more noisy residuals, which
also leads to a more significant impact on the Hough transform’s accuracy. Besides, the
pointer shape also influences results by the Hough transform-based pointer detection.
Moreover, the projection-based methods [12] also face the same challenges. [3] We
propose a new automatic instrument reading method in view of the existing problems,
which include the instrument’s positioning and the pointer angle recognition.

In addition to the Hough transform-based method, other efforts are made to read
the pointer instrument. Guan Yu Dong et al. [10] suggested fitting a curve using the
correspondence between the pointers of different angles and the intersection of the
same line and the display. P.A. Belan et al. [11] used the radial projection method and
the Bresenham algorithm to determine the pointer position. Zhi-Juan Yang et al. [12]
proposed a system, which used the circle-based Regional cumulative Histogrammethod
to calculate the direction of the pointer.

3 Automatic Instrument Reading Method

Automatic instrument reading methods mainly involve four steps: instrument [1] posi-
tioning, image preprocessing, pointer angle recognition, and instrument reading calcula-
tion. The major efforts are put into the object instrument positioning and the recognition
of the angle of a pointer.

For this positioningproblem, oneneeds tofindwhere the target is. Since positioning is
the first step in the recognition, its accuracy significantly influences the method selection
of succeeding steps and finally affects recognition of the pointer angle. For the Pointer
angle recognition problem, the current methods always focus on lines which is not
stable for our situation of the outdoor environment, and there are a lot of stains or some
inferences to obstruct our reading process. So, we proposed a new way to focus on
changing the pointer’s shape and direction. It will reduce the risk of being affected by
obstacles and perform more robust.
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3.1 Instrument Positioning

For the automatic instrument reading method, the first step is to locate the instrument’s
position in the image captured by the robot. At present, the substation inspection robot
collects instrument image data by tracking the pre-planned inspection path. A rehearsal
inspection of all the target instruments is conducted. At each inspection spot, the camera
parameter settings are recorded for acquiring the best image quality of target instruments
and other information according to the requirements of the following steps. The images
acquired in this rehearsal procedure are called preset images. Ideally, the position of an
instrument in each captured image is fixed. However, the systematic errors of the robot,
such as positioning error, the mechanical error of the gimbal, could cause deviation
between the acquired image and the preset image. This deviation contains observable
translational transformations, negligible scaling transformations, and negligible rotation
transformations. To eliminate such transformations by image processing technique usu-
ally is not a tough task. However, substations are generally in an outdoor environment
and have a complex spatial structure, so locating a target instrument can seriously suffer
with lighting factors, rain, and shadow factors.

In our method, positioning an instrument is solved by positioning the area of an
image containing this instrument. Since the spatial relationship among the objects in
the image is fixed, the target object’s position can be obtained by locating the position
of the partial region. Our idea is quite different from most existing methods that use
only the instrument’s information to handle the positioning problem [2–4]. Intuitively,
in the instrument positioning problem, the image information around the instrument can
be used to obtain more auxiliary features because there is no strict distinction between
foreground and background in this problem. Therefore, this paper proposes an instru-
ment positioning method based on correlation filtering, which can effectively improve
the accuracy and robustness of instrument positioning. Thismethod utilizes template fea-
tures, such as HOG features, to reduce the effects of illumination changing and image
detail instability. At the same time, the correlation filtering further reduces the influence
of local distortion of the image data matrix on the positioning process. The specific
framework is shown in Fig. 1.

Feature Extraction. In the substation environment, the influence of illumination fac-
tors is more significant, mainly due to the change of illumination intensity, uneven
illumination on the instruments, and local reflection. According to our investigation, we
find that the form feature and spatial relationship of the image are stable in this problem,
so the features belonging to the template class, such as HOG (Histogram of Oriented
Gradient), are suitable to describe the image. We pick HOG as the feature descriptor,
which is believed to be robust to illumination variations. Besides, we do not need to
consider rotation transformation and scale transformation, so the computational cost of
extracting the HOG feature is much smaller than the previously proposed method [14].

Correlation Filter Model and Training. In the field [2] of signal processing, correla-
tion is used to describe the correlation of two signals. Later, it was introduced into the
field of image processing. The more similar the two images are, the larger the correlation
is. The correlation calculation on an image can be generally represented by f = x ⊗ h,
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Fig. 1. Framework of proposed algorithm.

where x is the input image, h is the filtering template, and f is the filtering response
result, and ⊗ is the convolution operation [15].

For the instrument positioning problem, since our target is rigid, the target has no
distinct shape and scale change, which means the template feature is relatively stable.
The correlation filtering using the template features is suitable for solving instrument
positioning problems. To use the correlation filter to locate the target, we need to find
a filter template that can describe the appearance of the target well, which can get the
maximum correlation in the target position when the input image is filtered by the sliding
window method, as shown in Fig. 2.

Fig. 2. Denotation of correlation filtering.

In some early studies, a simple artificial template image is severed as a correlation
filter, but the robustness of positioning was poor. Actually, the shapes of the instruments
in the substation are various, so if we only design simple filter templates, the filters cannot
adapt to all instruments. Therefore, it is necessary to obtain a filter template for each
instrument adaptively. Since the correlation filter’s computational form is equivalent
to the linear regression, the correlation filtering problem can be transformed into the
linear regression problem [16]. The linear regression is used to generate the correlation
filter templates for each instrument adaptively. The form of the correlation filter can be
expressed as f = wTx, where w is the correlation filter template and is the input image.
To increase the robustness of the model, this paper uses the L1 norm for regularization
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constraints. The task of finding a suitable filter template is equivalent to making the loss
function minimal:

min
w

∑

i

(f (xi) − yi)
2 + λ‖w‖21 (1)

where xi is the training sample image and λ is the regular term.
Because we need to obtain a model that can get max response value in the target area

and a much smaller response value in other areas, we take the target area as a positive
sample and other areas as negative samples. The target area (blue box) and the position of
the instrument (black box) are manually calibrated. The training sample set is generated
by the template image collected in advance. The training samples (red box) are collected
around the target area’s position (blue box), as shown in Fig. 3. The closer to the target,
the denser the sample collection. If the center coordinate of the target area is (M ,N );
the sample is represented as xi, its center coordinate is (mi, ni). The corresponding label
value is:

yi = exp

(
− (mi−M )2−(ni−N )2

2λ2label

)
(2)

where λlabel is the standard deviation. As the sample position close to the target area,
the label value will be close to 1.

Fig. 3. Collect training sample set by Template image. The red boxes are the training samples.
The blue box is target area. The black box is the instrument. (Color figure online)

After the training sample set is obtained, the HOG feature of the training samples
is extracted to train the model. Since Eq. 1 has no closed-form solution, we use the
coordinate descent method [17] to solve it.

Finally, after obtaining the correlation filter template, the correlation of each area
of the test image is calculated by the sliding window method, as shown in Fig. 2. The
point with the highest correlation value is the center point of the target area. Because
the spatial relationship between the instrument image and the target area belongs to the
prior knowledge, the coordinate of the instrument image is obtained.

3.2 Image Preprocessing

Since the actual environment of the substation belongs to the wild environment, there are
often disturbances such as stains and shadows on the dial.Moreover, there aremany kinds
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of instruments. For example, some dials havemore letters or other interference, as shown
in Fig. 4(a). In this paper, the morphological closing operation is used to process the
image of the dial area to reduce the interference of strip noise. Themorphological closing
operation essentially performs an expansion operation on the image before performing
an etching operation. It can remove some small hollow areas, as shown in Fig. 4(b).
However, when the thickness of the pointer is similar to the scale, it is risky to perform
the closing operation. It should be noted that the closing operation is not necessary, but
it does improve the accuracy of pointer angle recognition in some instances.

(a)                         (b)                          (c)                          (d) 

Fig. 4. The example of closed operation. (a) the original image. (b) the image after closed
operation (c) The original image. (d) R channel image (Color figure online)

For some unique instruments, some additional preprocessing is required, as shown
in Fig. 4(c) and (d). For such instruments, the red pointer is the upper limit of the alert
value, and the black pointer indicates the current display of the instrument. In this paper,
the image of the R channel is used to perform the subsequent steps by separating the
RGB channels of the image.

3.3 Pointer Reading Recognition Based on DSF

There are two types of methods for instrument reading recognition: angle method and
distance method. At present, most of the plans for reading the indication of instruments
are the angle methods. In the existing research, the pointer reading recognition method
obtains the instrument’s reading by fitting the line corresponding to the pointer and
calculating the angle of the line. For example, the Hough transform and the various
projection methods judge whether there is a straight line in the image by counting the
number of pixels on a certain line, but it isn’t easy to judge the length of the line. These
methods do not fully utilize the shape characteristics of the pointer.When there are many
pixels with discontinuous stains in a straight line, such as shadow, it may be judged that
such a line exists in the image.

Due to the problems [1] of the current methods, we consider from the perspective
of human vision. When identifying a pointer, humans distinguish between pointers and
other objects by shape and direction rather than just the pointer’s line. Since few objects
on the instrument’s surface are similar in shape to the pointer, humans do not misidentify
instruments. So, we need a method that is sensitive to direction and shape. Inspired
by human vision, we propose a one-stage pointer angle identification method, which
introduces direction-sensitive filtering (DSF) with a designed Gabor function. It can
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competitively select shapes to calculate the pointer’s angle and avoid other interference
such as shadows and scales.

The Gabor transform is a windowed short-time Fourier transform whose window
function is aGaussian function. The two-dimensionalGabor function is the only function
that can reach the lower bound of the frequency domain and the spatial uncertainty
principle [18]. The two-dimensional Gabor filter is similar to the receptive field of
mammalian visual cortex simple cells. It has excellent spatial locality and direction
selectivity and can enhance image features such as edge, peak, valley, and ridge contour
[19, 20]. The form of the two-dimensional Gabor filter is:

φu,v(z) = ‖ku,v‖2
σ 2 exp

(
−‖ku,v‖2‖z‖2

2σ 2

)
×

[
exp

(
iku,vz

) − exp
(
−σ 2

2

)]
(3)

where z(x, y) is the image pixel point coordinate; u is the direction of the Gabor filter; v is
the scale of the Gabor filter; ku,v is the center frequency of the filter, which describes the
response of the Gabor filter in different directions and scales, which can be represented
for:

ku,v =
(
kvcosϕu

kvsinϕu

)
(4)

where kv = Kmax
f v , kv is the sampling scale; Kmax is the maximum frequency; ϕu is the

filter direction selectivity; ‖ku,v‖2
σ 2 is used to compensate for the attenuation of the energy

spectrum determined by the frequency; exp
(
−‖ku,v‖2‖z‖2

2σ 2

)
is the Gaussian function;

exp
(
ku,vz

)
is the oscillation function, the real part for the cosine function, the imaginary

part is a sinusoidal function; exp
(
−σ 2

2

)
is a DC component, which is used to reduce

the interference of the absolute value of the image grayscale on the filter, so that the
sensitivity of the filter to the illumination change of the image is reduced.

Before introducing the specific method, we first verify the feasibility of using the
Gabor filter for pointer recognition. The image is processed byGabor filtering in different
directions, as shown in Fig. 5. It can be seen that an observable response occurs when the
scale and direction of the object in the image simultaneously conform to the parameters
of the Gabor filter. This selectivity reduces the need for preprocessing and makes the
algorithm robust to complex dials. However, there is still some noise in the response
image, as shown in Fig. 5(b), (c). These noises are primarily responses to edges and
scales that are similar to a pointer. To reduce such interference, we can narrow down the
image range processed by the Gabor filter to the dial or constrain the statistical region
range when counting each response image’s response value. The algorithm proposed in
this paper adds the mask to constrain the statistical area in the step of statistical response
value, as shown in Fig. 5(d). It should be noted that there is not only one mask here.
Each angle of the Gabor filter has a mask that is the same as its angle. For each angle’s
mask, we set a correction area for the central part of the plate, which means we want
to avoid reading the lines around the edge to reduce the kind of interference for reading
the pointer. After obtaining the pointer’s angle, the pointer reading is calculated by the
angular relationship between the pointer and the scale. The pointer reading R calculation
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can be obtained by:

R = Rmin + θac
θab

× Rang (5)

where Rmin is the value of the starting scale, θac is the angle between the starting scale
and the pointer, and θab is the angle between the starting and ending scales, and Rang
is the indication range of the scale.

(a)                                (b)                               (c)                            (d) 

Fig. 5. A test result about Gabor filter. (a) The grayscale of an instrument. (b) The kernel of Gabor
filter and the result of image processed by it. (c) The kernel of Gabor filter and the result of image
processed by it. (d) The mask.

Therefore, this paper proposes a pointer angle recognition method based on Gabor
filtering, which uses a multi-angle Gabor filter to process the instrument image and then
counts the response image of each angle. The angle corresponding to the image with the
largest cumulative response value is the angle of the pointer.

Finally, the pointer reading is calculated by Eq. 5. The method framework is shown
in Fig. 6.

Fig. 6. Framework of proposed algorithm. The range of angles of the Gabor filter covers the range
of the pointer.
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4 Experiment

In this section, we conduct the experiment to test our proposed method. Following the
layout of the real substation, a standard test site is established. The instrumentation
automatic reading system is divided into two stages: 1. Preparation stage. 2. Actual
inspection stage. The specific process is shown in Fig. 7. It should be mentioned that
the projection method and the Hough transform both use the cumulative number of the
pixels on a straight line, so we only compare the Hough line transform with our method
in the pointer angle recognition experiment. The experiment uses the algorithm proposed
in Sect. 3.1 to locate the instrument and the test images of the experimental part are the
images extracted after the instrument positioning.After finishing the test, our cooperation
company embeds the method to its robots and makes them for real application, such as
in the substations at the Zigong City of Sichuan Province and Chongqing City. As the
test data is private, we can only show a part of test data below.

Fig. 7. System flow chart. (a) Preparation stage. (b) Actual inspection stage.

4.1 Experiment on the Influence of Illumination Factors

Since the substation environment is an outdoor environment, the illumination changes
significantly. Therefore, there may be a significant difference in illumination between
the test image and the template image. So in this section, we conduct the experiment
and analyze the effects of various methods in illumination influence.

In the beginning, we should extract the instrument image without the pointer. For our
method, the template image is pre-acquired and calibrated manually. After that, the area
image is extracted. Here, the pointer recognition method based on the Hough transform
needs to use the gray subtraction method for preprocessing. Therefore, we process the
area image through the software Photoshop to get the dial image without a pointer.

The test images collected by the inspection robot are shown in Fig. 8(a). These
images are processed to indicate the pointer angle by the Hough line transform method.
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Fig. 8. Test of different lighting conditions. (a) Images under different lighting conditions. (b) a
result image of the gray subtraction method between (a) and the target area image extracted from
the pre-acquired template image. (c) The result image of edge extraction of (b) using the canny
operator. (d) The result image of using Hough transform line detection to process (c). (e) The
maximum response value images in the result of processing (a) by the algorithm proposed in this
paper

From Fig. 8(b), it can be found that the effect of the gray subtraction method is not
observable when there is a significant difference between the illumination environment
of the test image and the illumination environment of the template image.When Fig. 8(b)
are edge-extracted by the Canny edge detector, the interference such as the scale cannot
be stably removed. The pointer image can be better extracted only when the test image
and the template image are in the same lighting environment. Additionally, a situation
where the light is too dark can also cause the grayscale subtraction method to remove
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the pointer image incorrectly. So the edge detection is used to extract pointer features,
as shown in Fig. 8(c). We use the Hough transform to detect the edge of the pointer but
not the center axis of the pointer, as shown in Fig. 8(d). When the difference in the angle
between the two edges of the pointer becomes larger, the error between the detected
angle and the actual angle also becomes larger. Some researchers have used refinement
algorithms instead of edge detection to reduce this error to some extent [9].

The recognition results of the proposed method are shown in Fig. 8(e). The image
shown here is the resulting image with the largest cumulative response value obtained
by the proposed algorithm. It can be seen that the maximum response result image
obtained is the filtered result image when the Gabor filter kernel is in the same direction
as the central axis of the pointer. The recognition results of the proposed method in
different illumination environments are relatively stable, but the results of the Hough
line transform will change between the two edges of the pointer.

4.2 Error Discussion

We choose some samples at random to test. The sample-set includes various types of
instruments. The results are as shown in Table 1 and Fig. 9. Due to the scale accuracy
limitation, there are errors in personal readings. Except for the human error, the character
of the algorithm and system error can also lead to the relative error. Because the error
is lower than the minimum calibration precision, the relative error is acceptable. The
proposed method in this paper can recognize the reading of the instrument accurately,
in a result, it can effectively improve the maintenance efficiency of substations.

Fig. 9. The results of the sample set by this paper proposed method. The sequence of images
is consistent with the sequence in Table 1, from left to right, from top to bottom, and the serial
Numbers correspond to 1–20 in turn.
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Table 1. The results of the reading of the instruments by the proposed method.

Number of
instruments

Reading by
human

Reading by Hough
transform based
methods

Reading by proposed
methods

Relative error

1 1 1.32 1.08 0.0833

2 56 83.82 55.84 0.0028

3 90 94.25 89.62 0.0041

4 0.5 0.53 0.495 0.01

5 67 62.32 65.5 0.0223

6 20 16.45 20.25 0.0125

7 25 25.74 25.31 0.0124

8 32 31.82 32.12 0.0038

9 0.179 0.19 0.17 0.0503

10 0.1 0.06 0.096 0.04

11 6.9 6.18 6.84 0.0087

12 0.24 0.21 0.244 0.0167

13 0.14 0.08 0.137 0.0214

14 58 11.32 57.38 0.0106

15 30 28.43 30.61 0.0203

16 24.2 33.67 24.19 0.0004

17 2.5 0.23 2.6 0.04

18 26 28.25 25.86 0.0053

19 32 41.21 33.07 0.0334

20 0.26 0.17 0.266 0.023

5 Conclusion

This paper presents a computer vision-based automatic reading method for the substa-
tion instruments. Firstly, the instrument localization algorithm accurately locates the
instrument by a method based on correlation filtering. Secondly, the image preprocess-
ing section utilizes a closing operation to reduce the effect of the scale on the recognition
pointer angle. Then, the pointer recognition algorithm uses DSF to recognize the pointer
angle and overcomes the influence of scale, shadow, and other interference on the result.
Finally, the instrument reading is calculated by the correspondence between the angle
and the reading. We collected test data sets by establishing test sites that met the applica-
ble standards. According to the experimental results, the instrument automatic reading
method proposed in this paper has good robustness and accuracy, and it can meet the
monitoring needs of the actual substation. Furthermore, the pointer angle recognition
module in our method can also be replaced with a processing module for other types
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of instruments, such as an oil level gauge, etc. In the future, we will study multi-scale
information and spatial transformation to improve the accuracy and reduce the influence
of early human participation.
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Abstract. Unsupervised image anomaly detection and segmentation is challeng-
ing but important in many fields, such as the defect of product inspection in
intelligent manufacturing. The challenge is that, the labeled anomalous data is
few and only normal data is available, causing the distribution of the anomaly
unknowable. Unsupervised methods based on image-reconstruction and feature-
embedding have been recently studied for anomaly detection and segmentation,
while there still exists the problems in term of the reconstruction quality and test-
ing performance. Inspired by the application of pre-trained feature-embedding in
anomaly detection, this paper proposes a novel framework called Partial Distil-
lation of Deep Feature (PDDF) for unsupervised image anomaly detection and
segmentation. Only normal images are used to partially distill the knowledge of
the deep features extracted by the pre-trained network at training. The difference
(dissimilarity) between the distilled feature with the pre-trained one is applied to
score the uncertainty of anomaly at testing. The PDDF achieves the comparing
results compared with the state-of-the-art methods on MVTec AD dataset, with
the area under the receiver operating characteristic curve (ROCAUC) of 96.7% for
unsupervised anomaly detection, 96.9% and the area under the per-region-overlap
curve (PROAUC) of 91.8% for unsupervised anomaly segmentation.

Keywords: Anomaly detection · Anomaly segmentation · Knowledge
distillation

1 Introduction

Anomaly Detection and Segmentation is an important and long-standing problem faced
by the intelligent manufacturing system, in which such as the defect inspection [1], fault
diagnose [2]. The well-known challenge is that the labeled anomalous samples are few
and only normal samples are available at training, causing the distribution of the anomaly
unknowable [3]. In this paper, unsupervised image anomaly detection and segmentation
have been studied.
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Fig. 1. Qualitative results of the proposed PDDF on the MVTec AD dataset [4]. Top Row: The
testing image with anomalies (defects). Mid Row: The ground-truth of anomalies in red color.
Bottom Row: The anomaly scoring maps detected in pixel-wise by the proposed PDDF.

Recently, some researches based on image-reconstruction [4–8] and feature-
embedding [9–14]methods have been studied for unsupervised image anomaly detection
and segmentation due to the few labeled anomalous data. Try to prevent the anomaly
being reconstructed and then measure the difference between the input and the recon-
struction among image-reconstruction based methods. The quality of the reconstruction
decides the performance of this type method, but the anomalous regions always lead
to a worse reconstruction [8]. The feature-embedding based methods utilize the high
discriminative feature in embedding space to distinguish the normal features from the
abnormal ones. The embedded space can be constructed by the pre-trained neural net-
works [9] or self-supervised training [12]. Due to the large amount of retrievals of the
similar features for testing, there are computationally expensive [9, 12]. Also in another
type of feature-embedding, distilling the knowledge from the teacher network to the
student network has been studied for anomaly scoring [13]. This largely reduces the
expensive computation while the accuracy has some drop compared with [9, 12].

To solve the above issue, this paper proposed the Partial Distillation of Deep Feature
(PDDF) for unsupervised image anomaly detection and segmentation inspired by [13].
The PDDF directly utilize the difference between the distilled feature with the pre-
trained features to detect the anomaly at testing stage. To preserve the well quality of the
extraction of the low-level features, the head of pre-trained network does not participate
in the knowledge distillation and is shared to the student network. Only the deep layers
of the pre-trained teacher network are required to distill the knowledge to the student
network during training in the PDDF, thus called the partial knowledge distillation. The
PDDF achieves a comparing results compared with the sate-of-the-art (SOTA) methods
on MVTec AD dataset [4]. The Fig. 1 shows some qualitative results of the proposed
PDDF on the MVTec AD dataset, and the anomalies contained in testing images are
scored with higher values.
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The contributions of this paper are summarized as: 1) The novel PDDFmethod based
on partially knowledge distilling is proposed for the unsupervised anomaly detection and
segmentation. 2) The extensive experiments are conducted compared with the SOAT
methods on MVTec AD, MNIST and Fashion-MINST datasets for anomaly detection
and segmentation. The PDDF achieves the comparing results compared with the SOAT
methods. 3) The experimental ablation study of the PDDF on MVTec AD dataset are
discussed in this paper.

2 Related Work

The previous methods studied for unsupervised image anomaly detection and segmen-
tation can be categorized into two types as image-reconstruction based methods and
feature-embedding based methods.

2.1 Image-Reconstruction Based Methods

These type methods have been mostly studied with auto-encoder network. The main
idea behinds them is that the distribution of normal samples can be learned by the
reconstruction of an encoder-decoder manner. The anomaly could not be reconstructed
similar as the input, thus the difference between the reconstruction with the input can be
viewed as the score for anomaly detection.

Auto-encoder trained with the structural similarity loss rather than L2 loss, making
a better performance on anomaly segmentation [5]. AnoGAN [6] is proposed to learn a
manifold of normal latent with a deep convolutional generative adversarial network. The
convolutional adversarial variational auto-encoder incorporates the Grad-CAM [17] to
locate the anomalies from the learned latent space [7]. Iterative energy-based projection
with gradient decent is proposed to enhance the reconstruction quality of the variational
auto-encoder [8]. The issue that the anomalous regions deteriorate the reconstruction
quality can be reduced in some extent and improve the performance on anomaly seg-
mentation. Despite these type methods are very interpretable and understandable, the
reconstruction error may lead to a bad performance [13].

2.2 Feature-Embedding Based Methods

The feature-embedding basedmethodsmap the image into the discriminative embedding
space to distinguish the anomaly from the normal embedding.

The pre-trained ResNet18 [15] is used to embed the image to the feature space, and
cluster the features with k-means [10]. The distance between the feature with the clus-
tering centers is scored as the uncertainty of anomaly. Student-Teacher framework is
proposed to locate the anomaly by that the student network makes worse regression for
anomalous region when trained under the supervision of the teacher network [11]. Patch
SVDD [12] learns the embedded space in patch-wise by the self-supervised learning
manner and retrieves the similar embedding features from normal images for the ones
of testing images for anomaly detection and segmentation. The sub-image anomaly
detection with deep pyramid correspondences (SPADE) is proposed to retrieves the
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similar feature in the embedded space constructed by the pre-trained network. Mul-
tiresolution knowledge distilling (MKD) method uses the pre-trained VGG network
[16] to train a random initialized network by knowledge distilling [13], and locates
the anomaly by the testing loss backpropagation. The student-teacher feature pyramid
matching (STFPM) [14] is proposed to distill the whole student network and measure
the discrepancy between the teacher network and student network to detect the anomaly.

Unsupervised methods based on above two types have been mainly studied for
anomaly detection and segmentation, but there still exists the problems in term of
the reconstruction quality and testing performance. The proposed PDDF achieves the
comparing performance on unsupervised image anomaly detection and segmentation
compared with the SOAT methods.

3 Method

KD Loss

Pre-trained Network

Partial Knowledge Distillation

Head
Hierarchical Feature Extractor

Layers Group

Fig. 2. The framework of the proposed PDDF.

The Fig. 2 shows the framework of the proposed PDDF. The pre-trained network is
divided into two parts, the head and the hierarchical feature extractor. During the training,
only the normal images are used to distill the knowledge from the hierarchical feature
extractor (HFE) of the pre-trained teacher network to train the random initialized student
network. The head of the pre-trained teacher network is shared with the student network.
For the testing, the discrepancy between the HFE of pre-trained teacher network with
the well-distilled student network is scored for the uncertainty of the anomaly. The head
is the group of the first few layers of the network. The hierarchical feature extractor is
consisted with the groups of the deep layers of the pre-trained network. Such as the pre-
trained ResNet [15], the group of first four layers is set as the head and the subsequent
three groups of residual layers is set as the HFE. The pre-trained network has been
trained by supervised learning on ImageNet dataset [18].



242 Q. Wan et al.

3.1 Partial Knowledge Distillation

Trying to preserve the well quality of the low-level feature extracted from the network,
the head of the pre-trained teacher does not participate the distillation procedure. And
the head is shared to the distilling-required student network both during the training
and testing. This ensures the same rich low-level features extracted by both networks.
Given the input image X with size H × W × C, the features Fl extracted by the head
of the network is denoted as following, Fl ∈ R

Hl×Wl×Cl , Hl,Wl,Cl denote the spatial
dimension sizes:

Fl = Head(X) (1)

After feature extraction at the head of the pre-trained teacher, the deep hierarchical
features are extracted by the HFE. The HFE consists of the several groups of deep layers
of the network. In each hierarchy, the Ft denotes the feature extracted by the HFE of the
pre-trained teacher network, and Fs denotes the one extracted by the student network.
Fk
t ,F

k
s ∈ R

Hk×Wk×Ck , Hk ,Wk ,Ck denote the spatial dimension sizes.

Ft = HFE(Fl)

Fs = Student(Fl)
(2)

For the knowledge distillation, the difference of the pixel-wise is calculated and the
loss function is denoted as:

lossk = 1

Hk × Wk
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∥
∥F̂k

t − F̂k
s
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∥
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where ‖·‖2 denote the L2-norm. Then the total loss of all the K hierarchies of a batch
can be calculated as:

loss = 1

K

∑

batch

∑K

k=1
lossk (4)

During the training, given a batch of normal images from the training set, the parame-
ters of the student network are once updated by the loss back-propagation in every epoch.
After training of all the setting epochs, the well-distilled student network is obtained and
can be used for testing.

3.2 Anomaly Scoring

Anomaly Segmentation for Testing Image.Through the partial knowledge distillation,
the student network can be obtained by distilling the knowledge of the deep features from
the pre-trained teacher. For the pixel-wise anomaly segmentation of a testing image, in
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each hierarchy, the discrepancy between the HFE of the pre-trained network with the
student network is computed in position-wise as:

Ak
(i,j) =

∥
∥
∥F̂k

t (i,j) − F̂k
s (i,j)

∥
∥
∥

2

2
(5)

By bilinear interpolation, the anomaly scoring map Ak is resized to the same spatial
size of the testing image. And the final anomaly scoring map Â can be obtained by over
all the hierarchies as:

Âk = resize(Ak)

Â = 1

K

∑K

k=1
Âk

(6)

Anomaly Detection for Testing Image. The anomalous region obtains the much
higher discrepancy value than the normal region in the anomaly scoring map. Then a
maximum value of each anomaly scoring map can be viewed as the score of uncertainty
of anomaly as:

S = max(Â) (7)

4 Experiments

4.1 Experimental Setup

MVTec AD Dataset. The MVTec AD dataset [4] is published by MVTec Software
GmbH. The dataset has been widely studied for the unsupervised image anomaly detec-
tion and segmentation. It consists of 15 different categories collected from the real-world
scenarios, totally containing 3629 normal images for training and 467 normal images and
1258 abnormal images for testing. The abnormal images contain different scale anoma-
lies (defect) compared with the normal image. The anomalies are fine-grained and this
further increases the difficulty for unsupervised anomaly detection and segmentation.
The PDDF has been compared with the SOAT methods on the dataset.

MNIST and Fashion-MNIST Datasets. MNISTdataset [19] consists of 10 categories,
60k training images and 10k testing 28 × 28 gray-scale handwritten digit images.
Fashion-MNIST dataset [20] also consists of 10 categories, 70k training images and
10k testing 28 ×28 gray-scale fashion product images. The anomaly detection task is
also conducted on both two datasets in this paper. The image from the other categories
are viewed as the anomalous images and the images of the same categories are viewed
as the normal ones.

Implement Details. The images ofMVTecADdataset are resized to 256× 256 both for
training and testing, normalized by the mean and standard deviation value of ImageNet
dataset. The images of MNIST and Fashion-MNIST datasets are resized to 32 × 32
both for training and testing while not normalized. The student network is trained by
the stochastic gradient descent (SGD) with the learning rate of 0.5, the momentum of
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0.9, the weight decay of 0.0001. The batch size is set as 32 and totally trained with 200
epochs. The structure of student network is set as the same as the hierarchical feature
extractor of the pre-trained teacher, while is initialized randomly. The default setting
of the pre-trained teacher network is ResNet18 and the corresponding student is the
randomly initialized structure same as the HFE of the teacher in this paper.

Evaluation Metrics. For anomaly detection, the area under the receiver operating char-
acteristic curve (ROCAUC) is commonly adopted to evaluate theperformanceof amodel.
For anomaly segmentation, except the ROCAUCmetrics, the area under the per-region-
overlap curve (PROAUC) is proposed to evaluate the model fairly for different scale
anomalies [11].

4.2 Anomaly Detection

For the anomaly detection task which is inferring whether a testing is abnormal, the
PDDF is compared with the SOAT methods. The compared methods are AESSIM [5],
CAVGA-Du [7], AnoGAN [6], VAE-grad [8], SPADE [9], Patch SVDD [12], MKD
[13], and STFPM [14].

As reported inTable 1, thePDDFachieves the comparing results over 15 categories on
MVTec AD dataset and gets a higher average ROCAUC result compared with the SOAT
methods. This demonstrates that the PDDF is effective for the fine-grained anomaly
detection from the same category. The capability of the PDDF on the anomaly detection
is obtained by measuring the maximum discrepancy between the student network and
the HFE, since that the student network is well distilled from the HFE of the pre-trained
network only on normal images in the same categories and it can regress much more
discrepancy on the anomalous regions which unseen during distilling stage.

The experiments on the class-level anomaly detection of the PDDF method are
conducted on theMNIST [19] and Fashion-MNIST [20] datasets. On these two datasets,
the compared methods are OCSVM [21], DSVDD [22], AnoGAN [6], DSEBM [23],
DAGMM[24], ARAE [25], LSA [26]. The results of correspondingmethods are average
on 10 categories for the both two datasets. As showed in Table 2, the PDDF also achieves
comparing results on the class-level anomaly detection on the MNIST and Fashion-
MNIST datasets compared with the SOAT methods. The class-level anomaly detection
shows that the student network generalizes bad on these categories which unseen during
the distilling stage, so the maximum discrepancy for anomaly detection can be measured
for these categories.

4.3 Anomaly Segmentation

For the anomaly segmentation task, the PDDF is compared with the SOAT methods on
MVTec AD dataset. The compared methods are AESSIM [5], AnoGAN [6], VAE-grad
[8], SPADE [9], ST [11], Patch SVDD [12], MKD [13], and STFPM [14].

As showed in Table 3, the PDDF also achieves the comparing results compared with
the SOAT methods over 15 categories under the ROCAUC metrics, despite the total
average ROCAUC is slightly lower than the best STFPM method [14].
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Table 2. The anomaly detection results comparing with the SOAT methods on MNIST and
fashion-MNIST datasets. (ROCAUC%). Best in bold and Second in underline bold.

OCSVM DSVDD AnoGAN DSEBM DAGMM ARAE LSA Proposed
PDDF

MNIST 96.0 94.8 91.3 - - 97.5 97.5 97.9

Fashion-MNIST 92.8 92.8 - 85.5 41.7 93.6 92.2 93.0

Table 3. The anomaly segmentation results comparing with the SOAT methods on MVTec AD
dataset. (ROCAUC%). Best in bold and Second in underline bold.

Category AESSIM AnoGAN VAE-grad Patch
SVDD

STFPM MKD SPADE Proposed
PDDF

Carpet 87.0 54.0 73.5 92.6 98.8 95.6 97.5 98.8

Grid 94.0 58.0 96.1 96.2 99.0 91.8 93.7 99.0

Leather 78.0 64.0 92.5 97.4 99.3 98.1 97.6 99.2

Tile 59.0 50.0 65.4 91.4 97.4 82.8 87.4 95.3

Wood 73.0 62.0 83.8 90.8 97.2 84.8 88.5 94.4

Bottle 93.0 86.0 92.2 98.1 98.8 96.3 98.4 98.5

Cable 82.0 78.0 91.0 96.8 95.5 82.4 97.2 96.3

Capsule 94.0 84.0 91.7 95.8 98.3 95.9 99.0 98.6

Hazelnut 97.0 87.0 97.6 97.5 98.5 94.6 99.1 98.6

Metal Nut 89.0 76.0 90.7 98.0 97.6 86.4 98.1 96.5

Pill 91.0 87.0 93.0 95.1 97.8 89.6 96.5 98.0

Screw 96.0 80.0 94.5 95.7 98.3 96.0 98.9 98.7

Toothbrush 92.0 90.0 98.5 98.1 98.9 96.1 97.9 98.7

Transistor 90.0 80.0 91.9 97.0 82.5 76.5 94.1 84.5

Zipper 88.0 78.0 86.9 95.1 98.5 93.9 96.5 98.5

Average 87.0 74.3 89.3 95.7 97.0 90.7 96.5 96.9

Due to that the ROCAUCmetrics is in favor of large anomalous region, the PROAUC
metrics is introduced to fairly treat the anomalous regions with different scale [11].
The PROAUC is calculated under the 30% false-positive rate [11]. This paper further
evaluates the PDDF under the PROAUC metrics. As reported in Table 4, the PDDF also
achieves the comparing results compared with the SOAT methods over 15 categories
under the PROAUC metrics. The PDDF can well segment the anomalies with different
scales compared with the SOATmethods. The PDDF equips with the well capability for
anomaly segmentation because the position-wise feature of student network is far away
from the feature of the HFE of the pre-trained network when evaluated on the anomalous
regions. The reason of it is that the student network only trained with the features of
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Table 4. The anomaly segmentation results comparing with the SOAT methods on MVTec AD
dataset. (PROAUC%). Best in bold and Second in underline bold.

Category AESSIM CNN_Dict AnoGAN VAE ST STFPM SPADE Proposed
PDDF

Carpet 64.7 46.9 20.4 50.1 69.5 95.8 94.7 94.8

Grid 84.9 18.3 22.6 22.4 81.9 96.6 86.7 96.7

Leather 56.1 64.1 37.8 63.5 81.9 98.0 97.2 97.9

Tile 17.5 79.7 17.7 87.0 91.2 92.1 75.9 83.8

Wood 60.5 62.1 38.6 62.8 72.5 93.6 87.4 88.7

Bottle 83.4 74.2 62.0 89.7 91.8 95.1 95.5 94.9

Cable 47.8 55.8 38.3 65.4 86.5 87.7 90.9 92.4

Capsule 86.0 30.6 30.6 52.6 91.6 92.2 93.7 92.5

Hazelnut 91.6 84.4 69.8 87.8 93.7 94.3 95.4 95.2

Metal Nut 60.3 35.8 32.0 57.6 89.5 94.5 94.4 91.7

Pill 83.0 46.0 77.6 76.9 93.5 96.5 94.6 95.7

Screw 88.7 27.7 46.6 55.9 92.8 93.0 96.0 93.7

Toothbrush 78.4 15.1 74.9 69.3 86.3 92.2 93.5 91.4

Transistor 72.5 62.8 54.9 62.6 70.1 69.5 87.4 72.3

Zipper 66.5 70.3 46.7 54.9 93.3 95.2 92.6 95.0

Average 69.4 51.5 44.3 63.9 85.7 92.1 91.7 91.8

the normal images which extracted by the HFE of the pre-trained network during the
distilling stage. Then the student network outputs the bad features compared with the
one of the HFE when tested on the anomalous regions. So the distance of them can be
measured in position-wise manner and the anomalies which measured with much large
distances can be segmented out.

Table 5. Anomaly detection and segmentation results of different pre-trained network in the
PDDF on MVTec AD dataset. (AUCROC%)

VGG16 VGG19 ResNet18 ResNet34

Detection 93.7 93.6 96.7 96.6

Segmentation 95.0 95.2 96.9 97.0

4.4 Ablation Study

Influence of Pre-trained Network. The partial knowledge distillation of different pre-
trained networks has been studied in this section. The pre-trained VGG16, VGG19 [16],
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Table 6. Anomaly detection and segmentation results of different hierarchical feature in thePDDF
on MVTec AD dataset. (AUCROC%)

1 2 3 1&2 1&3 2&3 1&2&3

Detection 83.1 92.5 96.5 93.1 96.2 96.8 96.7

Segmentation 92.7 95.0 96.2 95.7 96.7 96.7 96.9

ResNet18, ResNet34 [15] have been studied as the pre-trained teacher network. In VGG
network, the group of first down-sample layers is set as the head and the subsequent
three groups of down-sample layers is set as the hierarchical feature extractor. In ResNet
network, the group of first four layers is set as the head and the subsequent three groups
of residual layers is set as the hierarchical feature extractor.

Table 5 shows the results of four different pre-trained networks for anomaly detection
and segmentation. The VGG network shows the slightly lower performance on the
two tasks compared with ResNet and the ResNet18 performs best. The much deeper
ResNet34 does not shows the better performance than the shallower ResNet18. The
deeper network requires large amount normal images to make the knowledge distilling
from the HFE of the pre-trained network and may not generalize well on category which
only has the several hundred images.

Influence of Hierarchical Feature. The different hierarchical discrepancy has been
studied to show the hierarchical influence in partial knowledge distillation for anomaly
detection and segmentation. The pre-trained teacher network is set as the ResNet18 and
the first three groups of residual layers are set as the different hierarchies.

Fig. 3. The anomaly scoring maps of different hierarchies. First columns are the input images
with anomalies. Second columns are the ground-truth in red color. The last four columns are
respectively the anomaly scoring maps of hierarchy 1, 2, 3 and the combination of 1&2&3.
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As showed in Table 6, the average results among 15 categories onMVTecADdataset
for anomaly detection and segmentation are reported. The combination of the hierarchies
performs well on the two tasks. And the deeper hierarchy has the more discriminability
on anomaly detection, but may damage the performance for anomaly segmentation due
the reduce of the resolution of the feature map. The combination of the hierarchies 2
and 3 shows the best performance on the anomaly detection on MVTec AD dataset. The
combination of deeper hierarchies can be well applied to the anomaly detection. The
shallow hierarchies can be applied to make up the issue of the reduce of resolution of
the deeper hierarchies when segmentation required. The Fig. 3 shows some qualitative
results of different hierarchical scoring maps for testing images.

5 Conclusion

This paper proposes the PDDF method for unsupervised image anomaly detection and
segmentation. Only the normal images are used to partially distill the knowledge of the
features extracted by the pre-trained network at training. The head of the pre-trained
teacher does not participate in the knowledge distillation and is shared to the student
network to extract the low-level features. The discrepancy between the distilled feature
with the pre-trained one is applied to detect anomaly at testing. With the experiments on
MVTec AD, MNIST and Fashion-MNIST datasets, the PDDF achieves the comparing
results compared with the state-of-the-art methods.
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under Grant No. 2018AAA0101704, and the Program for HUST Academic Frontier Youth Team
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Abstract. In this paper, we propose a speech recognition method based on
CLSTM-HMM hybrid acoustic model for home service robots that cannot rec-
ognize speech commands effectively in domestic noise. Hybrid speech features
characterize dynamic and static features, which can characterize speech features
well, CNNhas advantages in selecting good features, LSTMandHMMare usually
used for speech recognition, which both methods have demonstrated strong capa-
bilities. The experimental results prove that the recognition rate of home service
robots based on CLSTM-HMM speech recognition method can reach 91.44%,
91.36% and 90.92%, respectively. Over all, the home service robots based on
CLSTM-HMM speech recognition method have ideal recognition performance in
domestic noise.

Keywords: Speech recognition · Acoustic model · Home service robot ·
Domestic noise

1 Introduction

Nowadays robots have penetrated into our daily life [1]. Affected by the diversity of
domestic noise, the home service robots cannot effectively recognize voice commands.
Therefore, the speech recognition performance of home service robots needs to be effec-
tively improved [2]. Effective speech features and acoustic models are the key prob-
lems in speech recognition, which have important effects on the speech recognition
performance of home service robots in the domestic noise.

Meir frequency coefficient (MFCC) [3] and Gammatone frequency cepstral coeffi-
cient (GFCC) [4] are two commonly used methods for speech feature extraction. MFCC
cannot effectively extract speech features in noise environments, andMFCC features can
only characterize the static properties of speech signals. GFCC cannot obtain compre-
hensive speech information. Although the hybrid features ofMFCC andGFCC proposed
improve the speech recognition performance to certain extent [5], the high computation
complexity of the system is caused by themultiple feature dimensions. Themethod based
on MFCC and Teager energy operator (TEO) [6] proposed in the literature extracts a
mixture of static and dynamic features.
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Acousticmodeling is an important part of speech recognition systems. The traditional
mainstream approach is represented by GMM-HMM [7], but with the diversification of
sound environments, the traditional acoustic models can no longer effectively recognize
speech signals in complex environments. Novoa proposed a DNN-HMMacoustic model
to avoid the problem of unrecognized speech signals during actual human-computer
interaction [8]. Liu proposed a long short-term memory recurrent neural network with
HMM combined with a deep bidirectional model, and this system achieved better results
than DNN-HMM in speech recognition [9]. Tian et al. used a hybrid acoustic model
based on CNN, RNN and HMM [10], and reduced the recognition error rate of the
speech system by using RNN to process the contextual information between adjacent
speech frames. In order to im-prove the performance of speech recognition systems,
researchers have explored various aspects such as acoustic model training scale and
feature dimensionality. Bukhari et al. proposed a hybrid acousticmodel combiningCNN,
RNN andHMM to process the state related to upper and lower speech frames using RNN
and achieve good recognition results [11]. Graves et al. proposed an acoustic model
combining CTC and LSTM to achieve end-to-end speech recognition [12]. However,
LSTM is subject to overfitting during training, and Billa et al. solved the overfitting
problem during training well by adding Dropout regularization [13]. Zhang proposed
the SCBAMM model, which solves the problem of gradient explosion and gradient
disappearance to some extent by using the spatial information of the features [14].
Toktam proposed an adaptive windowed multi-depth residual network (AMRes), where
the residual network (ResNet) is combined with an acoustic model to effectively reduce
the speech recognition error rate by exploiting the depth information of the speech signal
[15].

In this paper, we adopt the method of Yao [16] to extract hybrid speech features
according to the characteristics of domestic noise. To better overcome the diversity of
speech signals, we use the CLSTM-HMM hybrid acoustic model for recognition, while
adding Dropout to reduce the overfitting problem. We will verify whether the speech
recognitionmethodbasedonCLSTM-HMMhybrid acousticmodel has good recognition
effect in real home life through noise experiments in domestic environment. The final
experiment results indicated that the recognition rate of the method reached 91.44%,
91.36% and 90.92 under different domestic noise environments, respectively. Over all,
the recognition effect of home service robots based on the speech recognition method
in this paper in domestic noise is the focus of this study.

The remainder of this paper is organized as follows. Hybrid speech features
TEOGFCC + �TEOGFCC extraction method is described in Sect. 2. CLSTM-HMM
hybrid acoustic model is proposed in Sect. 2. The experiment results of home service
robots based on this paper method in domestic noise are shown in Sect. 3. Conclusion
and future works are provided in Sect. 4.
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2 Hybrid Speech Features TEOGFCC + �TEOGFCC Extraction
Method in Domestic Environment

2.1 Related Basic Theories

Gammatone Filter
The gammatone filter has some noise immunity [17] and is able to analyze speech
commands efficiently. In a home noisy environment, the speech commands are passed
through a 64-channel gammatone filter bank and the short-time energy is calculated for
each frame. Its step response in the time domain can be expressed as follows.

gi(t) = αtn−1exp(−2πbit)cos(2π fi + φt)U (t), t ≥ 0, 1 ≤ i ≤ N (1)

where α denotes the amplitude of the Gammatone filter, n denotes the order of the
filter, N denotes the number of filters, fi denotes the centre frequency of the filter, φi

denotes the initial phase of the filter, usually φi = 0,U (t) denotes the unit step function,
bi denotes the attenuation factor of the Gammatone filter.

EERB(fi) = 24.7 ×
(
4.37 × fi

1000
+ 1

)
(2)

Applying the Laplace transform to Eq. (4).

Gi(s) = A

2

[
(n − 1)!

(s + b − jw)n
+ (n − 1)!

(s + b + jw)n

]
(3)

According to the experience of previous experiments, the Gammatone filter order is
n = 4, so 64 Gammatone filters are taken and superimposed into a Gammatone filter
bank, the impact response function of the Gammatone filter bank as follow.

gi(n) = 1

2π j

∫ +∞

−∞
Gi(z)z

n−1dz (4)

Teager Energy Operator (TEO)
TEO is a nonlinear difference operator proposed by Teager et al. [18], which serves to
characterize the energy transform of the signal and the instantaneous energy value. In
a domestic noisy environment, TEO provides a good estimate of the “real” source of
energy and guarantees that the systemwill bemore robust in domestic noise environment.

For a discrete speech signal, Teager defined it as.

T [x(n)] = x2(n) − x(n + 1)x(n − 1) (5)

Where T [x(n)] is the output of the Teager and x(n) is the sampled value of the speech
signal at the point. In a noisy environment, the voice command signal x(n) is the sum of
the pure voice signal s(n) and the noisy voice signal w(n), i.e.

x(n) = s(n) + w(n) (6)
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TEO of a voice signal can be expressed as:

T [x(n)] = T [s(n)] + T [w(n)] + 2T [s(n),w(n)] (7)

Where T [s(n),w(n)] = s(n)w(n) − 0.5s(n − 1)w(n + 1) − 0.5s(n + 1)w(n − 1) is
defined as themutual Teager energy of s(n) and x(n), since s(n) andw(n) are independent
of each other and are zero-mean, which yields.

T [x(n)] = T [s(n)] + T [w(n)] (8)

We add the TEO to the speech features extraction method, which can not only reflect
the energy change of the speech signal, but also achieve the effect of speech enhancement.

2.2 Hybrid Speech Features TEOGFCC + �TEOGFCC Extraction Based
on GFCC and TEO

We adopt GFCC and TEO hybrid speech features extraction method to extract hybrid
speech features TEOGFCC + �TEOGFCC. The steps are as follows.

The steps for extracting hybrid speech features TEOGFCC + �TEOGFCC are as
follows.

Step 1. Pre-emphasis, framing and windowing are performed on the captured speech
signal x(n).

y(n) = x(n) − α(n − 1) (9)

Where x(n) represents the sampled value of the speech signal at n moments of the
speech signal and the pre-emphasis factor α = 0.98.

The speech signal is smooth in a short time, so we are required to frame it, and also to
reduce the edge effect of the speech frame, we add the Hamming window to the framed
speech signal.

Step 2. The Teager energy value is obtained for each frame of the pre-processed
speech signal.

Step 3. The output of step 2 is FFT [19] transformed to convert the time domain
signal to frequency domain signal to obtain the energy spectrum value Y (t, i) for each
frame of the speech signal.

Step 4. The Y (t, i) is filtered through aGammatone filter bank, and the output of each
filter bank is logarithmically compressed to obtain a set of logarithmic energy spectra,
further simulating the non-linear nature of human perception of speech.

Step 5. The above logarithmic results are subjected to the DCT [20] to reduce the
correlation between the dimensional feature parameters due to filter overlap and obtain
the speech features TEOGFCC, which are calculated as follows.

CTEOGFCC(i) =
∑N

j=1
mjcos

[
π i

N
(j − 0.5)

]
, i = 1, 2,L, . . . ,M (10)

WhereM denotes the feature dimension and N is the number of Gammatone filters
to obtain the feature distribution of each speech signal frame.
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Fig. 1. Speech signal ‘Backward’ in Mandarin Hybrid speech features TEOGFCC +
�TEOGFCC.

Step 6. Speech features TEOGFCC for first-order difference to get speech features
�TEOGFCC, andmixTEOGFCCand�TEOGFCCbyPCAalgorithm [21] to get hybrid
speech features TEOGFCC + �TEOGFCC.

In the process of extracting hybrid speech features, the speech feature TEOGFCC
can only reflect static features, therefore, we added the feasible region parameter
�TEOGFCC characterizing dynamic features. we used PCA algorithm to perform
principal component analysis on the high-dimensional original matrix for the purpose
of dimensionality reduction [22], and according to the obtained new TEOGFCC and
�TEOGFCC the contribution rate of each inverse spectral coefficient, and the speech fea-
tures with higher contribution rate are formed into the hybrid speech features TEOGFCC
+ �TEOGFCC.

3 Speech Recognition Based on CLSTM-HMM

3.1 Network Structure of the CLSTM-HMM Hybrid Speech Acoustic Model

We establish the following hybrid acoustic model and the network structure shown in
Fig. 2.

Fig. 2. Network structure of the CLSTM-HMM hybrid acoustic model.

The input of acoustic model is 24-dimensional hybrid speech features TEOGFCC
+ �TEOGFCC. CNN extracts spatial information through weight sharing in convolu-
tional layer and max-pooling in pooling layer for the purpose of reducing the feature
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parameters in CNN. The output of LSTM is connected by fully connected layer, then the
feature parameters extracted by fully connected layer are fused and normalized to out-
put various classification probabilities, finally softmax outputs the classification results.
hmm performs forced alignment on the output results.

CNN can be divided into three parts such as convolutional layer, pooling layer and
fully connected layer [23]. The speech signal has structural features in the time-frequency
spectrum and is viewed as an image after a series of transformations. The convolutional
layer contains multiple convolutional kernels, and the convolutional layer applies a set
of convolutional kernels to process the input features, which can share weights in the
network [24]. The dimensionality of the input can be reduced bymaximum pooling [25].
The maximum pooling takes the maximum value of the pixels in the area covered by the
pooling window to obtain the pixel values of the output feature maps. The structure of
the CNN is shown in Fig. 3.

Fig. 3. Convolutional neural network structure diagram.

The formula is as follows.

B = f (A ∗ μ + b) (11)

Where B represents the voice feature map after convolution, f is the activation func-
tion, A is the original voice feature matrix, μ is the convolution kernel, ∗ represents the
convolution operation, and b is the bias amount.

LSTM is a special kind of recurrent neural network that learns long-term depro-
gramming information [26] An LSTM neuron is a complex network structural unit that
stores information for a long time. The activation of this neuron is not overwritten by
new inputs as long as the input gate remains closed again. Thus, the LSTM “gates”
the information of the “unit state” by time series so that it is removed or added. These
three gates selectively control the input information and the stored information from
the previous moment into the memory cell. The structure of the LSTM cell is shown in
Fig. 4.

The output of the LSTM network structure is calculated as follows.

it = σ(Wxixt + Whiht−1 + Wcict−1 + bi) (12)

ft = σ(Wxf xt + Whf ht−1 + Wcf ct−1 + bf ) (13)

ct = ftct−1 + it tanh(Wxcxt + Whcct−1 + bc) (14)
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Fig. 4. Structure of LSTM units.

ot = σ(Wxoxt + Whoht−1 + Wcoct−1 + bo) (15)

ht = ot tanh(ct) (16)

Where x = {x1, x2, · · · , xi, · · · , xN }, N is the number of samples of the input speech
signal, σ is the sigmoid activation function, bi, bf , bo and bc, are the biases of the
corresponding gates and W is the matrix of weights between the gates.

3.2 Training of the CLSTM-HMM Hybrid Acoustic Model

In this paper, we build a hybrid acoustic model CLSTM-HMM on Windows system
using TensorFlow framework and Python. The hybrid acoustic model is experimentally
validated on the THCHS-30 Chinese dataset. The THCHS-30 Chinese dataset is 30 h
of speech data from 40 people in a quiet office environment [27], including 30 people’s
speech sample training set and 10 persons’ speech sample test set.

We train the proposed CLSTM-HMM hybrid acoustic model to obtain the corre-
sponding acoustic model. The training steps of CLSTM-HMM hybrid acoustic model
are as follows.

Step 1: Extract the hybrid speech features TEOGFCC + �TEOGFCC. Initialize the
model parameters. Set the training number epoch to 50 times, and set the learning rate
to 0.001.

Step 2:CNNconsists of 2 convolutional layers, 2 pooling layers and 2 fully connected
layers. Set the number of convolutional kernels of CNN to 64, the size and number of
convolutional kernels to 256, the step size to 1, and chooseRelu as the activation function.
Set the pooling layer to max-pooling.

Step 3: The pooled feature parameters are input to the LSTM through the fully
connected layer to extract the temporal features, the number of nodes of the LSTM is
set to 256, and the weight of Dropout is set to 0. 5.

Step 4: Dropout is added between the nodes of the LSTM to prevent overfitting.
Update the weights and biases in the model, while adding 1 to the number of iterations.

Step 5: Judgewhether the error value reaches the set threshold or whether the number
of iterations for acoustic model optimization reaches the preset value.

Step 6: HMM models the timing of the speech signal and forces the alignment of
the output values.
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3.3 Comparison of Acoustic Model Results

Table 1 shows the speech recognition success rates of different acoustic models. Accord-
ing to the data in Table 1, the recognition success rate of hybrid acoustic model CLSTM-
HMM is 92.16%, which is higher than other acoustic models. The following conclusions
are drawn: the hybrid acoustic model CLSTM-HMM can extract deeper speech features
by virtue of its deep structure in the temporal and spatial domains, while the LSTM is
used to process the contextual information between adjacent speech frames to effectively
solve the problems of gradient disappearance and gradient explosion, and the Dropout is
added during the training process to reduce overfitting, which makes the hybrid acoustic
model has better recognition effect than other acoustic models.

Table 1. Comparison of speech recognition rates for different acoustic models in the THCHS-30
dataset.

Acoustic models Identification rate/%

LSTM-HMM 89.73%

GMM-HMM 86.38%

CNN-HMM 88.47%

RNN-HMM 89.29%

DNN-HMM 87.26%

CLSTM-HMM 92.16%

The following are the results of the effect of training time on different acoustic
models.
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Fig. 5. Variation of the recognition success rate of different acoustic models with the number of
iterations (Epoch).
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The changes of recognition rates after several iterations of different acoustic models
are shown in Fig. 5. The results show that the recognition success rate of CLSTM-
HMM is 6.73% higher than that of GMM-HMM, which indicates that CLSTM-HMM
has better recognition performance. The addition of Dropout in CLSTM-HMM reduces
the overfitting during training, ensures the rapid convergence of the model after several
iterations, and greatly improves the recognition performance of the model.

Fig. 6. Acoustic model loss curves on the THCHS-30 dataset.

For evaluating the computation performance of the method, we compare the loss
function curves of different acoustic models during the training process. As shown in
Fig. 6, it demonstrates the training time of 50 epochs for four typical acoustic models.
CLSTM-HMMconverges the fastest, converges the best, and has the highest recognition
accuracy for speech commands.

4 Experiment of Home Service Robots

4.1 Experimental Results and Analysis

In the noise experiment, the speech recognition effect of home service robots based on
hybrid acoustic model CLSTM-HMM speech recognition method is experimented by
comparing the recognition rates of different acoustic models.

In modern homes, according to the investigation of indoor noise sources, indoor
noise mainly includes traffic noise, household appliance noise and industrial machinery
noise. In order to simulate the actual noise environment, white noise, pink noise and
volvo noise from the Noisex-92 standard library [28] are used to simulate the noise in
the home environment, and the speech messages with signal-to-noise ratios of 10 dB
and 20 dB are set for all speech commands.

White noise is the noise with equal noise power spectral density contained in each
equal-bandwidth frequency band over a wide range of frequencies, so we simulate
domestic appliances noise in a domestic environment with white noise. Pink noise has
equal intensity at each octave, i.e., it has the same or similar energy in a certain range
(octave), so it is used to simulate industrial machinery noise. Volvo noise is directly
defined as car noise, and it is used to simulate traffic noise.

The experiment results are shown in Table 2. The recognition effect of the home
service robot based on the speech recognition method of CLSTM-HMMmodel is better
than that of the home service robot based on other methods under different signal-to-
noise ratios. The recognition rates reach 90.92% under white noise, 91.44% under pink
noise, and 91.36% under Volvo noise respectively.
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Table 2. Recognition rate of different acoustic models in home noise environment

Noise type Acoustic model Signal-to-noise ratio/dB

10 dB 20 dB

White GMM-HMM 81.34% 84.75%

CNN-HMM 85.75% 88.16%

RNN-HMM 84.83% 87.53%

CLSTM-HMM 88.51% 90.92%

Pink GMM-HMM 81.86% 84.91%

CNN-HMM 86.54% 89.17%

RNN-HMM 85.64% 88.49%

CLSTM-HMM 88.73% 91.44%

Volvo GMM-HMM 75.91% 83.47%

CNN-HMM 85.62% 88.06%

RNN-HMM 84.35% 87.86%

CLSTM-HMM 88.97% 91.36%

At the meantime, a comparison with previous studies indicates that our method still
has good results. The recognition rate of HMM/ANN [29] is 79.2% at 10 db and 89.1% at
20 db. Compared with its method, CLSTM-HMM hybrid acoustic model-based speech
recognition method we studied is more noise resistant and accurate in the domestic
environment.

The reason is that the hybrid speech feature TEOGFCC + �TEOGFCC extraction
method can extract the hybrid speech features that can better represent the speech char-
acteristics under certain noise environment. the ability of CNN to extract deep features
and the LSTM speech network structure not only reduce the training time of acoustic
models, but also overcome the diversity of speech signals well.

4.2 Simulation Results

In this chapter, the home service robots based on CLSTM-HMM hybrid acoustic model
speech recognitionmethod is simulated in domestic noise.We set up a 14.04 LTSUbuntu
system and an Indigo ROS system for this simulation.

The communication mechanism of ROS is used to connect the individual mod-
ules together to complete the voice commands control system. The communication
relationship between the nodes is shown in the Fig. 7.

According to Fig. 7, the box indicates the message, the ellipse indicates the node,
and the rectangle indicates the topic. /audio_capture to get the voice commands con-
trol signal captured through microphone and publish the message to /microphone topic;
/wakeup_node subscribes to //microphone topic, detecting whether the input voice com-
mands control signal is a valid voice commands to start the speech recognition system,
and then, sends the valid voice commands control signal as a message to the /asr_topic
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Fig. 7. The node relationship diagram of speech control system in ROS system.

topic; /asr_node subscribes to the /asr_topic topic, sends the detected valid voice com-
mands control signal to the language library for matching, and publishes the message
to the /command_topic topic; node /command_node subscribes to the /command_topic
topic, and after The node /voice_node subscribes to the /command_topic topic, receives
voice commands and transmits them to the robot to control the movement of the robot.

Fig. a   Fig. b Fig. c   Fig. d  

Fig. 8. Simulation results of the speech-controlled robot.

The robot recognizes the voice commands and completes the corresponding actions
by the speech recognition method in this paper. The results are shown in Fig. 8. Fig. a,
b, c, and d show the results of the robot recognizing voice commands “Forward”, “Turn
right”, “Turn left”, and “Backward”.And complete the corresponding actions.According
to Fig. 8, it can be shown for different voice commands, the robot can complete the
corresponding actions.

5 Conclusion

We propose a speech recognition method based on a hybrid CLSTM-HMM acoustic
model to address the inability of home service robots to recognize speech commands
from domestic noise. Hybrid speech features TEOGFCC+ �TEOGFCC well represent
the speech characteristics, CNN has excellent feature extraction ability, and LSTM and
HMM show powerful ability in speech recognition. The experiment in domestic noise
shows that the speech recognitionmethod of home service robot based onCLSTM-HMM
hybrid acoustic model has satisfying recognition effect in domestic noise.

In this paper, the response time is also one of the factors that affect the effectiveness
of speech control for home service robots, so this study will be the focus of our future
work.
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Abstract. Infrared-Visible person re-identification is a kind of cross-modality
person re-identification. The purpose of the task is that given a person image we
need to find another image on the same person from gallery. The query images and
gallery images are not only in RGBmodality but in infrared modality as well. The
cross-modality person ReID task can deal with the limitation of single modality
becausewe usually can get images inmore than onemodality. In our work, we take
advantage of both global feature and local feature. We use a dual-path structure to
extract features from RGB images and infrared images respectively. Besides, we
add the LSTM structure in each path to learn the serialized local features. The loss
function consists of cross-entropy loss and hetero-center loss so that themodel can
bridge the cross-modality and intra-modality gaps to capture the modality-shared
features and improve the cross-modality similarity. Finally, we do experiments
on two datasets including SYSU-MM01 and RegDB, then compare with other
methods in recent studies.

Keywords: Infrared-Visible person re-identification · Cross-modality ·
Dual-path structure · Serialized local feature learning

1 Introduction

Person re-identification (PReID) is a technology that uses computer vision in machine
learning to determinewhether the person images captured by different cameras are same.
This technology iswidely used in public security and intelligent video surveillance [1, 2].
In recent years, PReID has aroused great interest in the computer vision and it has made
great progress. A person re-identification task can be divided into two parts, firstly,
person tracking and image capture, and secondly person identification and retrieval.
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With the rapid development of deep learning and neural network technology, especially
computer vision technology [3–5, 9, 22, 23, 25, 26, 31–33, 36], more and more works
focus on identify the specific pedestrian on visible camera module [6–8]. However, with
the deepening of the research, the researchers found that the image quality in real life
is not really good. In addition, in real life, not all images taken by visible light cameras
are all, and there are many other types of data describing pedestrians, especially infrared
images taken by infrared cameras. When the recognition effect of visible light images
was not satisfactory, the researchers thought of a method of combining infrared image.
The infrared images are single-channel modality which have no color features. Because
of the difference between RGB images and infrared images, the traditional models that
trained on RGB images can not address the problem on cross-modality images, which
is a challenging task.

Some methods have been proposed for the cross-modality PReID. Wu et al. con-
tributed a dataset named SYSU-MM01 [10] and proposed a deep zero-padding model
to address the cross-modality issue. Dai et al. proposed cmGAN [11] jointed triplet loss
and cross-entropy loss. Ye et al. proposed TONE which use two-stream CNN architec-
ture and hierarchical cross-modality metric learning (HCML) [12]. Ye et al. proposed
a two-stream deep model for feature extracting with a bi-directional dual constrained
top-ranking (DCTR) loss [13].

Obviously, we can see that most of methods ignore the discriminative local feature
representations. Due to the differences among camera equipment, the appearance, which
is a global feature, is easily affected by wearing, scale, occlusion, posture and viewing
angle, etc. But the local characteristics of the same pedestrian are similar, which contains
many visible details such as the type of clothes or the style of the shoes. Therefore, the
local feature representations have significant discriminability and are not affected by the
cross-modality modes [14].

In our work, we use a dual-path model which contains two individual branches
to extract each modality features respectively, one is visible stream and the other is
infrared stream. We use the ResNet50 [15] model as the backbone of the model. We
use the attention mechanism to make the model extract local feature representations
instead of global information fromcross-modal images.We split the featuremaps learned
by the two branches into several stripes and use LSTM or Transformer to learn the
local information. Finally, we do experiments on two public datasets SYSU-MM01 and
RegDB and achieve great performance.

2 Related Works

Many approaches that deal with the cross-modality retrieval problem were proposed
under such condition that there is a gap between RGB domains and infrared domains.
Most of current studies present a cross-modality matching deep model in RGB domains.
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Kai et al. proposed a pedestrian identification method in infrared images that only
relied on local image features, combining re-identification with pedestrian detection and
tracking methods [18]. Mϕgelmose et al. proposed a pedestrian re-identification method
that combines visible light image, depth information and thermal infrared image data
[19].Wu et al. found that both the dual-stream structure and the fully-connected structure
can be represented by a single-stream network structure under special circumstances,
and proposed a single-stream network using a deep zero-filling method [20]. In addition,
Wu also created a benchmark dataset SYSU-MM01 [10] for pedestrian re-recognition
in infrared images. Ye et al. proposed a dual-stream network learning identifiable fea-
ture representation with high-order loss with bidirectional constraints [12], taking into
account the feature changes between and within modalities, and then combining feature
loss and contrast loss to improve the dual-stream network, and proposed a hierarchical
cross-modal learning method called HCML(Hierarchical cross-modality metric learn-
ing) [12]. Aiming at the problem of insufficient identification information for the same
pedestrian between visible light and infrared images, Dai et al. designed a cross-modal
generation confrontation network [21] and the CMC and mAP on the SYSU-MM01
dataset are 12.17% and 11.85% higher than the work of Wu et al., respectively. Wang
et al. proposed a dual-level discrepancy reduction learning scheme, D2RL (Dual-level
Discrepancy Reduction Learning scheme) [16]. They were the first to use the GAN
network to synthesize a multi-spectral image of two types of images of visible light
and infrared images for person re-identification under infrared conditions. Zhu et al.
design a novel loss function (named HC Loss) [17] to constrain the distance between
two centers of heterogenous modality. Based on that, Wu et al. propose a novel atten-
tion mechanism named Position Attention-guided Learning Module (PALM) to capture
long-range dependencies and enhance the discriminative local feature representations
of heterogenous modality.

3 Proposed Method

Wewill introduce themodel of our proposed framework andmethods, as shown in Fig. 1.
The proposed model mainly composed of three components: (1) Dual-path structure,
(2) Serialized local feature learning, (3) Cross-entropy loss and hetero-center loss.

3.1 Dual-Path Structure

To extract the person features in the cross-modality problem, we use a dual-path local
information structure as the basic architecture. As its name, there are two paths in this
structure. One is a visible path for the RGB images and the other is an infrared path for
the infrared images. And we use two ResNet-50 networks as the backbone for both paths
respectively to extract person features in each modality. The ResNet-50 is pre-trained
model, which has four res-convolution modules, we can also call them four stages.
These modules are independent the two paths so that they can extract some specific
person features in different modality independently.
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Fig. 1. The overall structure of the model.We use the dual-path structure as the basic architecture.
We use pre-trained ResNet-50 networks as the backbone to extract modality feature. The bidirec-
tional LSTM is used in the side brunch on each path to learn the local feature representation by
part-based method. The loss function is composed of cross-entropy loss and hetero-center loss.

We get the global feature from the backbone but it is not enough. The feature map,
which is the output from backbone, will be divided into several stripes horizontally and
use average pooling and fully connected layer to get feature vectors. Then the vectors
are merged with the features outputted from the side brunch, which is describe in next
section. Finally, themerged feature vectors are feed into twoweight-shared FC layers. At
this step, the feature vectors from two different modalities are cross connected, benefits
the following operation that bridge the gap between two modalities, which is reflected
in the loss function.

3.2 Serialized Local Feature Representation Learning

In order to learn the serialized local feature representation,we use the part-base approach.
An image of a person can be divided into several horizontal stripes. So that the person
can be divided into stripes according to his or her body parts. The horizontal stripes
which contain parts of the person body as well as local feature can be considered as
a sequence. To learn the sequential feature representation, we finally decide to choose
RNN which base on LSTM units. By using RNN model, the feature represent can be
learned with spatial contexts. In the LSTM cell, there are three different gates and they
can forget the information in contexts which is not important and remain the information
in important contexts. The structure of LSTM cell shows in the Fig. 2.

Specifically, we use two LSTM models that do not share their parameters on the
low-level feature in each path respectively. For example, the feature extracted from the
RGB path will be split into sequence and feed into a side brunch, which is built as
bidirectional LSTM. The result feature vector will be merged into the feature vector that
result from original path, and then calculate the loss. The infrared path has the same
structure.
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Fig. 2. The structure of LSTMparts. The featuremapwill be slice into several stripes.We consider
all vectors as a sequence and then feed them into a bidirectional LSTM. The output of LSTM is
another sequence of vector and we can get the final vector by pooling operation.

Finally, the loss function consists of twodifferent parts, cross-entropy loss andhetero-
center loss. Our training purpose is to bridge the cross-modality and intra-modality gaps
to capture the modality-shared features and improve the cross-modality similarity. So
that we use the cross-entropy loss (CE loss) for each path to learn the modality-specific
features for classification. The CE loss function can be formulated as:

LCE = −
∑N

n=1
log

eW
T
yn xn+byn

∑I
i=1 e

WT
i xn+bi

(1)

where N denotes the batch size, and Wi denotes the ith column of the weights, and b
denotes the bias, and parameter I denotes the number of identities, and xn denotes the
nth visible and infrared features in the yth class.

Besides, we use the Hetero-Center (HC) loss to improve the cross-modality similar-
ity. Hetero-Center (HC) loss depends on the center distance and the difference between
two modality feature distributions. Hetero-Center (HC) loss is formulated as:

LHC =
∑M

m=1

[∥∥Cm,1 − Cm,2
∥∥2
2

]
(2)

where Cm,1 = 1
V

∑V
n=1 Xm,1,n and Cm,2 = 1

I

∑I
n=1 Xm,2,n is the centers of feature

representations of visible images and infrared images in the ith class. V and I denote the
numbers of visible images and infrared images in the ith class respectively, and M is the
number of classes.

4 Experiments

4.1 Dataset Description

SYSU-MM01[10] is the largest dataset for cross-modality person Re-ID. There are
287,628 RGB images captured by four visible cameras and 15,729 infrared images
captured by two infrared cameras. There 491 identities in the dataset and each of them is
captured by at least one visible camera and one infrared camera. The whole dataset can
be divided into two parts: training set and test set. In the training set, there are 22,258
RGB images and 11,909 infrared images, which contains 395 different identities. As
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for test set, there are 301 RGB images and 3,803 infrared images, which contains 96
different identities.

RegDB is captured by dual-camera systems [24]. There are 8,240 images in the
dataset, which contains 412 identities. There are 206 identities in the training and 206
identities in the test set. There are 10 different RGB images and 10 different infrared
images for each identity respectively.

The evaluation metrics which including Cumulative Matching Characteristics
(CMC) and mean Average Precisions (mAP) are applied in all experiments.

SYSU-MM01 RegDB

Fig. 3. Examples from the SYSU-MM01 and RegDB benchmarks.

4.2 Implementation Details

The experiments are deployed on a TITAN XP GPU. The deep learning framework is
PyTorch. The backbone network is the pre-trained ResNet-50. The size of input person
images are 288 × 144. We use data augmentation mechanism such as random erasing
and horizontal random flipping methods. Learning rate is initially set to 0.01 and the
momentum is set to 0.9. The batch size is set to 64. The number of person identities is
set to 4 in a batch and there are 8 RGB images and 8 infrared images for each identity
respectively.
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4.3 Comparison with Other Methods

We do experiments on our method and compare the performance with other methods,
including HOG [25], LOMO [26], Two-stream [10], Zero-Padding [10], TONE [12],
TONE + HCML [12], BCTR [13], BDTR [13], cmGAN [11], D2RL [16], AlignGAN
[40], CMGN [43], HC Loss [34], JSIA-ReID [44], XIV [45].

Table 1. Comparisons on SYSU-MM01

Methods Rank-1 Rank-10 Rank-20 mAP

HOG [25] 2.76 18.25 31.91 4.24

LOMO [26] 3.64 23.18 37.28 4.53

Two-stream [10] 11.65 47.99 65.50 12.85

Zero-Padding [10] 14.80 54.12 71.33 15.95

TONE [12] 12.52 50.72 68.60 14.42

TONE + HCML [12] 14.32 53.16 69.17 16.16

BCTR [13] 16.12 54.90 71.47 19.15

BDTR [13] 17.01 55.43 71.96 19.66

cmGAN [11] 26.97 67.51 80.56 27.80

D2RL [16] 28.90 70.60 82.40 29.20

AlignGAN [29] 42.40 85.00 93.70 40.70

CMGN [30] 27.21 68.19 81.76 27.91

HC Loss [17] 56.96 91.50 96.82 54.95

JSIA-ReID [44] 38.10 80.70 89.90 36.90

XIV [45] 49.92 89.79 95.96 50.73

Ours 54.88 90.27 95.87 54.10

We evaluate our model on SYSU-MM01 dataset. Table 1 shows the comparative
results on Rank-1, Rank-10, Rank-20 accuracy and mAP value of our model and other
methods. In our model, Rank-1 accuracy is 54.88%, and Rank-10 accuracy is 90.27%,
and Rank-20 accuracy is 95.87%, and mAP is 57.21%. Most of the results are higher
than other methods that we list in the table.

We also evaluate our model on RegDB dataset. The results are showed in Table 2.
In our model, Rank-1 accuracy is 85.05%, and Rank-10 accuracy is 96.94%, and mAP
72.87% performance. It can be seen that all the results is higher than other methods
which we list in the table.
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Table 2. State-of-the-art comparisons on RegDB

Methods Rank-1 Rank-10 mAP

HOG [25] 13.49 33.22 10.31

LOMO [26] 0.85 2.47 2.28

Two-stream [10] 12.43 30.36 13.42

Zero-Padding [10] 17.75 34.21 18.90

TONE [12] 16.87 34.03 14.92

TONE + HCML [12] 24.44 47.53 20.80

BCTR [13] 32.67 57.64 30.99

BDTR [13] 33.47 58.42 31.83

D2RL [16] 43.40 66.10 44.10

AlignGAN [29] 57.90 – 53.60

CMGN [30] 35.13 61.07 32.14

HC Loss [17] 83.00 – 72.00

JSIA-ReID [34] 48.50 – 49.30

XIV [35] 62.21 83.13 60.18

Ours 85.05 96.94 72.87

5 Conclusions

In our work, we adopt a dual-path structure as the basic structure, which consists of two
independent brunches for each modality respectively. The backbone of each brunch is
a pre-trained ResNet-50 network, which can extract features. The outputs of ResNet-
50 are divided into several stripes to learn local feature. What’s more, we add a side
brunch for each path respectively to learn serialized local feature representation, which
contains a bidirectional LSTM.We consider the split local features as a sequence so that
the connection among the local features can be extracted. Finally, we conduct the joint
supervision of cross-entropy loss and hetero-center loss. The proposed methods get nice
performance on the two benchmark datasets including SYSU-MM01 and RegDB.
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A Novel Decision Mechanism for Image Edge
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Abstract. Edge detection plays an important role in image processing and com-
puter vision tasks such as image matching and image segmentation. In this paper,
we argue that edges in image should always be detected even under different image
rotation transformations or noise conditions. Then a novel edge detection method
is presented for improving the robustness of image edge detection. Firstly, we per-
form the following operations on the input image to obtain a set of images: random
destruction operation, random rotation operation, and randomly addition of Gaus-
sian noisewith zeromean and randomvariance. Secondly,multi-directionalGabor
filters with multiple scales are used as a tool to smooth the set of images and obtain
candidate edges from the set of images. Thirdly, a novel edge decision mecha-
nism is designed with a 0.95 confidence interval for selecting true edges from the
candidate edges. Finally, two edge detection evaluation criteria (i.e., the aggregate
test receiver-operating-characteristic and the Pratt’s figure of merit) are utilized to
evaluate the proposed edge detectionmethod against five state-of-the-art methods.
The experimental results show that our proposed method outperforms all the other
tested methods.

Keywords: Multi-directional Gabor filters with multiple scales · Edge
detection · Edge decision mechanism

1 Introduction

Edge detection is one of the most fundamental operations in the field of image analysis
and image processing [13]. The extracted edge contours from input images are widely
used as critical cues for various image understanding tasks such as image segmentation
[23], object detection [15], and corner detection [28, 30]. The existing edge detection
methods can be roughly divided into three categories [9]: hand-crafted based methods
[9, 16, 19, 31], classical learning based methods [6, 14, 25], and deep learning based
methods [4, 10, 11]. Hand-crafted based methods mainly utilize gradient information of
images for extracting edges. In [16], gravity field intensity operator is used to replace the
image intensity operator in the Canny method for improving the accuracy performance
of edge detection. In [20], Hough transformation is utilized to replace the operation of
hysteresis threshold setting in the Canny method for reducing the impact of threshold on
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edge detection. In [31], anisotropic Gaussian filters with automatic scales are designed
for detecting edges from input images and a novel edge connection strategy is proposed
for extracting cross edges from images. Classical learning-based methods mainly utilize
object level supervisionmodels [22] or hand-crafted feature information [1] to learn edge
features for extracting edges from images. In [6], a structured random forest [8] is trained
for extracting edges from images. Meanwhile, principal component analysis technique
[26] is employed for improving the speed of the training process. In [14], edge detection
is mapped as a curve searching task in a 2D discrete space. The hierarchically construct
difference filters are applied to complete this process of search. Deep learning based
methodsmainly employmulti-level hierarchical features in convolutional neural network
models for extracting edges from images. In [11], the feature information extracted by
each convolutional layer of the VGG network is merged to locate image edges. In [10],
the ground truth of image edges and the edges detected by the Canny detector with
different scale parameters are utilized to train each convolutional layer of VGG-16 for
improving robustness of image edge detection. Deng et al. [4] designed an end-to-end
network architecture to effectively utilize hierarchical feature information and output
precise boundary masks for detecting edges.

In [3], Canny proposed three criteria for image edge detection: signal-to-noise ratio,
localization accuracy, and single edge accuracy. Meanwhile, Canny presented a famous
Canny edge detection method. Following the three edge detection criteria, many edge
detection methods [7, 9, 14, 27, 31] were proposed for detecting edges from images.
There are twomain problems for the existing edgedetectionmethod: (1) they are sensitive
for edge detection with image rotation; (2) the results of edge detection greatly depend
on the choice of a threshold. In this paper, we argue that edges in images should always
be detected even under different image rotation transformations or noise conditions.

In this work, we present a new edge detection method which has the ability to
robustly extract edge contours from input images with different image rotation trans-
formations or different thresholds with a given confidence intervals (e.g., 0.95). Firstly,
we perform serval operations on the input image to obtain a set of images. Secondly,
multi-directional Gabor filters [12, 17] with multiple scales are used as a tool to smooth
the set of images and obtain candidate edges from the set of images. Thirdly, a novel
edge decision mechanism is designed with a 0.95 confidence interval for selecting true
edges from the candidate edges. Finally, two edge detection evaluation criteria (i.e., the
aggregate test ROC [2] and the FOM [24]) are utilized to evaluate the proposed edge
detection method against five state-of-the-art methods. The experimental results show
that our proposed method outperforms all the other tested methods.

2 Proposed Method

In this section, the imaginary part of Gabor filters (IPGFs) is briefly introduced, and then
a novel edge detection method with a novel edge decision mechanism is proposed.

2.1 The Imaginary Part of Multi-directional Gabor Filters

It was proved that the IPGFs have high response value to linear parts of an image and are
robust to different image scales and rotation transformations [12, 17]. In this paper, the
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multi-directional IPGFs are applied to extract the local intensity variation information
of an input image I(x, y) for detecting edges. A two-dimensional discrete IPGF with a
rotation angle θk = πk

K , k = 0, 1,…, K-1, can be expressed as

ϕ(m, n; ∈, α, β, k) = ∈2

παβ
exp

(
−

((∈2

α2

)
p2 +

(∈2

β2

)
q2

))
sin(2π ∈ p),

p = m cos θk + n sin θk ,

q = −m sin θk + n cos θk .

(1)

where α and β are the sharpness along the major and minor axis respectively which
control the shape of the IPGF, ε is the central frequency of the IPGF, andm, n represents
the pixel coordinate in the integer lattice Z2. An IPGF with θk = 0 is shown in Fig. 1.

Fig. 1. An IPGF with θk = 0, ε = 0.25, α = 1 and β = 1.2.

For an input image I(m,n), the magnitude response of the discrete IPGFs along
orientation θk is calculated as

ξ
(
mx, ny; ∈, α, β, k

) = I
(
mx, ny

) ⊗ ϕ
(
mx, ny; ∈, α, β, k

)
, (2)

where ⊗ denotes a convolution operation.
It is proved in [29] that multi-directional anisotropic filters have the ability to accu-

rately depict the difference between a step edge and other types of edges. Taking a step
edge pixel and an L-type edge as an example, the magnitude response of anisotropic
IPGFs (AIPGFs) and isotropic IPGFs (IIPGFs) on these two type edges are shown in
Fig. 2. It can be seen from Fig. 2 that the magnitude response of the AIPGFs with
multi-directional filtering can depict the difference between step edge and an L-type
edge while the magnitude response of the IIPGFs cannot. Therefore, the anisotropic
multi-directional IPGFs are employed in this paper for smoothing the input image and
detecting edges.
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Fig. 2. A step edge and an L-type edge are shown in (a) and (b) in the first column, the corre-
sponding magnitude responses of AIPGFs and IIPGFs are shown in the second column and the
third column respectively.

2.2 Confidence Interval

Conceptually, a confidence interval [5] is a range that indicates the degree which the
true value is likely to fall around the measured value. For a given set of sample data, we
defined � as the observed object, W as all possible observations, and X as the actual
observations. X is actually a random variable defined on � with a range of values on
W . In this case, for some observed value X = t, the confidence interval is (μ(t), ν(t)). In
fact, if the true value is ω, then the confidence level is the probability ς

c = Pr(u(X ) < w < v(X )), (3)

The calculation of the confidence interval depends on the statistics used. The confidence
interval is calculated at a predetermined significance level δ, which is set to 0.05 in most
cases. It means that the confidence is 0.95. The confidence interval is calculated by

c = Pr(c1 ≤ μ ≤ c2) = 1 − δ, (4)

where Pγ is the probability, δ is the significance level, and μ is the mean value of sample
data.

2.3 New Edge Detection Measure

Our investigation shows that the edge detected by the existing hand-crafted edge detec-
tion algorithm in the image under different rotation transformation and threshold are
both greatly different from that detected in the original image. Take Fig. 3 and Fig. 4 as
examples, the edge detection results from the Canny method [3] for the original image
and the image rotated are shown in Fig. 3. In this test, the parameter settings for theCanny
detector remain the same. It can be seen that some obvious edge contours in the window
area (marked by ‘o’) cannot be detected in the rotated image as shown in Fig. 3(b) and
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(d). The same is that a small threshold value will cause some false edges to be included as
edges (marked by ‘o’) as shown in Fig. 4(b) and a large threshold value will make some
real edges undetectable (marked by ‘o’) as shown in Fig. 4(c). The main reasons are as
follows: (1) The existing hand-crafted image edge detection methods have not carefully
considered the impact of image rotation on the performance of image edge detection.
(2) The detection results of the existing hand-crafted image edge detection methods are
largely affected by the selection of threshold. To solve these problems, we formulate the
edge detection process as a confidence interval based optimization problem. Based on
the confidence interval proposed in the previous section, an edge detection method with
a novel edge decision strategy is proposed.

Fig. 3. Examples of changes of edge detection results for the original image and the rotated image.
(a) An original image, (b) Edge detection result for the original image, (c) The original image
is rotated by π/4 clockwise, (d) Edge detection result after the original image is rotated by π/4
clockwise.

Fig. 4. The influence of threshold on image edge detection.

Three Operations on an Input Image. In this paper, we argue that edges in an image
should always be detected even under different image transformations or noise condi-
tions. Follow this concept, a series of operations are performed on the input image to
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obtain a robust edge detector:Random destruction: Given an input image I, we uniformly
partition the image into R * S sub-regions as shown in Fig. 5(a). Random rotation: Given
an input image I, it is randomly rotated by θk clockwise as shown in Fig. 5(b). Random
Gaussian noise: Zero-mean white Gaussian noise with random variance is added to the
input image I to generate noisy images with different variances as shown in Fig. 5(c).

Fig. 5. Three operations on an input image.

Candidate edges extracted by the AIPGFs with multiple scales. For an input image
I(m, n), a series of images 
(m, n) are obtained based on the image operations we
designed. Subsequently, the multi-directional AIPGFs with multiple scales are utilized
to smooth the images 
(m, n) and I(m, n) respectively as follows

ξσ,k
(
mx, ny

) = I
(
mx, ny

) ⊗ ϕ
(
mx, ny; ∈, α, β.k

)
,

∈= 0.25 ×
(√

2
)σ−1

.
(5)

where ξσ,k(mx, ny) represents the magnitude response of AIPMGFs with scale σ along
direction k.

The discrete edge strength map (ESM) at each scale is constructed by the maximum
magnitude response of AIPMGFs as follows

ESM
(
Iσ

(
mx, ny

)) = max
k=0,1,...,K−1

{∣∣ξσ,k
(
mx, ny

)∣∣}, (6)
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Edge Extraction Strategy Based on the Confidence Interval. After obtaining the
multi-scale ESMs of each image of image sets 
(m, n), the non-maximum suppres-
sion and double threshold technique proposed in the Canny algorithm [3] are applied
to obtain the multi-scale candidate edge feature map (CEFP) sets from each image of
image sets 
(m, n).

Finally, for an edge point (mx, ny) in the CEFP of the original image, if the edge point
exists in the neighborhood (here, N = 4) corresponding to the CEFP of the transformed
image, the MEFPi(mx, ny) is equal to 1. Otherwise, the edge point (mx, ny) is defined
as a false edge point, and the MEFPi(mx, ny) is equal to 0. The determination formula
is as follows

MEFPi
(
mx, ny

) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

1, if
N /2∑

a=−N /2

N /2∑
b=−N /2



(
(mx + a),

(
ny + b

)) ≥ 1

0, if
N /2∑

a=−N /2

N /2∑
b=−N /2



(
(mx + a),

(
ny + b

)) = 0
, (7)

Take the image ‘Vegetables’ as an example, the edge detection results of 27 trans-
formed images obtained by three image operations with multiple scales are shown in
Fig. 6. After combining the 27 CEFPs to obtain the final edge feature map, the edge pixel
probability of each pixel is defined as the ratio between the value of final edge feature
map in same position and the total number of the transformation images. Subsequently,
pixels with a probability value higher than 0.95 are defined as edge pixels. The procedure
of edge extraction based on confidence interval is shown in Fig. 6.

The outline of the proposed edge detection method is summarized as follow:

1. A series of operations are performed on the input image to obtain a set of transformed
images.

2. Multi-directional IPGFs with multiple scales are used to smooth the series of images
and obtain multi-scale ESMs of each transformed image and original image.

3. The non-maximum suppression and double threshold technique proposed in the
Canny algorithm [3] are applied to obtain the multi-scale CEFP sets for each image.

4. Combine 27 CEFPs to obtain the final edge feature map and calculate the confidence
probability of candidate edge points.

5. Obtain the final edge pixels by the confidence threshold.

3 Experiment Results and Performance Evaluation

In this section, the aggregate test ROC [2] and the FOM [24] are applied to evaluated
the edge detection performance for six state-of-the-art detectors (the ANDD [31], the
AMDD[18], the IAGKs [19], theCanny [3], the edgedrawing (ED) [21] and the proposed
method).

The codes for these methods are from authors. The parameter settings for the pro-
posed detector are: K = 8, ε = 0.25, α = 1, β = 1.2, σ1 = 1, σ2 = 2 and σ3 = 3.
Three angles are randomly selected from [0, 2π] to rotate the image clockwise, and
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Fig. 6. Edge extraction schematic drawing based on confidence interval. (a) The original image,
(b) The CEPF from the original image, (c) The result of edge detection with σ1, (d) The result of
edge detection with σ2, (e) The result of edge detection with σ3, (f) The final edge detection result
from the original.

the random variance of Gaussian noise is random selected from [1, 15], R and S are
randomly selected from [1, 8]. The percentage of not-edge pixels ζ is 0.8, and the factor
of threshold ratio τ is 0.15.

3.1 The Evaluation of ROC

For the detected edge pixel sets, if there exists an edge pixel that belongs to the detected
edge set which is not far away from the ground truth, a true positive (TP) is determined.
Conversely, when an edge point is near the non-edge region of the ground truth, it is
recorded as a false positive (FP). Let nTP and nFP be the number of pixels of true
positive and false positive respectively. Let ne and nne be the number of edge pixels and
non-edge pixels in the ground truth. Therefore, the detection result on ROC curve can
be expressed by the unmatched metric and the FP metric:
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γUnmatch = 1 − nTP
ne

,

γFP = nFP
nne

.
(8)

In order to avoid the influence of parameter selection on the edge detection performance
of a detector, the ROC curve on the optimal parameters is trained on a single image at
first. And then the test is carried out on the image set. The average value of all the ROC
curves of the images is used to obtain the overall test ROC curve. The image database
contains a set of fifty object images and another set of ten aerial images with the specified
ground truths.

The Canny detector [3] has the scale factor σ, the percent of not-edge pixels ζ, and
the factor of threshold ratio τ to adjust. The parameter settings are taken in the set σ

= 1, 1.2,…, 5, ζ = 0.6, 0.61,…, 0.95, and τ = 0.2, 0.21,…,0.5. The ANDD detector
[31] and the AMDD detector [18] both have five adjustable parameters: the number of
orientations, the anisotropic factor ρ = 1/

√
( π
2K ), scale factor σ, the percent of not-edge

pixels ζ, and the factor of threshold ratio τ. The parameter settings are K = 4, 6,…, 12,
σ2 = ρ2, ρ2 + 1,…, ρ2 + 10, ζ = 0.6, 0.61,…, 0.95 and τ = 0.1, 0.15,…, 0.6. The
adjustable parameters of the ED [21] detector include the scale factor σ, the gradient
threshold Gth, the percentage of not-edge pixels ζ, and the factor of threshold ratio τ.
The allowable setting range of these parameters are σ = 1, 1.2…, 0.6, Gth = 2, 4,…,48,
ζ = 0.6, 0.61,…, 0.95 and τ = 0.1. The IAGKs [19] needs to set four parameters. the
anisotropic factor ρ2 = 2, 3,…, 12, the scale factor σ2 = 2, 3,…, 12, the percent of
not-edge pixels ζ = 0.6, 0.61,…, 0.95 and the factor of threshold ratio τ = 0.1, 0.15,…,
0.6.

Fig. 7. Comparison of the aggregate test ROC of the six detectors for the set of object images and
aerial images. (a) Aggregate test ROC curves-Objects, (b) Aggregate test ROC curves-Aerials.

The results shown inFig. 7 are theROCs curve for the noise-free case.Comparedwith
other methods, the proposed detector achieves the best performance on edge detection.
The ANDD [31] and the AMDD [18] detectors achieve the sub-optimal performance.
The performance of the IAGKs [19], the Canny [3], and the ED [21] detectors are
relatively weak. The main reason is that these methods apply the isotropic filter to obtain
the edge response, which cannot accurately exactly the intensity variation information
on edge.
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3.2 FOM Evaluation

Let ne be the number of edge pixels in the ideal edge and nd be the number of edge pixels
in the detected edge. The FOM metric can be defined as:

FOM = 1

max(ne, nd )

∑nd

k=1

1

1 + ωd(k)2
, (9)

where d(k) is the distance from the kth detected edge pixel to the ideal edge pixel, and ω

is set to1/4. The value range of FOM is [0.1]. An excellent FOM detection result should
be 1, which means that all edge pixels are detected in the ideal edge and no false edge
pixels appear. The closer FOM is to 1, the better edge detection performance is.

Fig. 8. Five test images for the FOM evaluation.

The images with five different scenes used for FOM evaluation are shown in Fig. 8.
Firstly, by adjusting the high-low threshold ratio to 0.5, three edge maps with almost
the same number of edge pixels were obtained from three detectors (the Canny detector,
the ANDDmethod, and the proposed detector). Then the ideal edge is formed by two of
the three edge maps whose edge pixels exist at least. Secondly, based on the ideal edge
map, the noise robustness of the three detectors is evaluated by the change of their FOM
with the noise level. Edge maps by the three detectors for noise-free ‘block’ image is
shown in Fig. 9 and the edge map by the three detectors at εω = 15 is shown in Fig. 10.
Obviously, the proposed detector is more robust to noise than the other detectors. That is,
as the noise level increases, its FOM decreases more slowly than the other two detectors.
The reason is that the method in this paper selects the confidence set up with many noise
levels inside the space of intervention, which help produce fewer false edges, which is
consistent with our previous ROC assessment. At noise levels εω = 5, 10 and 15, the
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FOM of the three detectors are summarized in Table 1 and the algorithm complexity is
obtained by calculating the average time of the proposed algorithm being executed 100
times is shown in Table 2.

Fig. 9. Edgemaps by the three detectors for the noise free ‘Blocks’ image. (a) Noise free ‘Blocks’
image, (b) Edge map by the Canny detector with the percentage of non-edge pixels 0.6, (c) Edge
map by the ANDD detector with the percentage of non-edge pixels 0.64, (d) Edge map by the
proposed detector with the percentage of non-edge pixels 0.71.

Fig. 10. Visual comparison of the three detectors at εω = 10. (a) The ideal edge map, (b) Edge
map by the Canny detector, (c) Edge map by the ANDD detector, (d) Edge map by the proposed
detector.
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Table 1. FOM comparison of the three detectors at three noise levels, where each cell lists the
FOM and the number of detected edge pixels (NDEPs)

Image/
ideal edge
pixels

Noise level

Canny ANDD Proposed

εω = 5 εω =
10

εω =
15

εω = 5 εω =
10

εω =
15

εω = 5 εω =
10

εω =
15

Sofa FOM 0.8601 0.8436 0.8174 0.8905 0.8633 0.8158 0.9088 0.9723 0.8207

/15,139 NDEPs 15181 15154 15157 15144 15133 15110 15189 15201 15144

Lena FOM 0.8792 0.8480 0.7992 0.8854 0.8461 0.8001 0.9217 0.8902 0.8211

/17,758 NDEPs 18020 17921 17978 18101 17680 17830 18031 18013 17893

Block FOM 0.9480 0.9341 0.9357 0.9601 0.9578 0.9398 0.9758 0.9586 0.9573

/1973 NDEPs 1981 1963 1980 1989 1970 1960 1976 1972 1972

Shave FOM 0.8337 0.7710 0.7394 0.8494 0.8123 0.7613 0.8732 0.8152 0.7915

/6277 NDEPs 6234 6197 6221 6208 6215 6278 6293 6208 6270

House FOM 0.9394 0.9287 0.9172 0.9401 0.9350 0.9189 0.9672 0.9520 0.9386

/2996 NDEPs 3005 2982 2986 2980 2983 30024 2989 2987 3013

Table 2. Mean run-time of the proposed edge detector.

Task Times(s)

Sofa Lena Block Shave House

Three operations 0.23 0.28 0.16 0.36 0.22

Candidate edges extracted 4.64 5.69 3.26 6.52 3.87

Edge extraction on the confidence interval 0.36 0.65 0.29 0.74 0.28

4 Conclusions

In this paper, we argue that edges in an image should be always detected even under
different image rotation transformations or noise conditions. Then, we present a new
edge detection method which has the ability to robustly extract edge contours from input
images in different image rotation transformations or different thresholds with a given
confidence intervals (e.g.,0.95). Firstly, we perform serval operations on the input image
to obtain a set of images. Secondly, multi-directional Gabor filters with multiple scales
are used as a tool to smooth the set of images and obtain candidate edges from the set of
images. Thirdly, a novel edge decision mechanism is designed with a 0.95 confidence
interval for selecting true edges from the candidate edges. Finally, two edge detection
evaluation criteria (i.e., the aggregate test receiver-operating-characteristic (ROC) and
the Pratt’s figure of merit (FOM)) are utilized to evaluate the proposed edge detection
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method against five state-of-the-art methods. The experimental results show that our
proposed method outperforms all the other tested methods. Furthermore, the proposed
edge detection method has a great potential to be applied in image segmentation and
many other image processing and computer vision tasks such as object detection and
image matching.
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Abstract. Nepal suffers from earthquakes frequently as it lies in a highly earth-
quake prone region. The relief that is to be sent to the earthquake affected area
requires rapid earliest assessment of the impact in the area. The number of dam-
aged buildings provides us with the necessary information and can be used to
assess the impact. Disaster damage assessment is one of the most important parts
in providing information about the impact to the affected areas after the disas-
ter. Rapid earthquake damage assessment can be done via the satellite imagery
of the affected areas. This research work implements the Region Proposal Net-
work (RPN) and You only look once (Yolo) v3 for generating region proposals
and detection. Sliding window approach has been implemented for the method to
work on large satellite imagery. The obtained detection has been com-pared with
the ground truth. The proposed method achieved the overall F1 score of 0.89 as
well as Precision of 0.94 and Recall of 0.86.

Keywords: Disaster · Earthquake · RPN · Yolo v3 · Satellite imagery · Remote
sensing

1 Introduction

Earthquakes aremore frequent inNepal due to its fragile geography and location between
the Eurasian and Indian tectonic plates [1]. In such conditions, planning the relief works
is a huge task for the government. Planning relief works require information about the
damage caused by disaster. Multiple factors are responsible for determining the damage
caused by the disaster. Some of these factors are damage to structures, landmass changes,
number of deaths and impact on people’s life. Over the past few decades, researchers
have tried multiple ways to assess the damage from the disaster.

One of the early research papers published in IEEE was building detection from
high-resolution satellite image by Wei Liu and V. Prinet [2] which deals with the build-
ing detection using probability model. These authors worked on probabilistic model
to extract buildings images from satellite imagery. However, this work cannot be gen-
eralized i.e. model created for one scene cannot be used for another scene. Another
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interesting approach was implemented by Amy Zhang, Xianming Liu, Andreas Gros
and Tobias Tiecke was building detection from satellite images on a Global Scale [3].
Their approach used the image segmentation and classification model. They employed
the use of pixel wise segmentation to detect buildings. In the same manner, another
work on damage assessment was done by L. Chiroiu and G. Andre [4]. These authors
employed the use of high-resolution satellite imagery for the assessment of 2001, Bhuj,
India earth-quake by using the optical and radar satellite imagery of the affected area as
basis for assessment. Similarly, M.R. Archana et al. [5] gave an interesting approach for
earthquake assessment using pre-event and post-event imagery by focusing on similarity
between both images by assuming that the buildings must have rectangular footprint and
isolated.

Another interesting work is done by Chandan Dinesh Parape and Masayuki Tamura
of KyotoUniversity Japan [6] by employing the usage of themorphological operators for
segmenting images while ISODATA for the feature extraction and classification. This
method used the pre-disaster and post-disaster images for processing and comparing
with the ground truth. One of the major flaws of this work is that this method cannot be
generalized to segment images as the reflectance changes from image to image. In the
same field, Facebook AI Research group [7] has been doing some advanced research
in recent times. They proposed a new approach to segment the buildings by utilizing
the two-stage procedure with Region Proposal Network in the first stage and predicting
the class and box offset. This method works by extracting proposed multiple regions
of interest and classification is done in a second step. This method has considerable
accuracy on smaller images but fails to predict considerably in larger images. Faster
R-CNN based method has been applied in the multiple types of damage assessment [8]
but further research is necessary to apply it for damage assessment from satellite images.
YOLO (You only look once) [9], a one stage detector algorithm has been applied for
detection of col-lapsed buildings in post-earthquake remote sensing images [10]. This
method detects well in images with a smaller number of buildings but further evaluation
in larger images with many buildings is necessary.

In this regard, this research work incorporates the backbone of two stage detectors
(Faster R-CNN) i.e. Region Proposal Network along with the (One stage detectors) Yolo
v3 classifier due to its great classification accuracy. In addition, the sliding window [11]
approach to process on large satellite imagery is also proposed in this research so that
processing can be done even on a small computing machine. The segmentation approach
implemented in this researchwork is highly generalized and can be used to detect objects
other than “building” by training with a dataset having required labels.

2 Proposed Methodology

The current research work implements the usage of Region Proposal Network (RPN)
and Yolo v3 to detect the buildings from pre-disaster and post-disaster satellite imagery.
The proposed method combines both methods for the optimal detection of buildings.
The block diagram for the proposed method is shown in Fig. 1.



290 S. P. Panday et al.

Fig. 1. Block diagram

2.1 Dataset

For the initial implementation, two datasets were used namely Crowd AI Map-ping
Challenge dataset [12] and AWS space net challenge dataset [13]. Both of these datasets
are available online and can be downloaded from their official websites. The proposed
model was trained using these online available dataset. For the case of Nepal, the model
trained on the above-mentioned dataset fails due to the different orientation, shapes and
colors of the buildings. To solve this issue, satellite imagery of rural areas of Nepal was
acquired and annotated for the ground truth.

Satellite imagery has been acquired from Bing satellite images [14] (due to best pos-
sible image present) via the SAS Nightly Software. Satellite imagery has been acquired
for the areas in the Sindhupalchok district, Nepal. The acquired imagery was of the zoom
level of 20. The higher zoom only increased the size of image but was not clear. The
zoom level 20 provided the most affordable resolution. These acquired images are quite
large in size. For the ease of annotation, the images are cropped in the size of 512 * 512.
These slices are smaller in size and can be used for the training. The generated slices of
original images are annotated via the VGG annotator tool [15]. This tool provides the
annotations in the MS COCO format.

2.2 Preprocessing

The acquired dataset is preprocessed before proceeding with the training process. For
CrowdAIMapping Challenge Dataset, no preprocessing was required as the dataset was
well balanced and the annotations were in MS COCO format which is suitable for the
training. For the AWS spacenet dataset, the images were over 0.5 MB and the building
footprints were in the form of latitude and longitude. The footprints were converted to
bounding boxes using the utilities provided by the spacenet [13]. To handle large images,
masks were generated using the obtained bounding box and trainingwas done only using
these masks. This method although decreased the time for training but due to loss of
features showed very poor detection. To increase the accuracy, the large images were
resized to 515 * 512. This reduced the size of the image without significant loss of the
features. After resizing, the annotation was converted to the Pascal VOC format which
is suitable for the Yolo v3 classifier training.

Custom dataset has been used to train both RPN and YOLO v3. For RPN, cus-
tom dataset annotations were already in MS COCO format thus no preprocessing was
required. For the YOLO v3, the annotations were converted in the Yolo v3 annotation
format.
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2.3 Region Proposal Network

The Region Proposal Network (RPN) has proven to be very efficient to detect objects in
image and is considered as the backbone of Faster R-CNN [16, 17]. To detect regions
of images where the object lies, a small network is slide over a convolutional feature
map that is the output by the last convolution layer. In default configuration for the RPN,
number of anchors per pixel is taken as 9 i.e., 9 proposals are generated for every pixel in
the image. However, in this work, 21 anchors i.e., 21 proposals are generated for every
pixel in the image have been taken due to various sizes of buildings in satellite imagery.
The total number of proposals for an image is given by Eq. 1.

p = w ∗ h ∗ k (1)

Where p, w, h, k are the number of proposals, width, height and proposals for the pixel
per image respectively. The proposals are assigned labels based on the intersection over
union. The anchors with IOU score over 0.7 are assigned to be ones containing buildings.
In this work, with image size of 512 * 512 and anchor size of 21, the number of proposals
can be calculated using Eq. 1 as 5,505,024 per image. Anchor placement has been shown
for a single pixel in Fig. 2.

As it can be seen, the number of proposals is very large. To reduce the number of
proposals, RPN has been used. RPN can be built over the Resnet, VGG, AlexNet and
DeepNet. In this work, Resnet 101 [18] has been used as the convolutional network
to generate feature maps from the image. Furthermore, in this work, Mask R-CNN [7]
which is an extension of Faster R-CNN by adding a branch for predicting an object mask
(Region of Interest) in parallel with the existing branch for bounding box recognition
will be used.

2.4 Region of Interest

The region proposal network provides us with the so called “proposals”. These pro-
posal regions are extracted from the original image using Python pillow library for the
extraction of region of interests. The obtained proposals are used as regions of interests
and are sent as input to the Yolo v3 classifier.

2.5 Yolo V3

Yolo (You only look once) v3 [19] is a state-of-the-art object detection algorithm which
is able to detect objects in real time and can be used to detect objects in video. This
implementation of Yolo v3 uses Dark net architecture. For the activation function, Yolo
v3 uses the softmax activation function. Softmax function converts numbers into prob-
abilities that sums up to 1. It is generally used to map the non-normalized output of a
network to a probability distribution over predicted output classes.

In this work, the feed ROIs are passed to the Yolo v3 classifier. Yolo v3 classifier
divides the images into regions and predicts bounding boxes and prob-abilities for each
region. A threshold of 0.8 is set for building detection. Regions with probabilities over
the threshold are treated as buildings.
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Fig. 2. Anchor placement for a single pixel.

Fig. 3. Anchor placement for a single pixel.

Yolo v3 detects a large number of objects in images but doesn’t work in the case of
satellite imagery. The default Yolo v3 classes don’t include building let alone in satellite
imagery. So, in order to accomplish our task of making a Yolo v3 classifier to work on
our method, a custom class of building is added to train the model using Spacenet dataset
and annotations converted to Pascal VOC format. The dataset consisted of 6000 images.
The dataset was split in 60% training, 20% validation and 20% test data. The training
is concluded in two stages. On the first stage only the heads of the network are trained.
This is done to decrease the validation loss in a short span of time. The heads are trained
for 50 epochs. Once the heads are trained, weights are saved. In the second stage, the
overall network is trained for the next 50 epochs. The block diagram of training Yolo v3
shown in Fig. 3.

The training was performed on Inter(R) Core(TM) i5-7200 CPU @2.50 GHz. The
training was completed in 8 days. The training resulted in validation loss of 11.5%. The
model is coarse due to being not trained on large dataset. Dataset has been acquired for
multiple cities from the official site of AWS spacenet.

The same training method has been applied to the Custom dataset training with Yolo
v3. The heads are trained for 50 epochs to decrease the validation loss in a short span
of time. Once the heads are trained, weights are saved. In the second stage, the overall
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network is trained for the next 50 epochs. The training was done on the Google Colab
Notebook with GPU environment and 12 GB RAM. The training resulted in validation
loss of 13.46%.

2.6 Building Extraction

Building extraction is one of the important steps of this work. The ROIs which are said
to be buildings are counted as buildings. The combination of these methods works quite
well to detect buildings in small imagery but fails to detect buildings in large satellite
imagery. In normal case, a single satellite imagery of an area is over 4000 * 4000 pixels.
During experimentation, it was found out that the integrated method performs poorly in
large imagery. In order to solve this issue, the sliding window approach was integrated.
This approach passes only a section of image through the process and accumulates the
results. As the complete image has been passed through the process, the accumulated
results are compiled to give the predictions. The slidingwindowmethodgreatly improved
the accuracy of our method to detect buildings in large imagery. The algorithm of the
pipeline of themodifiedmethodologywith slidingwindowapproach reduces thememory
consumption for processing larger images but also increases the time required to perform
detection in large satellite imagery.

2.7 Assessment

Once the predictions are accumulated, the number of buildings detected in pre-disaster
and post-disaster images are compared. Based on this comparison, rapid damage assess-
ment has been done. This method provides initial assessment of damage in the area.
Assessment for Indonesian earthquake was done. The im-ages for this assessment were
obtained from Digital Globe website. A sample assessment has been done for the Pipal
data, Sindhupalchok, Nepal using im-ages obtained from the Google Earth Pro.

3 Results and Analysis

3.1 Morphological Operators

At first method, the building extraction was done usingmorphological operators over the
image and segmentation using the surface reflectance. Thismethod incorporatedmultiple
use of the opening and closing operators to reduce the noise. Surface reflectance was
incorporated to segment the buildings from the other objects. This method relied heavily
on the surface reflectance. As the surface reflectance of the building differs from scene
to scene as well as building to building, one value of surface reflectance used to segment
in one image may not be best suited for another image. Due to this problem, this method
was rejected.
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(a) Original Image (b) Output of Mask R-
CNN 

(c) Output of Yolo v3 

(d) Original Image (e) Output of Mask R-
CNN 

(f) Output of Yolo v3 

Fig. 4. Detection output of the Mask R-CNN and Yolo v3 for smaller images

3.2 Mask R-CNN

The nextmethod usedwas theR-CNNalgorithm i.e. the two stage procedurewithRegion
Proposal Network in the first stage and predicting the class and box o set in the next
stage. The output of Mask R-CNN for the satellite imagery with size of 438 * 406 pixels
along with the original image is shown in Fig. 4.

In order to train the RPN, crowdAI mapping challenge dataset was used. The dataset
was split in 60% training data, 20% validation data and 20% test data. The training
was done on Inter(R) Core(TM) i5-7200 CPU @2.50 GHz. 30 epochs were run for
training. The training was completed in 14 days. The training obtained the validation
loss of 5%. For the training of RPN with custom dataset of Nepal, the dataset was split
in 60% training data, 20% validation data and 20% test data. The training was done on
the Google Colab with GPU environment and 12 GB ram. Overall 160 epochs were run
for training. The training obtained the validation loss of 18%.

As we can see in Fig. 4, Mask R-CNN gives the classification with significant accu-
racy in smaller images. As seen in Fig. 4a and Fig. 4b, masks are predicted over 25
out of 35 buildings present. While in Fig. 4d and Fig. 4e out of 6 buildings, masks are
predicted over 5 buildings. However, for the larger satellite images, this method fails to
correctly predict as this algorithm needs to resize the image for prediction. The output
for large satellite imagery (990 * 660) is shown in Fig. 5. As we can see in Fig. 5b, the
masks only overlap over the 6 buildings over a large area. This method is slower to train
and predict. The accuracy of this method is great in smaller images but fails to predict
on larger images. To increase the accuracy, we shifted towards much more sophisticated
algorithm.
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(a) Original Satellite Image (b) Mask R-CNN Output 

(c) Yolo v3 Output 

Fig. 5. Detection results of Mask R-CNN and Yolo v3 on larger image

3.3 Yolo V3

The next method used is Yolo v3 algorithm. The algorithm is applied over the whole
image. The network divides images into regions and predicts bounding boxes and prob-
abilities for each region. The output of this algorithm for smaller images is compared
with RPN and the result is shown in Fig. 4. This method classifies much better in satellite
imagery over theMask R-CNN as shown in Fig. 5c. However, it can be seen that, number
of wrong areas have also been classified as buildings. This method has great accuracy
for the smaller images but fails on larger images.

3.4 Combined Approach

Due to shortcomings of the above approach, a new integrated approach is pro-posed
to improve the process for the building extraction. This approach uses a combination
of Region Proposal Network to detect regions containing specified objects in our case
‘building’ and Yolo v3 classifier to classify if the proposed regions are buildings or not.
The combined approach, with model trained in international standard dataset, is applied
to the satellite image of Kunchok, Sindhupalchok. The result was not so promising as
the number of buildings detected was very bad. To solve this issue, sliding window
approach is integrated in the pipeline. Under this method, a section of image is passed
via the process at once and the output is accumulated. Once all the sections of images
are processed, accumulated output is mapped to the original image and the output of
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(a) Result of Combined approach with sliding window

b) Result of Custom Dataset trained model 

Fig. 6. Detection results for Kunchok, Sindhupalchok

the combined approach with sliding window method is shown in Fig. 6a. The combined
approach along with sliding window approach has produced better results than other
methods implemented above.

Further, both RPN and Yolo v3 were trained on manually annotated images of the
Sindhupalchok district. The detection result for the Kunchok, Sindhupalchok by the
network trained on custom dataset is shown in Fig. 6b. By comparing Figs. 6a and 6b, it
can be clearly seen that the model trained on manually an-notated images predicts even
those buildings located at the right and left corner of the image which were not predicted
by the model trained on an international standard dataset. One other prediction was done
to test how the results vary for the large satellite imagery. The implemented approach
was tested on Pipal Danda image acquired via the Google Earth pro and it’s output is
shown in Fig. 7. We can see that the bounding boxes are detected over a large number
of buildings. The output of the combined approach trained on a custom dataset which
showed better results for multiple areas in Nepal are shown in Fig. 8. It can be seen that
separate buildings in the busy areas are also predicted.
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Fig. 7. Combined approach detection result on larger images

3.5 Custom Dataset Assessment

The satellite imagery for Pipal Danda, Nepal of multiple timelines was obtained from
Google earth pro to highlight the possibility of rapid disaster assessment. The images of
the same location captured in 2018, 2016 and 2015A.D. after the earthquake respectively
are obtained. The assessment of building detection was done on those images to show
the changes the specified area has gone over the interval of 3 years. An attempt was
made to capture the image just before the 2015 A.D. earthquake but was not possible
due to unavailability of day time images.

The buildings detected for the Pipal Danda, Nepal are shown in Fig. 9, Fig. 10
and Fig. 11. At first assessment was done on the imagery of 2018 A.D. to show the
present buildings in the area. Then 2016 A.D. images were analyzed and the building
count is compared to calculate the percentage change. The combined approach detected
145 buildings for the 2018 A.D. image. The combined approach detected almost 115
buildings for the 2016 A.D. image. As we can see, the number of buildings has changed
by 26.08% in 2 years. The combined approach detected almost 55 buildings for the
image captured in 2015 A.D. just after the earthquake. This shows that the number of
buildings has changed by 62.06%. This approach can be used to assess the damage area
by analyzing the images captured before and after the earthquake.
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(a) Prediction Result 1 (b) Prediction Result 2

(c) Prediction Result 3  (d) Prediction Result 4  

(e) Prediction Result 5 

Fig. 8. Various detection results on custom dataset trained model

3.6 Evaluations

After the detection of the buildings with the combined approach, the detected buildings
are compared with the ground truth images i.e. manually annotated satellite images to
identify number of the absent buildings. On the basis of absent buildings, the assessment
was made and confusion matrix was obtained as shown in Table 1. The method achieved
the overall F1 score of 0.89 as well as Precision of 0.94 and Recall of 0.86.
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Fig. 9. 2018 A.D. image of Pipal Danda, Nepal

Fig. 10. 2016 A.D. image of Pipal Danda, Nepal
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Fig. 11. 2015 A.D. image of Pipal Danda, Nepal

Table 1. Building assessment evaluation

Actual/Predicted Yes No Total

No 6 5 11

Yes 6 75 81

Total 12 80 92

4 Conclusion

In this research, multiple methods likeMorphological Operators,Mask RCNN andYolo
v3 were applied for identifying a suitable method for building detection. It was observed
that hybrid approachwithMask R-CNN alongwithYolo v3 performed better. Themodel
was trained with an international dataset and pretty good results were obtained with
standard images.However, the detection formultiple satellites imagery ofNepal acquired
fromGoogle Earth Prowas only improved after trainingwithmanually annotated custom
dataset for Nepal. For the building damage/change assessment, the images of the same
area acquired over multiple time ranges were acquired. The detection of buildings was
done on the acquired image of different timelines. The number of absent buildings were
identified and considered as a basis for the damage/change assessment. The pro-posed
method achieved the overall F1 score of 0.89 as well as Precision of 0.94 and Recall of
0.86.At present, the customdataset is small so the predictions are stillmissing. Increasing
the data set will help to solve this problem. Currently, assessment is done based on the
number of missing buildings which is not a very good factor for assessment. Using the
difference in the pixel values of building over the pre-disaster and post-disaster imagery
will make a good assessment. The method doesn’t predict well on the dark images thus
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giving the wrong predictions. Using gray scale images for the training could result in
better predictions in dark illuminated images.
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Abstract. Plant leaf recognition is a computer vision task used to identify plant
species. To address the problem that current plant leaf recognition algorithms
have difficulty in recognizing fine-grained leaf classification between classes, this
paper proposes a DMSNet (Deep Multi-Scale Network) model, a plant leaf clas-
sification algorithm based on multi-scale feature extraction. In order to improve
the extraction ability of different fine-grained features of the model, the model is
improved on the basis of Multi-scale Backbone Architecture model. In order to
achieve better plant leaf classification, a visual attention mechanism module to
DMSNet is added and ADMSNet (Attention-based Deep Multi-Scale Network),
which makes the model focus more on the plant leaf itself, is proposed, essen-
tial features are enhanced, and useless features are suppressed. Experiments on
real datasets show that the classification accuracy of the DMSNet model reaches
96.43%. In comparison, the accuracy of ADMSNet with the addition of the atten-
tion module reaches 97.39%, and the comparison experiments with ResNet-50,
ResNext, Res2Net-50 and Res2Net-101 models on the same dataset show that
DMSNet improved the accuracy by 4.6%, 18.57%, 3.72% and 3.84%, respec-
tively. The experimental results confirm that the DMSNet and ADMSNet plant
leaf recognition models constructed in this paper can accurately recognize plant
leaves and have better performance than the traditional models.

Keywords: Plant leaf classification · Multi-scale backbone · ECANet

1 Introduction

The classification of plant images is an important research interest in plant taxonomy.
The traditional features extracted from plant leaves are mainly color, shape, size, texture,
etc. However, plant leaves have complex variation, and there will be differences in size
and texture for the same category of leaves, and different categories of leaves may
have extremely similar shapes or textures. Therefore, plant leaf classification is a great
challenge. Convolutional neural networks can learn the intrinsic pattern of sample data
and obtain the hidden feature information in the image. Therefore, convolutional neural
networks are widely used in various image recognition tasks in the field of computer
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vision [1–7]. Furthermore, convolutional neural networks have showngood classification
results on the task of plant leaf image classification. Uzal et al. [8] used convolutional
neural networks for extracting features and subsequently used support vectormachines to
classify soybean leaves. Sun et al. [9] designed a 26-layer deep learningmodel consisting
of eight residual modules to classify plant images on the campus of Beijing Forestry
University and achieved outstanding results. Hu et al. [10] proposed anMSF-CNNmodel
with input images downsampled as multiple low-resolution images. Then, these input
images with different scales are progressively fed into the MSF-CNN architecture, and
this model has good classification results on the MalayaKew Leaf dataset and LeafSnap
Plant Leaf dataset. Bodhwani et al. [11] made it more applicable to ResNet-50 [12] by
improving it for plant leaf classification and achieved a classification accuracy of 93%
on the 185-class plant leaf dataset.

The important features of plant leaf images are generally fine-grained, and the cur-
rent convolutional neural networks mostly applied in plant leaf classification pay less
attention to fine-grained features. In order to make the convolutional neural network
model pay more attention to the fine-grained features of plant leaves, this paper tries to
take theMulti-scale BackboneArchitecturemodel Res2Net [13] as the base architecture,
adding multi-scale feature extraction, so that the model can capture more fine-grained
features, and experiments prove the effectiveness of the model.

The main work of this paper is as follows:

(1) DMSNet, an algorithm applicable to plant leaf classification, is proposed, andmulti-
scale feature extraction is added to the Multi-scale Backbone Architecture model
to increase the diversity of features and capture fine-grained features from different
perspectives, making the model more applicable to plant leaf classification.

(2) In response to the fact that the DMSNet model does not pay enough attention
to the fine-grained features of plant leaves, a channel attention module is added
on the basis of DMSNet. The ADMSNet model is constructed, and the attention
module allows themodel to extract the features of plant leaves better and have better
classification effects.

(3) Experiments using DMSNet and ADMSNet models on real plant leaf dataset, the
accuracy reached 96.43% and 97.39%, respectively.

(4) The DMSNet and ADMSNet models were compared experimentally with the con-
volutional neural network model Res2Net. There is a significant improvement in
the accuracy rate. It proves the effectiveness of the model proposed in this paper
and outperforms the traditional model.

2 Related Work

2.1 Res2Net

Res2Net [13]was proposed in 2019 byGao et al. They constructed a hierarchical residual
class link Basic2Block module on a single residual block. In the Basic2Block module
of Res2Net, a hierarchical residual linkage in a single residual block enables changes in
the sensory field at a finer granularity level to capture details and global properties.
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Fig. 1. Basic2Block module of Res2Net (s = 4)

Figure 1 shows the Basic2Block module in Res2Net, which replaces the n-channel
convolution kernels with s-w-channel convolution kernels, where n = s*w. It can have
strongermulti-scale feature extraction capabilitywith similar computational effort. After
1*1 convolution, the input is sliced into s feature subsets, defined as xi, i ∈ {1,2,…,s},
each of which has the same scale size, except for x1, the other feature subsets which are
convolved with 3*3 convolution kernels, where these convolutions are defined as Fi(xi),
and the output is defined as yi. Thus yi can be written as Eq:

yi =
⎧
⎨

⎩

xi, i = 1;
Fi(xi), i = 2;
Fi(xi + yi−1), 2 < i ≤ s.

(1)

Each 3*3 convolution operation can potentially accept all the feature information on
its left side, and each output can increase the perceptual field, so each Basic2Block can
acquire a different number of feature combinations with different perceptual field sizes.

2.2 ECANet

Wang et al. [14] analyzed the channel attention module of SENet [15] and its vari-
ants (SE-Var1, SE-Var2 and SE-Var3). They demonstrated that avoiding dimension-
ality reduction is important for weight learning of channel attention and that proper
cross-channel interaction can maintain performance while significantly reducing model
complexity. Therefore, the authors propose an efficient channel attention ECA mod-
ule for convolutional neural network models. This module can efficiently implement
local cross-channel feature information interaction without dimensionality reduction
by one-dimensional convolution, and the adaptively sized one-dimensional convolution
kernel determines the coverage of local cross-channel feature information interaction.
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The channel attention ECA module is shown in Fig. 2. First, the module first pools the
input features globally averaged to obtain a feature information y of 1*1*C, C being
the number of channels of the input features. For each channel yi, the ECA module
only considers yi to interact with the k adjacent channels, and to further improve the
performance of the module, the ECA will let all channels share the weight information,
thus the weight ωi of each yi is calculated as:

ωi = σ(

k∑

j=1

αjyji), y
j
i ∈ �k

i (2)

Where: �k
i is the set of k neighboring channels of yi and σ is the activation func-

tion. To be able to achieve the above interaction between channels, the module uses a
convolution kernel of size k to achieve the following equation:

ω = σ(C1Dk(y)) (3)

C1Dk is a fast one-dimensional convolution of kernel size, while for the kernel size
k represents the coverage of the local cross-channel interaction, i.e., channel yi will have
k neighboring channels involved in its attention prediction. And this idea of obtaining
cross-channel information interactions uses only k parameters three main steps of the
ECA module: (1) global average pooling of the input features to obtain 1*1*C features.
(2) Obtain a one-dimensional convolution kernel of adaptive size k by computation.
(3) One-dimensional convolution of the 1*1*C features to obtain the weights of each
channel. It can be seen that the channel attention module ECA can be used on the
convolutional neural network model with just a small increase in parameters to give a
significant improvement in the model’s effectiveness.

Fig. 2. Channel attention module in ECANet
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3 DMSNet (Deep Multi-scale Network)

As mentioned above, the Res2Net module has good performance in object recognition
and segmentation type tasks, thus this paper proposes a plant leaves classificationmodule
DMSNet (Deep Multi-Scale Network) based on the Res2Net module as the basic archi-
tecture. The features of plant leaves are complex which means plant leaves of different
categories may be extremely similar, while the same category of plant leaves may also
have large differences, which requires themodule to have good access to the fine-grained
features of plant leaves. The fine-grained features of the image can be acquired through
the Multi-scale Backbone Architecture of Res2Net very well. This paper maintains that
there will be different fine-grained features in the images of different sizes obtained after
downsampling the same image. In order to get these different fine-grained features, this
paper adds a new process to the Res2Net network based on the multi-scale grain size fea-
ture extraction process of the input image after downsampling. The specific procedures
are (1) using the original size image to obtain the features x2, (2) downsampling the
original image to obtain the features of different grain size x2′, (3) conducting channel
splicing of x2 and x2′. The main architecture of Res2Net-50 and DMSNet are shown in
Fig. 3, respectively. Inside the red grid lines in Fig. 3 are the improvement of DMSNet
to Res2Net-50 by replacing the original four Basic2Block module stacked layers with
a downsampled convolutional module. The features acquired by this module are fused
with the features outputted by the stacked layers after three Basic2Block modules. This
part of the module is called Multi-Scale Feature Extraction (MSFE) in this paper. The
second half is consistent with the architecture of Res2Net-50, where DMSNet inputs the
different angular features obtained by MSEF to the stacked layer of 6 Basic2Blocks and
the stacked layer of 3 Basic2Blocks. Finally, pooling, full connectivity, and classification
are performed.

Fig. 3. Architecture of Res2Net-50 and DMSNet
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The main algorithm description of the MSFE module is shown in Table 1: (1) The
image data x first undergoes the convolution of 7*7 for initial feature extraction to
obtain the feature x1. (2) Further feature extraction is then performed using three stacked
layers of the Basic2Block module (noted in the algorithm description as H()) to obtain
a combination of features with different receptive field sizes. (3) The original image
data x is downsampled to obtain smaller image data x′. (4) Similarly, the image data
x′ undergoes the convolution of 7*7 for initial feature extraction to obtain the feature
x1′. (5) The feature x1′ are then convolved by a second 7*7 convolution to obtain the
feature x2′. The purpose of this convolution is to extract the features that are different
from those in step (2) while making the channel size consistent with them to facilitate
the subsequent channel splicing. (6) The final stage is to splice the acquired feature x2
with the feature x2′ to obtain the final output feature X.

Table 1. Algorithm procedure of the MSFE module.

Multi-scale feature extraction procedure under DMSNet

Input: images x

Output: feature map X

1 : x1 = Conv_7(x)

2 : x2 = H (x1)

3 : x′ = downsample(x)

4 : x′
1 = Conv_7

(
x′

)

5 : x′
2 = Conv_7

(
x

′
1

)

6 : X = cat
(
x2, x

′
2

)

Return X

4 ADMSNet (Attention-Based Deep Multi-scale Network)

There are features that are not useful for model classification which increasing the
diversity of features and affecting the classification effectiveness of the module among
the features extracted by the DMSNet module. And the attention mechanism based on
computer vision proposed in recent years can make the module pay more attention to
the beneficial features. In this paper, the ECA module (inside the yellow grid line) is
added to the Basic2Block module of Res2Net to form the ECA-Basic2Block (ECA-B)
module. The purpose is to conduct a better model algorithm to extract useful fine-
grained features from the complex textures of plant leaves, allowing the module to have
better classification performance. And the ADMSNet plant leaves classification model
is constructed based on the (ECA-B) module.

Figure 4 shows the overall architecture of ADMSNet. The overall algorithm pro-
cedure is basically the same as that of DMSNet, and the main improvement is that the
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ECA-B module is used to replace all the Basic2Block modules. Compared with the
DMSNet model, the feature extraction capability of ADMSNet is greatly improved due
to the increase of a tiny amount of parameters.

Fig. 4. Architecture of ADMSNet module

Figure 5 shows the framework of ECA-B module.

Fig. 5. Architecture of ECA-B module

Table 2 shows the algorithm description of ECA-B: (1) ECA-B takes the feature s
obtained in the previous layer as the input to the currentmodule, and subsequently obtains
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the feature x after the first 1*1 convolution. (2) The feature x are segmented averagely
in the channel into feature x1, x2,…, xi, where i = 4. The segmentation process of the
features is noted in the algorithm description as G(x). (3) Feature y1, y2,…, yi can be
obtained according to Eq. 1mentioned above. (4) Subsequently, feature y can be obtained
through channel splicing of the above features. (5) The feature s1 is then obtained by a
second 1*1 convolution. (6) Then, input the feature s1 to the ECA module and conduct
weight calculation of each channel to obtain the feature se with attention weights. (7)
Finally, the acquired feature se are added with the initial input feature s to obtain the
feature S as the input of the next module.

Table 2. Procedure of ECA-B module

Procedure of ECA-B nodule

Input: feature map s

Output: feature map S

1 : x = Conv_1(s)

2 : x1, x2, x3, x4 = G(x)

3 : y1 = x1; y2 = F2(x2); y3 = F3(x3 + y2); y4 = F4(x4 + y3)

4 : y = cat(y1, y2, y3, y4)

5 : s1 = Conv_1(y)

6 : se = eca(s1)

7 : S = se + s

Return S

5 Experiment

5.1 Experimental Environment and Parameter Setting

All the experiments in this paper were done on a plant leaves dataset created by the
author. The hardware includes an Intel i7–7700 processor, NVIDIA GTX1080Ti GPU
are used, with learning-rate set to 0.1, momentum set to 0.9, weight-decay set to 1e-4,
and iteration times set to 300. The image size input initially is 128*128.

5.2 Experimental Dataset

The plant leaf dataset used in this paper contains a total of 15207 pieces belong to 201
categories of plant leaves, and each category has at least 60 images. Also, 70% of the
images are used as the training set and 30% as the validation set. Figure 6 shows some
images of the plant leaves dataset to belong to 8 categories.
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Fig. 6. Part of images from the plant leaves dataset

5.3 Classification Experiments with Real Data

To solve the classification disturbs such as noise and similarity in plant leaf image
data, initialization modules of ResNet-50 [12], ResNext-50 [16], Res2Net-50 [13], and
Res2Net-101 [13] are used to perform predictive classification on the small sample plant
leaves dataset we produced. Table 3 shows the experimental results, and their correct
rates are 77.86%, 91.83%, 92.71%, and 92.95%, respectively. Among which ResNext-
50 is proposed by borrowing the idea of ResNet-50, but it is not very effective in plant
leaf classification. The reason is that its improved residual module does not focus on
the fine-grained features of plant leaves images, which are very important for plant
leaf classification. ResNet-50 and Res2Net-50 are better at obtaining the fine-grained
features of plant leaves, and thus show better accuracy on our small sample plant leaf
dataset. The reason why Res2Net-50 is precise than ResNet-50 is its improvement of
the residual module of ResNet-50, which allows the network to acquire a combination
of features with different receptive field sizes. The proposed module DMSNet improves
the classification accuracy by 3.72% to 96.43% compared to Res2Net-50 after adding
multi-scale feature extraction. This proves that the method proposed in this paper of
multi-scale feature extraction to diversify feature information is effective. TheADMSNet
module obtained by adding the ECA module based on DMSNet can focus more on the
plant leaves themselves, enhancing beneficial features and suppressing useless features
according to the importance of their features. With the addition of the ECA module,
the accuracy of the ADMSNet module is improved by 0.96% compared with DMSNet,
which proves that the addition of the attention module is effective. And ADMSNet has
the best classification effect in the current experiments.

5.4 Ablation Experiments of ADMSNet

To further verify that both the multi-scale feature extraction and the addition of channel
attention in the model proposed in this paper can improve the model’s classification
accuracy for small data plant leaves, the ablation experiments of ADMSNet are com-
pared. Table 4 shows the results of the ablation experiments of ADMSNet, where the
Res2Net-50-ECA model refers to replacing all the Basic2Block of Res2Net-50 with
ECA-B. As shown in Table 4, the two models ADMSNet and Res2Net-50-ECA, which
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Table 3. Accuracy comparison among DMSNet, ADMSNet and other module

Method Test set accuracy

ResNext [16] 77.86%

ResNet-50 [12] 91.83%

Res2Net-50 [13] 92.71%

Res2Net-101 [13] 92.95%

DMSNet 96.43%

ADMSNet 97.39%

used the ECA-Bmodule, showed varying degrees of improvement in classification accu-
racy on the small plant leaf dataset, with ADMSNet being the most pronounced. This
demonstrates that the channel attentionmechanism can indeed improve the classification
accuracy of the models.

At the same time, it can be found that the accuracy of DMSNet is almost the same
as that of Res2Net-50-ECA. On the one hand, it shows that the addition of the channel
attention module to the Res2Net-50 model enhances the attention to the fine-grained
features of the plant leaf images, and the accuracy improvement is very obvious. On the
other hand, the DMSNet proposed in this paper can also make the model pay attention
to more fine-grained features by increasing the diversity of features through multi-scale
feature extraction, and the effect is obvious. ADMSNet combines the above twomethods
and thus works best. It is also further demonstrated that there are different fine-grained
features on different image data sizes, and a small number of these different features
are helpful for model classification. All the experimental results fully validate that the
proposed method in this paper has good classification performance on real datasets.

Table 4. Results of the ablation experiments of ADMSNet

Method Test set accuracy

Res2Net-50 [13] 92.71%

DMSNet 96.43%

Res2Net-50-ECA 96.05%

ADMSNet 97.39%

6 Conclusions

In this paper, based on the characteristics of the plant leaf image dataset taken in the
natural environment, which has a large amount of noise and leads to difficult extraction
of plant image features and difficult classification, we propose the DMSNet algorithm
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and ADMSNet algorithm based on Res2Net. In the ADMSNet algorithm, by adding
multi-scale input and ECA module and increasing the diversity of image features and
the feature extraction ability of the network, the image classification with more noise of
plant leaves is effectively solved.

In futurework, this paperwill increase the sample size of the real sampled dataset and
apply the method proposed in this paper to the classification task of a more complex real
plant leaf image dataset to improve further the ability of the model to extract plant leaf
features and improve the accuracy of plant leaf classification in a natural environment.
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Abstract. Information security has long been a concern of the people. The
widespread use of short videos has raised the academia and industry’s attention to
the leakage of users’ personal privacy and protection measures. In short videos,
there are three main situations of unconscious active disclosure of users’ personal
privacy, conscious partial protection, and consented information collection. When
users disclose personal information, there are optimistic biases and the need to
build group identity. The privacy agreement of the short video APP obscures the
user’s wishes. Based on this, users need to increase their awareness of personal
privacy protection, and platform companies need to strengthen the protection of
users’ personal information in termsof short videodownloadpermissions, protocol
security, and industry self-discipline.

Keywords: Short videos · Privacy breach · Privacy protection

1 Introduction

Information security has long been a concern for people. As early as 1973, someWestern
researchers proposed that computers and the Internet will become an important threat to
personal information privacy in the future [1]. The concept of privacy has been widely
present in the American legal academic literature since the 19th century. The “informa-
tion privacy security” we are talking about now refers more to a series of issues such as
data protection that have emerged in the society since the Internet era. The development
of the Internet makes people realize that network data may be monitored by others. Pri-
vacy not only refers to avoiding others’ prying eyes in the legal sense, but also includes
network data privacy. With the widespread use of media platforms, this contradiction
has been further magnified in Douyin short videos.

As a new social method, mobile short video has been popular and sought after by
netizens for adapting to the needs of expression and viewing in fragmented time. Driven
by technology and commercial propaganda, mobile short video has become a tool for
people’s daily life. But it is also the unique dissemination advantage of mobile short
video that makes it easy to contribute to the spread of online false information, online
violence, and online pornography. Under the glamorous appearance of the short video
industry, the hidden factors that threaten the healthy and stable development of society
cannot be ignored [2].
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Most of the short videos produced content for users. The “protagonist” of the video is
usually oneself. Based on the psychology of “recording life”, the content shot is mostly
daily life. Personal living environment, income, emotional status, etc. is spied on. Short
videos are spread based on weak relationships [3]. Generally, all users can watch and
download the content that is shot locally. Even if the posted content is deleted, there is
no guarantee that the content will not be recorded and saved. This also means that their
login information, password forms, browsing behavior, identity information and other
personal privacy can bewritten, stored, read and used in the server in the formof data, and
the information security risks faced by users have suddenly increased. Although security
vendors and government organizations have made unremitting efforts at different levels
of protection technology, strategies, and laws and policies, from the current point of
view, the adverse effects of information privacy and data leakage are increasing.

According to the 47th “Statistical Report on China’s Internet Development Status”
issued by the China Internet Network Information Center (CNNIC), as of December
2020, the number of Internet users in my country has reached 989 million, an increase
of 85.4 million from March 2020, and the Internet penetration rate has reached 70.4%.
Among them, the number of short video users is 873 million, accounting for 88.3%
of the total netizens. A total of 980 questionnaires and 840 valid questionnaires were
distributed in this survey.

Table 1. Gender Proportion of short video users

Table 1 shows the proportion of user gender attributes, short video users accounted
for 68% of male users, and the ratio of men to women has changed from a relatively
balanced ratio to nearly 7:3.

Table 2 shows that users aged 0–17 accounted for 14.77%, users aged 18–24
accounted for 35.57%, users aged 25–34 accounted for 29.75%, and users over 35
accounted for 17.9%.
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Table 2. Age ratio of short video users
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The rise in the proportion of young users has increased the risk of privacy leakage to
a certain extent. Because young people’s perception of privacy risks is relatively weak,
they cannot effectively avoid risks. This article takes the current short video apps with a
large number of users, high frequency of use, and awide range of influences as examples,
summarizes the types of users’ personal privacy leaks in the use of short videos, and
proposes to enhance the awareness of users’ personal information protection, strengthen
the platform’s self-discipline and industry standards The perspective of user information
protection, enrich the theoretical results of information security, and provide suggestions
for the sound development of the short video industry [4].

In the following second part, three types of privacy leakage are summarized: uncon-
scious information leakage, conscious partial protection and passive information collec-
tion. The third part points out the reasons for information leakage: personal optimism
bias, group identity needs, and privacy agreements to obscure users’ wishes. The fourth
part proposes information protection measures.

2 Types of Privacy Leaks

2.1 Unconscious Disclosure

Self-disclosure willingness, as an important aspect of measuring the disclosure of
users’ private information, often appears in empirical research on information privacy.
Although researchers usually regard it as the personal information sharing behavior
of social users, only a few studies have obtained user push data. In most cases, self-
disclosure is still obtained through attitude scales. The lower the willingness to self-
disclose, it is greater the emphasis on protecting public and private privacy. In addition
to the strong positive correlation between self-disclosure willingness and final infor-
mation sharing behavior, researchers also found that privacy concerns negatively affect
self-disclosure.However, follow-up studies have also found that the relationship between
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the two is not always negatively correlated, which is the so-called “privacy paradox”
phenomenon. Some researchers have discovered that the essence of privacy computing is
the game of potential benefits and risk threats perceived by users. The result of the game
will affect the willingness to self-disclose, and this process will be affected by exter-
nal stimuli such as personalized services and economic compensation [5]. Therefore,
social network userswill actively evaluate their environment to determine self-disclosure
behavior. For short video users, Douyin and Kuaishou are one of the most frequently
contacted and used media. Although it is impossible to restore the inherent usage scenar-
ios, consider the number of tweets and tweets generated by these users during the use of
social networks. The relationship between text delivery and self-disclosure willingness
and privacy concerns is still helpful for us to understand user privacy attitudes and the
causes and consequences of privacy behaviors.

When a short video user is recording a short video, every symbol in the video has
the potential to be amplified, in addition to the video protagonist, special effects, and
music. On 19 June 2018, a little girl filming a Shake Video with her mobile phone did
not notice that the bathroom door behind her was open, accidentally exposing the image
of her mother taking a shower. Within a short period of time the video’s play count rose
sharply, after which Jitterbug took down the video and responded that it would further
improve the platform’s audit mechanism [6].

The author learned in the process of research that some short videousers inadvertently
revealed their city and unit information in addition to showing the amount of salary in
the salary slip during the live broadcast, which caused a lot of trouble for themselves.
Another user told the researcher that when she was chatting with her grandmother, her
grandmother accidentally picked up her clothes, which was considered by the network
supervision to be too revealing, and the user was banned as a result.

Table 3 shows that 63.52% of personal information is often unconsciously leaked,
indicating that more than half of users have a weak awareness of personal privacy
protection.

Table 3. Proportion of unconscious disclosure

options Proportion (%)

never 10.9

no 20.05

sometimes 62.52

often 6.52
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2.2 Conscious Local Protection

According to Goffman’s “self-presentation” theory, society is a big stage, and everyone
is performing themselves. In interpersonal communication, people conduct marketing
management on themselves in different ways, hoping to get more people’s attention and
praise. In the intelligent age, users have more and more opportunities to communicate
with strangers and show themselves through short video platforms. In order to gain traffic
and attention, and even become “net celebrities,” they often consciously protect their
privacy locally. Some short video users express themselves to others, share details of
daily life, and show their cars and houses, but they will mosaic the car logos and license
plates [7]. These contents often imply personal interests, family members and economic
conditions, etc., and a lot of user information can be obtained intuitively. The conscious
protection of key information shows that netizens’ awareness of self-protection and
privacy protection is increasing.

When uploading personal information, users obscure their names, units and ID num-
bers; salary amounts, geographic regions and occupations are often not obscured. The
trending hash tag #WageYeah has 8,894 videos with a total of 7,758,000 views. The user
named “Buddha Girl” uploaded a text message of her salary arrival with the “Salary ah”
effect, which received 16,000 likes and 9,623 comments, with the amount of salary and
account balance visible.

Table 4 shows that only about 27%of respondents are aware of the need to proactively
protect personal information.

Table 4. Proportion of personal information protection

options Proportion(%)

yes 27

no 73

2.3 Consented Information Collection

The current Internet era is the era of data. While data brings us convenience, problems
such as the collection and leakage of Internet user information have become increasingly
prominent. Short video users register for a Douyin account. There are five options for
associated mobile phone number, headline number, Weibo number, QQ number, and
WeChat account. No matter which method you choose to register, Douyin will unknow-
ingly collect user address book information, But the next step is to pass mobile phone
verification, set a password, and then real-name verification, that is, need to bind ID
card, email, Weibo account, etc. If you want to share the video on other platforms, you
can share it with one click. Then it will be pushed to users with the sign of “may know
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people”, and at the same time, I will be recommended to others. After searching for
related keywords several times to find videos, video recommendations from previous
related searches often appear on the homepage of video sites, such as searching for game
commentary, and the next two or three days of push and recommendation are all related
game commentary videos. It can be seen that browsing on video websites will leave
traces, while Internet operators use the information left by users for analysis and then
make recommendations to users. After turning off the “Allow recommendme to friends”
function in the privacy settings section, other users cannot find you through their address
book, but you can still find people you may know through friend recommendations. In
addition, Douyin users can choose to fill in labels such as gender, age, school, and region.
If they are not filled in completely, the system will prompt, “You haven’t filled in your
profile yet, click to add…” No matter whether the user produces on the Douyin platform
or not Or watch the video, and regardless of the frequency of the user’s production or
viewing of the video, a user portrait based on individual attribute information will be
generated [8].

3 Analysis of the Causes of Privacy Leakage in Short Videos

3.1 Optimistic Bias of Information Subjects

An empirical study by the University of California on the privacy risks of Face book
showed that people generally have an optimism bias about privacy risks, i.e. they believe
they are at lower risk than the average person. Optimism bias is also known as the ‘third
person effect’, where people tend to overestimate the impact on others and underestimate
the impact on themselves when faced with the negative effects of mass media. Based on
optimism bias, many people’s perceptions of privacy and security are skewed from the
reality of the situation before they experience a breach first-hand. The privacy settings on
some platforms give users a sense of ‘control’, making it difficult for them to recognize
that their control over personal information is a ‘false reality’, thus increasing their
confidence and exposing them to greater risk.

3.2 The Need to Build Group Identity

In 1998, British sociologists Abercrombie and Lyndhurst introduced the concept of ‘dis-
persed audiences’ in their monograph Audience: A Sociological Theory of Performance
and Imagination, in which people are performers while they are spectators. In addition,
they propose the spectator/performer paradigm, which suggests that people engage in
imaginative performances in the media and see themselves as performers in the spot-
light, and that when identity construction is complete, this narcissistic state of mind
triggers their next media consumption, in which the audience’s identity is constantly
reconstructed. While open, Jitter bit uses big data to divide its users into invisible “cir-
cles”. Each user is interested in a different kind of content, but those who are interested
in a certain kind of content and get pushed have some common characteristics. Big data
technology crawls through keywords, categorizes the content and pushes it to users who
are likely to be interested. If the content posted is not recognized, it cannot be interacted
with, it cannot be ‘liked’ or ‘commented on’, and the producers of information cannot
build group identity.
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3.3 Privacy Agreements Obscures Users’ Wishes

According to the “2019–2020 Public Opinion Monitoring Report on the Illegal Collec-
tion of Personal Information by Apps” published by Ai Media Consulting, 63.3% of
respondents did not read the privacy terms carefully when using apps, and 24.3% of
respondents never read the privacy terms. Jitterbug’s privacy agreement is over 10,000
words long, with a lot of jargon, and many people click to agree to it in a hurry or
without ever reading it. By agreeing to Jitter bit’s privacy agreement, users are tacitly
acknowledging that the Jitter bit platform can share user information with software ser-
vice providers, smart device providers and advertising service providers. In addition,
there are three situations that are not covered by the Privacy Agreement: information
collected by third-party services accessed through Jitterbug; information collected by
other companies or organizations that serve ads in Jitterbug; and information collected
by third-party service providers.

4 Responses to Privacy Protection in Short Videos

4.1 Raising Awareness of Information Security Among Short Video Users

The short video user group is huge, the quality is also uneven, and the understanding of
privacy and privacy protection is not in place, so there are many short video works that
intentionally or unintentionally leak privacy. Some short video users lack the awareness
of respecting the privacy of others, the method of shooting is improper, and the videos
are uploaded without permission after tracking and secret shooting, even for legitimate
purposes, the method is not appropriate. Due to their inadequate understanding of pri-
vacy, some users cannot distinguish whether short video content infringes other people’s
privacy or leaks personal privacy. They lack the necessary checks before information is
released, resulting in inadvertent infringement of others or privacy leakage. In addition,
there are users who use the short video platform as their social space, record and share
their personal lives through the platform, and put information such as home address,
work unit, income, and family members in the video, thereby inadvertently leaking per-
sonal privacy. Due to the low threshold of the short video platform, the platform has
many young users. The young people lack the ability to discern privacy issues and have
no concept of privacy protection. The short videos produced and disseminated often lead
to privacy leaks.

In the era of intelligent communication, there are many users of online short videos.
Due to the development of technology, users are no longer the one-dimensional audiences
in the era of mass communication, but become consumers, producers and disseminators
of short videos. Based on the changes in the role of short video users, users should assume
more social responsibilities in the management of short video privacy leakage. For huge
short video users, there is a phenomenon that some short video users have low media
literacy. In order to gain eyeballs and attention, they deliberately spread vulgar, violent,
and private content that involves the privacy of others, so as to satisfy the viewer’s desire
for private voyeurism and curiosity. For this behavior of some short video users, it is
necessary to cultivate their sense of social responsibility and improve their awareness
of information ethics and legal responsibilities. Users should be the supervisors of the
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mobile short video industry, do not disseminate short videos with privacy leaks, and
actively participate in supervision and reporting to purify the short video dissemination
space. Short video users need to stay awake while enjoying the convenience brought
by short videos, protect their privacy, and also not be a producer or disseminator of
the privacy of others. Users are the key link in short video privacy protection. Whether
ordinary users have privacy protection awareness is related to the content quality of short
videos and the healthy development of the short video industry.

4.2 Short Video Platform Governance

The governance of short video privacy leakage needs to rely on multiple subjects, multi-
ple methods, and collaborative governance to achieve results. The short video platform
must give full play to the role of the main body, and legal norms, ethical restrictions,
and technical means must be multi-pronged.

The short video platform has financial and technological advantages, and is a pow-
erful governance entity. It should assume greater social responsibility in the governance
of privacy leaks, rather than just focusing on economic benefits. Many short video plat-
forms are business-oriented. When criticized by public opinion, they often attribute the
problem to non-human factors such as algorithm neutrality and intelligent recommen-
dation. In fact, “this kind of misunderstanding and choice of information judgment is
derived from its business The fundamental shortcoming of standardized operation.” The
short video platform should strengthen supervision and manual review, improve the
level of technical governance, and strengthen the synergy between manual review and
technical monitoring. The huge number of short video users, explosive growth in the
number of video works, complex content, insufficient content review and information
control are important reasons for personal privacy leakage. The platform itself must
strengthen supervision and manual review of content, and improve content review stan-
dards. At present, most short video applications use algorithms for machine review of
keywords or key frames. Such review is not comprehensive and there will be omissions.
On the one hand, the platform must continue to innovate technology and maximize the
advantages of technology; on the other hand, the platform should continue to strengthen
manual operations, strengthen human investment, expand the size of the review team,
and strictly control the release of online short videos. In addition to its own efforts,
the short video platform can also use the power of users to improve the user complaint
mechanism. The discovery of short video privacy leakage, users can play an important
role in it. As a platform party, we must make full use of these forces to establish and
improve the complaint department, respond in a timely manner, delete the illegal con-
tent of the complaint, and avoid the negative social impact caused by the proliferation
of short videos.

By default, short videos on the Jitterbug platform can be shared and downloaded
by all viewers. If a link is simply shared to another social media platform and the
content uploader removes the posting, then the link is also invalid. However, viewers
can download videos locally to their mobile devices, which can enhance the risk of
privacy breaches if saved by someone with ulterior motives. In this regard, a link could
be added when users upload content, allowing them to choose whether they want others
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to download their content locally. This does not avoid the risk of privacy breaches, but
it respects the user’s privacy and puts the decision in the user’s hands.

4.3 Short Video Industry Self-discipline

Industry self-discipline refers to that information managers take the initiative to pro-
tect information. All commercial websites such as Sina, 360, Google and Baidu have
a “Privacy Protection” policy on their homepages. The representative of the industry’s
self-discipline model is the United States. In the United States, there are mainly two self-
regulatory models used to protect personal information. Consult industry guidelines and
online privacy certification programs. For example, theOnline PrivacyAlliance ofAmer-
ica (OPA) announced in 1998 that online privacy guidelines belong to the recommended
industry guide model, while the United States Truste certification belongs to the online
privacy certification program model. However, industry groups have no right to punish.
Companies that violate the regulations.

Through combing the network industry specifications, it is found that the number of
industry specifications formulated by the Internet industry and the short video industry
is very limited, and the specifications formulated are also relatively vague, unable to
adapt to the actual complex conditions. For a long time, the Internet industry has not
been supervised, and under the new situation, it is impossible to effectively protect
the privacy rights in mobile short video applications. Therefore, the existing Internet
industry associations and short video industry associations should have more functions
to strengthen the guiding role of the industry associations. Government departments
should urge short video related industry associations to formulate corresponding industry
regulations based on the prominent privacy information protection issues in the short
video development process to strengthen the guidance of the short video industry. In order
to ensure the effective implementation of the regulations, government departments can
transfer some of their powers, give short video related industry associations the right to
penalize, and takemeasures such aswarnings and fines for platforms that violate industry
regulations. For serious violations of laws and regulations, they can be prohibited from
entering the short video industry.

5 Conclusion

With the new ecology of the Internet, the use of short videos has penetrated deeply into
ordinary individuals and all walks of life. While enjoying the convenience brought by
short videos, we also deeply feel that under the open Internet environment, the work
related to user information privacy protection has a long way to go. The research on this
issue from the theoretical perspective of privacyprotection in this paperwill provide ideas
for platform information protection schemes, and provide strategic guidance for short
video users to improve their privacy protection, and provide decision-making reference
for the government’s privacy protection legislation in the big data environment At the
same time, it also provides research support for related industries to carry out industry
self-discipline or privacy protection certification, and strives to promote the construction
of a strong guarantee system in related fields, andmake useful attempts and explorations.
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Abstract. As one of the most popular communication media today, digital video
is generally regarded as an ideal covert communication carrier. Therefore, video
steganography technology has attracted the attention of researchers in the field
of data hiding and has become one of the research hotspots in this field. This
paper presents a HEVC video steganography method based on QDST coefficient.
The secret message is embedded into the multi-coefficients of the selected 4 × 4
luminance QDST blocks to avert the intra-frame distortion drift. And the matrix
encoding technology is used to reduce the modification of these embedded blocks.
The experimental results show that the proposed algorithm can effectively increase
the visual quality and get good embedding capacity.

Keywords: HEVC · Video steganography · Matrix encoding ·
Multi-coefficients · Intra-frame distortion drift

1 Introduction

Steganography mainly studies how to hide secret messages in digital media (such as
images, audio, video, etc.) for covert communication [1]. With the popularization of
video in the Internet and the gradual promotion of 5G mobile Internet, using video
as a carrier of steganography is conducive to the realization of covert communication.
Compared with images and audio, video contains more information and more complex
coding modes, so video is an ideal carrier for steganography [2]. Many modules in the
video compression coding process can be used as the carrier of video steganography,
such as intra prediction, motion estimation, DCT/DST transform, etc. [3, 4].

With the rapid development of the digital video industry, high-definition video is
becoming more and more popular in daily applications, and ultra-high-resolution for-
matswith higher resolution are gradually beingproducedon themarket.At the same time,
due to the development of services such as video dialogue and video-on-demand, the
demand for efficient video transmission is increasing. These new demands have put for-
ward higher performance standards for the definition, frame rate and compression rate of
video coding. HEVC is the abbreviation of High Efficiency Video Coding [5]. It is a new
video compression standard used to replace the H.264/AVC coding standard. On January
26, 2013, HEVC officially became an international standard. HEVC has a good parallel
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processing architecture, which greatly improves the ability to process high-resolution
video. In addition, HEVC has a higher compression rate and supports data loss recov-
ery, reducing the difficulty of transmission. And Compared with H.264/AVC, HEVC
is more adaptable to the increasingly diverse high-definition network video services. It
can be expected to replace HAVC in the future and become the new mainstream video
compression coding standard and be widely used. Therefore, research on steganography
methods based on this standard has very high application prospects.

For the intra-frame QDST (Quantized DST) coefficients of the HEVC standard,
some literatures have proposed corresponding video steganography algorithms [6–12].
Chang et al. [6] employed a three-coefficients to solve the QDST coefficient distortion
drift problem for 4 × 4 luminance blocks. Liu et al. [9] proposed a robust and improved
visual quality steganography method for HEVC in 4 × 4 luminance QDST blocks. To
improve the robustness of data hiding, the embedded data are first encoded into the
encoded data by using the BCH syndrome code (BCH code) technique. To improve
the visual quality of data hiding, three groups of the prediction directions are provided
to limit the intra-frame distortion drift. Liu et al. [10] employed a multi-coefficients
to realize reversible steganography in 4 × 4 luminance QDST blocks, but each 4 ×
4 luminance block can only be embedded in 1 bits of information, so the embedding
capacity is limited. Liu et al. [12] proposed a data hiding method for H.265/HEVC
video streams without intra-frame distortion drift, the message is embedded into the
multi-coefficients of the 4× 4 luminance DST blocks of the selected frames which meet
the specific conditions.

In this paper, two sets of multi-coefficients are used to avert the intra-frame distortion
drift in 4× 4 luminanceQDSTblocks. In order to further improve the visual quality of the
proposed algorithm, the matrix encoding technology is used to reduce the modification
of these embedded blocks. Experimental results show that the proposed algorithm has
both good visual quality and high embedding capacity.

The rest of the paper is organized as follows. Section 2 describes the theoretical
framework of the proposed algorithm. Section 3 describes the proposed algorithm.
Experimental results are presented in Sect. 4 and conclusions are in Sect. 5.

2 Theoretical Framework

2.1 Intra-frame Prediction

HEVC uses transform coding of the prediction error residual in a similar manner as
in H.264. The residual block is partitioned into multiple square transform blocks. The
supported transform block sizes are 4× 4, 8× 8, 16× 16, and 32× 32. For the transform
block size of 4 × 4, an integer transform derived from a DST (Discrete Sine Transform)
is applied to the luma residual blocks for intra prediction modes. In terms of complexity,
the 4 × 4 DST-style transform is not much more computationally demanding than the
4 × 4 DCT-style transform, and it provides approximately 1% bit-rate reduction in
intra-frame coding.

A prediction block of HEVC intra prediction method is formed based on previously
encoded adjacent blocks. The sixteen pixels in the 4 × 4 QDST block are predicted
by using the boundary pixels of the adjacent blocks which are previously obtained,
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which use a prediction formula corresponding to the selected optimal prediction mode,
as shown in Fig. 1. Each 4 × 4 block has 33 angular prediction modes (mode 2–34).

Fig. 1. Labeling of prediction samples

2.2 Intra-frame Distortion Drift

Distortion drift refers to that embedding the current block not only causes the distortion
of the current block, but also causes the distortion of its adjacent blocks. As illustrated
in Fig. 2, we assume that current prediction block is Bi,j, then each sample of Bi,j is the
sum of the predicted value and the residual value. Since the predicted value is calculated
by using the samples which are gray in Fig. 2. The embedding induced errors in blocks
Bi-1, j-1, Bi,j-1, Bi-1,j, and Bi-1,j+1would propagate to Bi,j because of using intra-frame
prediction.

For convenience,wegive several definitions, the 4×4blockon the right of the current
block is defined as right-block; the 4 × 4 block under the current block is defined as
under-block; the 4× 4 block on the left of the under-block is defined as under-left-block;
the 4 × 4 block on the right of the under-block is defined as under-right-block; the 4 ×
4 block on the top of the right-block is defined as top-right-block, as shown in Fig. 3.
The 4× 4 block embedding induced errors transfer through the boundary pixels to these
five adjacent blocks.

2.3 Matrix Encoding

Matrix encoding is a method of selecting a specific carrier with a specific function and
embedding more information while modifying fewer carriers. Matrix encoding was first
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Fig. 2. The prediction block Bi,j and the adjacent encoded blocks

Fig. 3. Definition of adjacent blocks

proposed by Crandall [13]. The embedding efficiency is an indicator of the data hiding
algorithm, which represents the ratio of the embedded bit to the modified bit. Matrix
encoding can reduce the modification of the carrier when embedding the same number
of bits, which can improve the embedding efficiency.

This paper uses the (1, 2, 3) matrix encoding mode. Matrix encoding of (1, 2, 3)
mode requires three positions to be embedded with secret information, and two bits can
be embedded with one bit modified.

For example, there are three positions a1, a2, and a3 where secret information is to be
embedded, and a1 ⊕ a3 (⊕stands for XOR operation) represents the secret information
bit w1, and a2 ⊕ a3 represents the secret information bit w2.
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If a1 ⊕ a3 and w1 match, and a2 ⊕ a3 and w2 match, then no modification will be
made. At this point, two bits of secret information have been embedded.

If a1⊕a3 and w1 match, and a2 ⊕ a3 and w2 do not match, then modify a2 to make
a2 ⊕ a3 and w2 match, so that two bits of information are embedded.

If a1 ⊕ a3 and w1 do not match, and a2 ⊕ a3 and w2 match, then modify a1 to make
a1 ⊕ a3 and w1 match, so that two bits of information are embedded.

If a1 ⊕ a3 and w1 do not match, and a2 ⊕ a3 and w2 do not match, then modify a3 to
make a1 ⊕ a3 and w1 match, and a2 ⊕ a3 and w2 match, so that two bits of information
are embedded.

In this paper, we consider even numbers as 0 and odd numbers as 1, so in the actual
embedding operation, even number XOR even number is equal to 1, even number XOR
even number is equal to 0, and odd number XOR odd number is equal to 0.

3 Description of Algorithm Process

3.1 Embedding

Because the prediction block uses the boundary pixels of its adjacent blocks, if the
embedding error just changed the other pixels of the current block instead of the boundary
pixels used for intra-frame angular prediction reference, then the distortion drift can be
avoided. Based on this idea, two conditions are proposed to prevent the distortion drift.

Condition 1: Right-mode ∈ {2–25}, Under-right-mode ∈ {11–25}, Top-right-mode
∈ {2–9}.

Condition 2: Under-left-mode ∈ {27–34}, Under-mode ∈ {11–34}.
If the current block meets Condition1, the pixel values of the last column should not

be changed in the following intra-frame prediction. If the current block meets Condition
2, the pixel values of the last row should not be changed in the following intra-frame
prediction. If the current block meets the Condition 1 and 2 at the same time, the cur-
rent block should not be embedded. If both the Condition 1 and 2 cannot be satisfied,
the current block can be arbitrarily embedded where the induced errors won’t transfer
through the boundary pixels to the five adjacent blocks, that means the distortion drift
won’t happen, but in this paper we don’t discuss this situation, the current block should
also not be embedded.

Two sets of multi-coefficients are proposed to meet the above conditions when
embedded in. The multi-coefficients can be defined as a three-coefficient combination
(C1, C2, C3), C1 is used for bit embedding, and C2, C3 are used for distortion compensa-
tion. The specific definitions are as follows, multi-coefficients of VS applies to condition
1, and multi-coefficients of HS applies to condition 2:

VS (Vertical Set) = (Ci0 = 1, Ci2 = −1, Ci3 = 1), (Ci0 = −1, Ci2 = 1, Ci3 = −1)
(i = 0,1,2,3).

HS (Horizontal Set) = (C0j = 1, C2j = −1, C3j = 1), (C0j = −1, C2j = 1, C3j = −
1) (j = 0,1,2,3).

For example, add 1 to a00 in a 4 × 4 QDST block, then subtract 1 from a02, and
add 1 to a03. This modification will not change the pixel value in the last column of this
block, as shown in Fig. 4(a).
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Similarly, subtract 1 from a00 in a 4× 4 QDST block, then add 1 to a20, and subtract
1 from a30. This modification will not change the pixel value of the last row of the block,
as shown in Fig. 4(b).

a00+1 a02-1 a03+1

a20+1

a30-1

a00-1

(a) Examples of VS                                         (b) Examples of HS 

Fig. 4. (a) Examples of VS (b) Examples of HS

Assume⎛
⎜⎜⎝

a0 a1 a2 a3
a4 a5 a6 a7
a8 a9 a10 a11
a12 a13 a14 a15

⎞
⎟⎟⎠ is the 4 × 4 QDST coefficients matrix used to be embedded.

If the QDST blockmeets condition 1, then the coefficients a0, a4, a8 and a12 are used
to embed secret information. If the QDST block meets condition 2, then the coefficients
a0, a1, a2 and a3 are used to embed secret information.

Take the coefficients a0, a1, a2 applicable to condition 2 as an example. Suppose the
2-bit secret information to be embedded are w1 and w2, respectively.

If a0 ⊕ a2 = w1, and a1 ⊕ a2 = w2, then no modification is required, and the 2-bit
data has been embedded.

If a0 ⊕ a2 �= w1, and a1 ⊕ a2 = w2, then modify a0 to make a0 ⊕ a2 = w1.
Specifically, if a0 ≥ 0, then a0 = a0 + 1, a8 = a8 – 1, a12 = a12 + 1; if a0 < 0, then a0
= a0–1, a8 = a8 + 1, a12 = a12 – 1. As mentioned above, a8 and a12 are used to prevent
distortion drift.

If a0 ⊕ a2 = w1, and a1 ⊕ a2 �= w2, then modify a1 to make a1 ⊕ a2 = w2.
Specifically, if a1 ≥ 0, then a1 = a1 + 1, a9 = a9 – 1, a13 = a13 + 1; if a1 < 0, then a1
= a1–1, a9 = a9 + 1, a13 = a13 − 1.

If a0 ⊕ a2 �= w1, and a1 ⊕ a2 �= w2, then modify a2 to make a0 ⊕ a2 = w1 and a1
⊕ a2 = w2. Specifically, if a2 ≥ 0, then a2 = a2 + 1, a10 = a10 − 1, a14 = a14 + 1; if
a2 < 0, then a2 = a2 − 1, a10 = a10 + 1, a14 = a14 − 1.

By using the aforementioned matrix encoding technique, embedding 2-bit secret
information only needs to modify at most 3 coefficients. If the conventional line-by-line
embedding method is used, at most 6 coefficients need to be modified to embed the 2-bit
secret information.
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The coefficient a3 is not used in this embedding process, it will be combined with
the first two embedding coefficients of the next embeddable block to embed 2-bit secret
information.

a20

a10+1 a12-1

a30

a13+1

a00

b21-1

b31+1

b00 b01+1 b02 b03

Fig. 5. Examples of embedding

As shown in Fig. 5, the coefficients a00, a10, and a20 of the first QDST block form
a matrix encoding unit, where a10 is used to embed secret information; the coefficient
a30 and the coefficients b00, b01 of the second QDST block form a matrix encoding unit,
where b01 is used to embed secret information.

After the original video is entropy decoded, we get the intra-frame prediction modes
and QDST block coefficients. By using the matrix encoding technique, we embed the
secret information by the multi-coefficients into the selected 4 × 4 luminance QDST
blocks which meet the conditions. Finally, all the QDST block coefficients are entropy
encoded to get the carrier video.

3.2 Data Extraction

After entropy decoding of the HEVC carrier video, two exclusive-OR operations are
performed on the coefficients of the first row or first column in the selected 4 × 4
luminance QDST blocks which meet the condition 1 and condition 2. The exclusive-OR
operation is repeated until the number of extraction bits is equal to the secret information
bits notified in advance, thereby extracting the embedded secret information.

Take the previously mentioned coefficients a0, a1, a2 applicable to condition 2 as
an example, calculate a0 ⊕ a2 to extract the first bit of this matrix encoding unit, and
calculate a1 ⊕ a2 to extract the second bit of this matrix encoding unit. This operation is
repeated until the number of extraction bits is equal to the number of secret information
bits.

4 Case Study

The proposed method has been implemented in the HEVC reference software version
HM16.0. In this paper we take “Basketball” (416 * 240), “Keiba” (416 * 240), “Race-
Horses” (832 * 480) and “SlideShow” (1280 * 720) as test video. The GOP size is set to
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1 and the values of QP (Quantization Parameter) are set to be 16, 24 and 32. The method
in [12] is used for performance comparisons.

As shown in Table 1, the PSNR (Peak Signal to Noise Ratio) of our method is better
than the method proposed in [12] in each video sequences. Because compared to the
method proposed in [12], our method uses matrix encoding technology to further reduce
the modification of the QDST embedding block.

Table 1. PSNR (dB) of embedded frame in each video sequences

Sequences Method QP = 16 QP = 24 QP = 32

Basketball In this paper 47.63 42.54 36.88

In [12] 46.25 40.59 35.12

Keiba In this paper 48.02 42.36 37.01

In [12] 46.53 40.78 35.58

RaceHorses In this paper 47.64 42.52 36.43

In [12] 46.10 41.34 35.10

SlideShow In this paper 47.77 41.88 37.51

In [12] 46.28 40.28 36.09

In terms of embedding capacity, as shown in Table 2, the embedding capacity of
our method is lower than the method in [12] of average per frame. Because the method
proposed in [12] can embed 1-bit secret information in each row or column, our method
is to embed 0.66 bit secret information in each row or column. Although the embedding
capacity of our method is slightly lower than the other one, it is still acceptable.

Table 2. Embedding capacity (bit) of embedded frame in each video sequences

Sequences Method QP = 16 QP = 24 QP = 32

Basketball In this paper 3501 3978 3582

In [12] 5304 6027 5248

Keiba In this paper 3651 3770 3580

In [12] 5532 5713 5576

RaceHorses In this paper 9624 11578 9657

In [12] 14582 17543 14632

SlideShow In this paper 13321 15462 13962

In [12] 20184 23428 21156

Figure 6 to Fig. 7 are the video frame screenshots of two steganography methods.
Since our method reduces the modification to the QDST blocks, it has a higher visual
quality.
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(a) Method in this paper (b) Method in [12]

Fig. 6. (a) Method in this paper (b) Method in [12].

(a) Method in this paper (b) Method in [12]

Fig. 7. (a) Method in this paper (b) Method in [12].

5 Conclusion

This paper proposed a novel HEVC video steganography method based on QDST coef-
ficient. Two sets of multi-coefficients are used to avert the intra-frame distortion drift in
4 × 4 luminance QDST blocks. In order to further improve the visual quality of the pro-
posed algorithm, the matrix encoding technology is used to reduce the modification of
these embedded blocks. Experimental results demonstrate the feasibility and superiority
of the proposed method.
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Abstract. As a prominent representative of the innovation and development of
the information technology, block chain technology has been gradually recognized
and applied to various fields. However, the application of blockchain technology
is still in the exploration and research stage. Further researches and consideration
about the blockchain technology applications can promote social changes, espe-
cially in the university ideological and political education. It can provide one new
solution to the problems of ideological and political education activities. First, we
elaborate the characteristics and social significance about educational application
with adopting blockchain technology. Then, by analyzing the characteristics of
block chain technology, we discuss the feasibility of its application in ideological
and political education in universities, and put forward the construction idea and
scheme of block chain based ideological and political education in universities.
Finally, we analyze the existing challenges and solutions to the implementation
of the proposed scheme.
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1 Introduction

In the information society, the new media and technologies should be applied to make
work more effectively, and the traditional advantages of ideological and political work
should be highly integrated with information technology to enhance the appealing and
anachronistic [1]. The application of new technology is the innovation requirement of
ideological and political work in colleges and universities, as well as the inevitable
choice of exploring new ways and methods and improving the effectiveness. We believe
that block chain technology plays an important role in promoting the innovation of
ideological and political education in universities andwe shouldmake use of its principle
and characteristic effectively to enrich the ways of ideological and political education
in universities.

Blockchain is a kind of distributed data recording technology which records all
transactions or behaviors of electronic record [2]. Block chain is composed of “block”
and “chain”. Each block contains all the transaction data that occurred when they are
created and manipulated in the entire blockchain network.
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All blocks are linked in chronological order and with hash values to form a block
chain. Each block in the block chain can share all transactions data of the whole system
within a specific time, and the sharing of content makes each block equal. Since each
block shares all information of the system, the information can be cross-verified to ensure
the authenticity of the information. Meanwhile, the asymmetric encryption principle of
the block chain enables each node to reach a consensus with other nodes without mutual
trust. The exploration on the application of block chain technology has been started, and
applications based blockchain is gradually expanding to finance, justice, medical care,
logistics and other fields [3]. In the financial field, global banking giants includingHSBC,
bank of America and more than 40 international financial institutions have formed an R3
consortium to jointly develop block chain technology. In the medical field, Gem (a block
chain enterprise) provided a global blockchain based health-care scheme which aimed
to provide more personal and low-cost service for people. In the food sector, Walmart
is also trying to use block chain technology to record food sources, in an attempt to
make consumers have more food information, so as to improve the current mess in the
food industry. Blockchain technology is a new development direction of information
technology, and there is huge development space for the development of education [4].

The remainder of this paper is organized as follows: Sect. 2 reviews the background
of blockchain based ideological and political education in universities, especially pro-
vides a detailed consideration about feasibility when utilizing blockchain technology.
Section 3 proposes the blockchain based scheme of ideological and political education
in universities and the challenges and solutions to the implementation of this scheme is
presented in Sect. 4. Finally, the conclusion is shown in Sect. 5.

2 Background of Blockchain Based Ideological and Political
Education

Ideological and political education in colleges and universities must adhere to the correct
political direction in a new era. As the main chain, the ideology of socialism forms a
stable data structure with the joint efforts and consensus of all nodes, which can be taken
advantage of such erroneous thoughts as democratic socialism, historical nihilism, west-
ern constitutional democracy. The principle of accounting with distributed technology
ensures its stability and security, promotes the flow of socialist core values based on the
principle of trust mechanism, promotes the positive influence on mainstream ideology,
and consolidates the guiding position of Marxism in the field of ideology.

As a part of ideological work, ideological and political education in colleges and
universities should pay more attention to the innovation of ideological and political
education theory, teaching andmanagement means, and educationmethods. Block chain
technology principle of application for ideological and political education in colleges
and universities present dynamic development [5], the participation of all the nodes
embodies the characteristics of overall education, block chain structure to make the way
of all-round education and whole-process education more systematic, “cultivating what
kind of person” “how to cultivate people” and “cultivate people” for who the consensus
of the mechanism for the working group of ideological and political education goal is
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more clear, “three full” synergy mechanismmake the ideological and political education
more effective [6].

At present, the ideological and political education in colleges and universities gen-
erally remains single mode, one is the teaching as the main channel of ideological and
political theory education mode, another is based on the daily education such as coun-
selor of education mode, which in the implementation of the two single intersection
and fusion point is less, mostly play a role in their respective fields, and in a narrow
range, as for the effect of ideological and political education of the overall effectiveness
is not strong. And the block chain technology brings new ideas. In block chain technol-
ogy, every node shares all data information and stores complete account books. Data
information is backed up among different nodes, and data maintenance and update need
to be completed by multiple nodes of the system. According to the characteristics of
block chain technology, it can be envisaged to construct the chain resource network of
ideological and political education in colleges and universities: through the recording
block of online learning resources uploaded by ideological and political educators, the
blocks are sequentially linked by time axis, and all the data on the chain are entered
into the database server of ideological and political education in colleges and univer-
sities [7]. Students can access the learning resources in the server and will be granted
the right to record blocks on the learning chain after completing the learning tasks. The
academic affairs office can give students corresponding credits according to the credit
system according to their learning resource blocks, record the blocks and link them.
Each node shares all the information in the whole chaining resource network, and once
the information of a block is changed, all users can grasp it in real time.

3 Proposed Scheme of Blockchain Based Ideological and Political
Education

Education is a social activity with developmental characteristics, a long-term process of
continuous improvement and a structural feature of “chain”. Ideological and political
education in colleges and universities is a sub-category of education that the block chain
technology can be used to study and solve the problem is feasible. The block chain
technology is used in ideological and political education in colleges and universities.
The educational elements or links in the ideological and political education of college
students, which are linked, interdependent and restricted, are connected into a chain
relationship based on specific connections or rules, and are further integrated into a
holistic education network system.

3.1 Elements

Node
In block chain technology, a node can simply be understood as a computer participating
in the connection, in other words, a user. Then in the construction of ideological and
political education chain in colleges and universities, the nodes can be positioned as the
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participants of ideological and political education in colleges and universities, that is,
ideological and political educators, college students and relevant administrators.

Block
In block chain technology, a block generally refers to a block that stores transaction data
for a specific period of time. Therefore, in the application of ideological and political
education chain in colleges and universities, each block is a module used to record
information when educators, learners and managers complete tasks in accordance with
relevant rules in a specific period.

Chain
In the block chain technology, the links between the blocks are generally in the form
of times tamps, that is, according to the time sequence as the connection condition, for
example, a node (miner) first obtains the calculation results and passes the verification
to create a new block, and so on. In the application of ideological and political education
chain in colleges and universities, time can also be used as the connection condition to
link the blocks.

3.2 Chain Resource Network Assumption

In general, the assumption of resource network structure of ideological and political
education chain in colleges and universities (Fig. 1) is based on block chain technology,
forming a new learning system in which ideological and political educators update
Shared resources, students’ learning and feedback on relevant resources. To be clear,
this chain of network structure should exist in one university, not all universities. Each
university can set up its own chain resource network.

First, the first block chain is a resource chain mainly composed of ideological and
political educators. Ideological and political education workers with the achievements of
teaching or scientific research during the period are recorded as a block. This is similar
to the block chain technology in which miners calculate the results by calculating the
formula, and the first miner who gets the results gets the right to record the block at that
time. Ideological and political educators will constantly produce results in their own
learning and research process. On this block chain, the teaching and scientific research
achievements of ideological and political educators are recorded in chronological order
in the form of time axis. For example, suppose in January of 2018, aMooc course “Intro-
duction toMao Zedong thought and the theoretical system with Chinese characteristics”
shot by an ideological and political education teacher in a university was put online for
students to choose, and the teaching results of the Mooc course could be marked by the
online time. Then in February of 2018, a campus cultural activity organized by an ideo-
logical and political education instructor of the university won the award at the university
level or above, and the planning and implementation of this campus cultural activity was
marked by the time of winning the award. Then, in March of 2018, a team of teachers of
a professional course of the university completed the provincial curriculum ideological
and political project, and the time of completion was taken as the marking block for all
relevant contents in the project. All the block contents on this block chain will be linked
together in the order of timeline and uploaded to the ideological and political education
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database server of the university, which will be automatically stored according to the
three categories of ideological and political courses, ideological and political courses
and daily ideological and political education for learners to learn by political courses
and daily ideological and political education for learners to learn by classification.

Second, the second block chain is a learning chain with college students as the main
body. College students can access the ideological and political education database server
of the university to obtain learning resources.When students complete a certain resource
at a certain time, they can obtain the right to record the block.What needs to bemade clear
here is that each student’s learning trajectory is different, and the learning content is also
of individual selectivity. Therefore, in this block chain, each block recorded by students
is a separate chain. Encryption technology can be used to protect the privacy of learners
and the trust problem can be eliminated by default consensus mechanism. Thus, a new
personal online learning environment is created to meet students’ personalized learning
needs. For example, suppose that in September 2018, student A completes the Mooc
course “Introduction to Mao Zedong thought and the theoretical system of socialism
with Chinese Characteristics”, and the learning progress, homework completion, and
online examination results are marked by the completion time. In November of 2018,
student A watched and studied the contents related to the campus cultural activities
awarded by the ideological and political education instructor, and the learning record
was marked by time, so that the learning trajectory of student A was linked by the
relationship of time axis. For another example, if student B completes the two learning
contents of student A in October and December of 2018, the learning record of student
B will be marked with its own learning time and linked. In addition, in this block chain,
students can encrypt the data related to their privacy and personal information, and
student information is only visible to students and academic administrators, so as to
guarantee students’ personal rights and interests. Each student can only see their own
learning block content and learning trajectory, and cannot consult others’ data. However,
the learning block contents and learning records of all students in this block chain will
also be uploaded to the ideological and political education database server of universities.
All data in the database server are open and transparent, and students have no right to
access other students’ learning records.

Finally, the third block chain is a management chain with educational administration
department as the main body. According to the consensus mechanism of block chain
technology, universities can set up the credit system of network resources. The depart-
ment in charge of academic affairs (Office of Academic affairs) can check the ideological
and political education database server of the university in the whole process, and obtain
the right to record students’ credit blocks through students’ learning records, which are
also marked by time. For example, in the database server of ideological and political
education, student A completed the “Introduction to Mao Zedong thought and the theo-
retical system with Chinese Characteristics”. In terms of course learning, the academic
affairs office can record the credit blocks for student A according to the study completion
of student A and the credit system of learning from network resources, marked by time,
and finally still based on the timeline Links the credit blocks together to count toward
student A’s total credit. Similarly, student B forms its own chain of credits according to
the chronological order.
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Fig. 1. Network structure of Blockchain based ideological and political education universities.
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According to the principle of sharing content in block chain technology, data on all
chains can also be shared in the internal chain network of universities. In the resources
chain of ideological and political education, the ideological and political educationwork-
ers can upload their own data to the ideological and political education of the database
server, and at the same time can also share student’ learning resources on record and
the records given by the educational administration department. According to student’s
learning, ideological and political education workers can adjust timely to improve edu-
cation effect. In the student learning chain, students can share ideological and political
ideas, The achievement resources of the educators, as well as know their own learning
achievements and access to the recognition information of the administrative department
of education, which have played a certain auxiliary effect on students’ own learning
arrangement and planning. In the management chain of the educational administration
department, the academic affairs office can grasp the real-time and specific situation of
the ideological and political teaching, scientific research and learning of all teachers and
students, which is of great significance to improve the overall quality of ideological and
political teaching.

4 Challenges and Solutions to the Implementation of the Proposed
Scheme in Ideological and Political Education

In recent years, colleges and universities havemade a lot of efforts in industry-university-
research cooperation, but the research on the application of blockchain technology is
still in its infancy, and the real application needs more time, especially in Ideological and
political education in colleges and universities. The idea of building a chain resource net-
work by using block chain technology in ideological and political education in colleges
and universities is actually the idea of combining block chain technologywith innovative
learning methods in the current information age. Learning in the information age must
be based on abundant resources, and network learning resources play an important role
in learning in the information age. Network learning resources and network learning
are rapidly changing the content and way of learning. At present, the approaches of
ideological and political education in colleges and universities still focus on classroom
teaching and daily ideological and political education. The use of block chain technology
to establish a chain resource network in colleges and universities, for students, to pro-
vide students with rich and high-quality learning resources of the university, and through
the study of the content of resources to obtain the corresponding credit, innovation of
learning forms, improve the positive learning. For ideological and political educators,
there is a more convenient way to record their own research results, a broader platform
for learning interaction with students, and a more direct channel to understand students’
cognitive status to timely adjust the teaching content and methods. However, there are
still some obstacles that need to be solved to construct the chain resource network by
block chain technology in the current ideological and political education in colleges and
universities.
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4.1 Construction of Ideological and Political Education Database Server
in Colleges and Universities

In the imagined chain resource network, the database server of ideological and polit-
ical education in colleges and universities is a very important link. The construction
assumption of the database server of ideological and political education in colleges and
universities is based on the server concept in the block chain technology. Any server in
the block chain shares all the data in thewhole block chain. In the chain resource network
of ideological and political education in colleges and universities, the database server
of ideological and political education in colleges and universities is also a system that
stores all the resource data. The resource chain, learning chain andmanagement chain all
share the data of this database server. As far as the specific situation of each university is
concerned, there are basically no similar facilities and platforms, and no corresponding
functional departments to manage and maintain them. Block chain technology requires
higher computing capacity of servers, which requires universities to increase investment
and strengthen hardware construction to meet the needs of ideological and political edu-
cation. At the same time, colleges and universities should strengthen the talent training
of block chain technology application and set up special departments to manage and
maintain the database server.

4.2 Enthusiasm of Ideological and Political Educators in Universities

Basic current college ideological and political education is based on classroom teaching
and daily ideological and political education as the main way. The teachers, counselors
and other ideological and political education workers have to undertake heavy teaching
and administrative tasks, so they may not be willing to take the time to make the network
learning resources, alsomay not bewilling to share their research results. A small number
of teachers are accustomed to the traditional mode of education and find it difficult to
accept the challenges brought by the new technology in terms of concepts and abilities.
Onone hand, colleges and universities should take the production anduploading of online
learning resources as the basic work of ideological and political educators, stipulate the
workload of each ideological and political educator, and take this as an indicator to be
included in the assessment of professional title evaluation or job promotion. On the other
hand, colleges and universities can regularly evaluate the online learning resources that
ideological and political educators are responsible for and award the winners.

4.3 College Students’ Initiative and Consciousness in Learning Resources

Under the traditional educationmodel, college students lack initiative and consciousness
in learning. Students form a strong dependence on the traditional method of “teachers
teach, students learn”, and the concept of active learning is relatively weak. In the
assumption of ideological and political education chain resource network in colleges,
students need to actively study the learning resources in the database server of ideological
and political education in colleges and universities to obtain corresponding credits, but
students lack initiative of learning resources content. They may take the form of hanging
up the phone or substitute learning to complete the learning task, so that students cannot
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achieve the effect of improving the learning effect. Therefore, colleges and universities
should optimize the conditions of network learning, increase investment in hardware,
try to meet the needs of students’ independent learning, and provide a good hardware
environment for students’ independent learning. At the same time, in the process of
learning resources for students, universities can set up a stage assessment link and may
adopt the face recognition quasi-examination access system. In addition, the learning
resources can be added in each segment of the question and answer session to improve
the initiative of students to learn resources, and also make students understand their own
knowledge or skills through the response to questions and stage assessment.

5 Conclusion

In this paper, the characteristics and social significance about educational application
based on blockchain are taken into consideration firstly. Then, with the analysis of char-
acteristics between blockchain and ideological and political education filed, the scheme
of block chain based ideological and political education in universities is proposed.
Finally, the existing challenges and solutions to the implementation of the proposed
scheme are also analyzed and discussed.
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Abstract. With the rapid development of various multimedia, an increasing vol-
ume of multimedia data are being generated. Such data may include sensitive
medical, commercial, and military imaging information. As the technology used
to provide image information in a cloud based web system is being developed,
important images that require protection are provided through internal intra net-
works without using the cloud server; the demand for the service is increasing.
In terms of video security, several encryption algorithms have been applied to
secure transmissions in recent years. A large number of multimedia encryption
schemes are also used in real products. However, there is a problem where a third
party can acquire an image by exploiting a security vulnerability in a cloud-based
image transmission. We have focused our research on a cloud server environment
that provides real-time service to transmit secure video with desirable encryption
speed. However, security levels and video streaming quality should also be con-
sidered. Real-time streaming technology that provides secure real-time service
for encrypted and unencrypted video without image degradation has not yet been
reported. We obtained satisfactory results in the parallel security streaming devel-
opment environment. The results of this study are evaluated and analyzed in the
manuscript.

Keywords: Cloud server · Parallel security streaming · Real time service ·
Video content

1 Introduction

The multimedia communication by wired/wireless integration has become possible.
In addition, because modern Internet speeds can provide ubiquitous service, various
developments are being made, which makes users want to use multimedia services more
frequently. As a result, companies that provide services have started strengthening their
supplywith the demand.However, if security is neglected, saleswill not increase basedon
demand alone. Therefore, companies need strengthened security to protect their interests
and content. Encryption for data containing text, images, audio, and video is performed
to make the data unreadable, and thus, more secure. The primary objective is to encrypt
or transmit data invisibly. Data encryption consists mostly of content scrambling.

In this study, we analyze existing data encryption processing technology. In addition,
we propose an optimal method for encrypting an image in real-time when applying
intranet.
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2 Related Works

Generally, the enterprise first tries to block image access after confirming the IP of the
external access client for secure video processing.

Recently, the application range and frequency of video technology have becomemore
active in many areas. As a result, the need for information security is also increasing.

Various types of image encryption technology have been developed in the past, but
the performance required for image encryption and decryption is still insufficient. In
particular, it is difficult to provide performance suitable for a real-time internet service
to a large number of users.

To date, many articles have been published, and these articles can be divided into
three research types. The following describes a method of encrypting image pixels:

1) Before video coding techniques [1–6]: Pixel-based encryption
2) Within video coding: Transform-based or a combined approach involving coding

and encryption
3) After video coding: Bit-level encryption (Table 1).

Table 1. Video image pixel encryption method.

Characteristic Disadvantages

Before video encryption
technique is applied

Provides high security without
compromising compression
efficiency and image quality

Encrypts at the bit level within
pixels prior to image
compression. The amount of
data required for encryption is
very less

Within video encryption
technique

Has the advantage of
encrypting while performing
compression algorithms, such
as MPEG; this can speed up
encryption

Perceptual encryption method:
Has the disadvantage of lost
compression efficiency or image
quality
Selective encryption method:
Weak security strength

After video encryption
technique is applied

How to encrypt this file with
traditional encryption
algorithms, such as DES, RSA,
IDEA, and AES, after the
entire video has been
compressed

It is advantageous in that
security stability is high and
compression efficiency and
image quality are not lost
However, owing to the heavy
computation speed, there is a
problem with real-time
performance

Various methods, such as pure permutation [7], Zig-zag permutation [8], Huffman
codeword permutation [9], and compression logic-based random permutation [10], have
been developed. The advantage of most of these approaches is that image compression
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and encryption can be handled together to reduce processing time. The disadvantage
is that there is some visual perturbation in the MPEG stream as it performs encryption
before or during compression.

Weaim toprovide a real-time service for secure video alongwith desirable encryption
speed in a cloud server system. We are aiming to achieve security stability within post-
processing video encryption technology, along with desirable real-time performance
with an internal video encryption method based on a compromise-type permutation
(selective encryption) scheme (Table 2).

Table 2. Video image pixel encryption method.

Image encryption method Characteristic

Pure permutation • Video files are mostly composed of
numerical data

• Data modulation: Secures data by mixing
large amounts of it in various ways

• Security is achieved by means of scrambling
through the exchange of bytes within the
frame of the MPEG stream

• When encrypting a generic document, it is
vulnerable to known-plaintext attacks

Zig-zag permutation • Zig-zag permutation is combinatorial
mathematics that sequentially sets set
{1,2,3,…,n} to be larger or smaller than the
previous entry

• Develops a variety of ways to create
exchange lists where all possible exchanges
have a uniform distribution

Huffman codeword
permutation

• Light MPEG video encryption method that
performs encryption and MPEG
compression simultaneously

• Combines encryption and MPEG
compression to save computation time

• The use of arbitrary Huffman codewords
may reduce compression efficiency

• Using codewords of the same size as the
standard Huffman codeword to minimize the
impact on compression efficiency

Compression logic-based random permutation • Applies random exchange to multiple
exchange groups instead of converting 8 * 8
coefficients of one DCT I*64 vector data
using random exchange list

• This method is safe from vulnerability to
DCT compression efficiency
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A wide variety of selective encryption techniques have been developed but the
techniques developed by Mayer and Gagegast [11] are representative technologies.

A number of variants of selective encryption techniques similar to this technology
have been developed and are in use. However, during the investigation, it was discovered
that the target of our study was not met.

First, according to the security level, an important part of the MPEG video stream
is encrypted with the conventional encryption algorithms, DES and RSA.

The security level increases when the amount of data of the important part of the
MPEG video stream to be encrypted increases, while the processing speed decreases
inversely.

Second, the encryption ratio varies depending on which parameters are encrypted.
Encrypting only the stream header allows for a real-time service with a very low

encryption ratio. However, there is a concern that it can be deciphered easily.
Third, encrypting all bit streams provides an encryption ratio of 100% and allows

for very high security. However, because the processing time is long, real-time service
is difficult to achieve.

The selective encryption method does not change image quality to the level of
encrypting the header. Various methods of encrypting the frame result in image quality
variations.

In this paper, we aim to provide secure and encrypted video services to users in
real time by applying techniques to parallel streaming servers that can minimize service
latency without deformation of image quality.

3 Real-Time Characteristics of Video Security Services

In the video security service of the proposed parallel security streaming (PSS) system,
the real-time stream image must be high quality and be able to provide a stable stream
based on the Internet connection speed.

In this service environment, we have designed the basis of the transmission/reception
structure to guarantee the real-time performance of the video security service based on
the efficiency of through parallel processing.

Table 3 shows the resolution, frame rate, or bit rate of relatively high-quality moving
images for the future.

The video transmission rate range is presumed to be compressed by theH.264method
[12] and requires a very high transmission rate.

If we make it possible to service videos of the quality shown in the table, it can be
confirmed that the lower quality service that is currently being provided is not a problem
for the real-time service at all.

The process by which a user uses the video security service of a PSS system.

1. The administrator distributes the video data to the security streaming server (SSS).
2. The user accesses the main server and requests the service for the desired video

through the media information created for the connection.
3. When the user requests the video service, the SSSs where the actual data is stored

from the main server, the size of the storage block data, the piece size of the block
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Table 3. Video frame, resolution, and transfer rate relationship in H.264

Pixels and frame Resolution Video bitrate
range

1440p @60fps 2560 * 1440 9,000–18,000
kbps

1440p @30fps 2560 * 1440 6,000–13,000
kbps

1080p @60fps 1920 * 1080 4,500–9,000
kbps

1080p @30fps 1920 * 1080 3,000–6,000
kbps

720p @60fps 1280 * 720 2,250–6,000
kbps

720p @30fps 1280 * 720 1,500–4,000
kbps

for encryption, the size of the data, the encryption method, and receives the meta
key information necessary to do so.

4. Through the transmitted meta key information, the user client establishes a connec-
tion with each SSSs. Next, the transmission data block is transmitted according to
the SSS and block information of themeta key. The video streaming data are restored
before the encryption through decryption and reassembling processes according to
the encryption information of the meta key.

5. When the receiving module of the user client transfers the restored video streaming
data to the source filter of the existing media player, it automatically detects all the
standard format data supported by the media player and plays the video.

Owing to this structure, the transmission load between a single server and user is effi-
ciently distributed to the transmission load between a plurality of SSSs and users. Real-
time service is provided using the time obtained from the distribution for decryption. At
this time, the security of the meta key information itself is very important.

Therefore, meta key information should be protected by the highest level of
traditional encryption algorithms, such as DES, RSA, IDEA, and AES [13].

However, the size of the meta key information is not large and it is necessary to
decode the video before the video playback starts. Therefore, we confirmed that it does
not affect the real-time video service.

The detailed flow of the communication protocol designed in this study is shown
in Figure. Figure 1 shows the process of importing encrypted video data from SSSs,
starting from requesting a desired video after the user logs in to the main server at the
client in a packet flow.
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1. If the user wishes to request a desired video from the main server:
The client process sends a PSSvideoReq message to the main server. When the main
server receives this message, it sends a PSSvideoResp message to the client.

2. The PSSvideoResp message includes the SSSs storing of encrypted data of a desired
moving picture, a storage block data size, a fragment size of a block for encryption,
an encryption method, and meta key information.

3. If the client process receives the meta key information from the main server through
the PSSvideoResp message on the main server:
TCP connection with SSSs holding encrypted video files.

4. The meta key information is received encrypted. Therefore, it is necessary to first
decode the meta key information and then extract the addresses of the SSSs from it.

5. In the case of Fig. 1, the IP address of three servers (SSS0, SSS1, SSS2) can be
extracted from the meta key information. Therefore, a TCP connection is established
between the connect function of the client and accept function of the SSS through a
three-way handshake.

6. Then, the user client decrypts the encrypted video blocks through three connection-
oriented channels established in three servers (SS0, SS1, andSS2). Then, the decoded
video data is transferred to the source filter of the media filter.

7. The SSSopenFile message transmitted from the client includes the filename in which
encrypted video blocks stored in the respective servers (SSS0, SSS1, SSS2) are
stored.

8. Each server opens this file and sends it to the client in a piece unit packet of the
block.

Fig. 1. Packet flow of the process of fetching encrypted image data
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The three servers (SSS0, SSS1, and SSS2) perform packet transmission in parallel
and the time taken to transmit the packet in the Internet situation is relatively longer than
the time it takes for the client to receive the packet.

Therefore, if the number of servers is increased, the effect of parallel processing can
be expected to improve.

For example, at University, the transmission rate of FTP and video streaming was
measured from the outside on weekdays, and a transmission rate between 23 and 74
Mbps could be measured.

In addition, if the network card can handle 1 Gbps, increasing the number of servers
to 12 can improve performance, even when considering the overhead.

Fig. 2. Process of delivering encrypted video blocks to the source filter

Figure 2 shows the video blocks encrypted through the three connection-oriented
channels established in the three secure streaming servers (SSS0, SSS1, and SSS2).

Then, it decrypts the password in the receiving/decrypting module of the user client
PC and transmits the decrypted moving picture data to the source filter of the media
player.

The order of blocks arriving from each secure streaming server and the block data
are divided into several pieces. Then, the reordering order can be extracted from themeta
key information through the permutation technique, and the receiving/decoding module
of the client PC restores the video blocks before the encryption using this information.

The restored blocks are transferred to the source filter of media player to show the
movie to the user.

In network programming, the memory copy operation has a significant impact on
performance. Because the amount of data to be transmitted and received is very large, it
is necessary to reduce the memory copy operation as much as possible.

We have developed a method to avoid additional memory copy operations by using
the point to minimize it in the process of decrypting and decrypting the decrypted video
data in the receiving/decrypting module of the client PC to the source filter of the media
player.
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Rearranging the pieces in the received block is accomplished by rearranging the
pointers. Then, because the video data is transferred to the source filter of the media
player along with the reordered pointer, only an overhead for changing the pointer value
occurs. This method plays a role in providing a real-time streaming service, which was
the goal of this study.

4 Performance Evaluation of PSS Service

To use a typical server as a video security service solution, hardware and media trans-
mission and encryption software components are required. To provide real-time secure
video service, hardware, such as network transmission/reception devices for real-time
video data transmission, is a key element for storage devices with a large capacity and
high transmission speed. In particular, the efficient arrangement of video data and user
management are essential to support a large number of users.

This is due to the characteristics of the Internet service, such as the real-time service
requirement of a very large number of users at the same time, the inconsistency in
the processing speed between transmission and reception systems, the concentration of
partial data flow in the Internet network, variable exists.

In existing video security processing technology, it is not appropriate to use encryp-
tion technology that causes lack of real-time property or weak image quality in the
Internet service, considering the importance of the image in the smart sensor network
system. In the current Internet environment, high processing speed, large storage capac-
ity for image data storage, scalability for additional storage space required for additional
users, high-speed network resources, and the distribution and utilization of resources are
required to provide the necessary services.

Moreover, after a small amount of buffering time, the user can provide uninterrupted
video. Even though the importance of security in smart network systems is taken into
account, the real-time service of moving images should be maintained.

It is also essential to maintain the quality of the original image.
The security video service in this study is intended to develop real-time Internet

service technology without any change in original image quality. The service is called
PSS. The performance evaluation of the video security service collected the basic data
in the communication network environment of University and used it as basic data for
performance evaluation. After confirming the IP address of the external access client
of the sensor network management system from the DB in the internal network image
data processing support algorithm (for secure image processing), the program serving
the client whose IP address was accessible is tested 100 times. It was confirmed that the
service provided to the client stored the IP address in the DB.

To evaluate the real-time performance of a secure video service, we focused on the
fact that slowness of bandwidth provided to leased line of server connected to Internet
of server and sensor disk access bandwidth of server respectively.

When a small number of users use the service, there is no problemproviding real-time
service because the bandwidth requirement is small.

However, when a large number of users request a service, the bandwidth increases
proportionately, and if the bandwidth is not sufficient, a bottleneck occurs where small
bandwidth is provided among the two bandwidths.



354 M.-Y. Kang

Pdisk is the bandwidth of the server’s disk access; Pout, the bandwidth of the
transmission line connecting the Internet;

Puser, the bandwidth demanded by each user for real-time video service on the
Internet; and Puser ≥ Puser × Nuser if the bandwidth is Nuser.

Nuser, it is possible to provide a real-time service to the user.
Increasing the bandwidth of leased lines more than the disk access bandwidth is

technically problematic and costly.
Therefore, this performance evaluation is performed considering Pdisk ≥ Puser ×

Nuser and assuming that Pdisk ≤ Pout, Pdisk = 1 Gbps, Pdisk = 3 Gbps, and Pdisk = 5
Gbps.

In system, the bandwidth required by the user for the real-time secure video service
depends on the quality of the video provided by the server (Puser = bandwidth). Accord-
ing to a report provided byYouTube, the video transmission rate range when compressed
using the H.264 method.

The reason why the video transmission rate required for the specific quality video
is different when the video is compressed by the H.264 method is that the compression
rate changes depending on the characteristics of the video. The maximum value of each
range is applied for the performance evaluation of the maximum number of users that
can provide real-time service.

Then, the bandwidth Puser required for real-time service is as follows (Table 4).

Table 4. Real-time service demand bandwidth-based image quality (source: youtube)

Resolution Number of frames Bit rate range

2560 * 1440 @60fps 18 Mbps

2560 * 1440 @30fps 13 Mbps

1920 * 1080 @60fps 9 Mbps

1920 * 1080 @30fps 6 Mbps

1280 * 720 @60fps 6 Mbps

1280 * 720 @30fps 4 Mbps

The because Pdisk ≥ Puser × Nuser, the maximum number of users that can perform
real-time service on one server is Nmax,user = Pdisk/Puser.

If the encrypted video is distributed to Nsss SSSs, the bandwidth Psssuser required for
real time on each SSS is Psssuser = Puser/Nsss.

Therefore, the maximum number of users that can perform real-time service in each
SSS is as follows.

Nmax,user = Pdisk
/
Psssuser = (NsssPdisk)

/
Puser (1)

If the disk access bandwidth of the server is Pdisk = 1 Gbps, when the bandwidth
required for the real-time service of the moving picture is Puser = 13 Mbps, Puser = 9
Mbps, Puser = 6 Mbps, and Puser = 4 Mbps,
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The performance evaluation results for the maximum number of users capable of
real-time service are as follows (Fig. 3 and 4).

Fig. 3. Maximum number of users available for real-time service (Pdisk = 3 Gbps).

Fig. 4. Maximum number of users available for real-time service (Pdisk = 5 Gbps).

According to these results, five SSSs can provide real-time video service with Puser
= 4 Mbps to 1250 simultaneous users.
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5 Conclusions

In this paper, we have started to investigate whether it is possible to provide a real-time
secure video service with desirable encryption speed in a smart sensor network system.
The methods currently in service and being researched are analyzed.

As the technology used to service image information in cloud-based web systems is
advancing, there is a growing demand for important services that require security through
internal intra-networks rather than a cloud. This was the subject of study, which was dis-
tressed by enlargement. This is because a third party can acquire an image by exploiting a
security vulnerability in cloud-based image transmission. We have designed and applied
PSS-based video security processing technology to develop real-time streaming tech-
nology that provides safe and real-time security services for video encryption without
compromising image quality. As a result of the performance evaluation, it was confirmed
that five security servers can provide 4 Mbps video to 1,250 users in real time. In case
of multiple servers, two security servers can provide more than 190% performance. It
proved that it can become a ship. The proposed PSS technology is expected to secure
important video and service by controlling the external and internal connections in the
intranet network.

Disclosure Policy. The author(s) declare(s) that there is no conflict of interests regarding the
publication of this article.

References

1. George Amalarethinam, D.I.., Sai geetha, J.: Enhancing security level for public key cryp-
tosystem usingMRGA. In:World Congress on Computing and Communication Technologies
(WCCCT), pp. 98–102 (2014). ISBN: 978-1-4799-2876-7

2. Ganapathy, G., Mani, K.: Add-on security model for public key cryptosystem based on magic
square implementation. In: Proceedings of the world congress on Engineering and Computer
Science , San Fransisco, USA, vol. 1 (2009 ). ISBN 978-988-7012-6-8

3. Rathod, H., Sisodia, M.S., Sharma, S.K.: Design and implementation of image encryption
algorithm by using block based symmetric transformation algorithm (hyper image encryption
algorithm). Int. J. Comput. Technol. Electron. Eng. (IJCTEE) 1(3) (2011). ISSN 2249–6343

4. Younes, M.A.B., Jantan, A.: Image encryption using block-based transformation algorithm.
IAENG Int. J. Comput. Sci. 35(1), IJCS_35_1_03 (2008)

5. Kester, Q.-A.: Image encryption based on the RGB PIXEL transposition and shuffling. Int. J.
Comput. Netw. Inf. Secur. 7, 43–50 (2013)

6. Gutub,A.,Ankeer,M.,Abu-Ghalioun,M., Shaheen,A.,Alvi, A.: Pixel indicator high capacity
technique for RGB Applications(WoSPA 2008). University of Sharjah, Sharjah (2008)

7. Slaggel, A.J.: Known-Plaintext Attack Against a Permutation Based VideoEncryption
Algorithm (2004). http://eprint.iacr.org.

8. Tang, L.: For encrypting and derypting MPEG video data efficiently. In: Proceedings of the
Forth ACM International Multimedia Conference, pp. 219–230 (1996)

9. Shi, C., Bhargava, B..: Light weight MEPG video encryption algorithm. In: Proceeding of
the International Conference on Multimedia, pp. 55–61 (1998)

10. Wang, H., Xu, C.: A new lightweight and scalable encryption algorithm for streaming video
over wireless networks. In: International Conference on Wireless Network, pp. 180–185
(2007)

http://eprint.iacr.org


Parallel Security Video Streaming in Cloud Server Environment 357

11. Meyer, J., Gadegast, F.: SecurityMechanisms forMultimediaDatawith theExampleMPEG-1
video. Technical University of Berlin, Project Description of SECMPEG (1995)

12. “Draft ITU-T Recommendation and Final Draft International Standard of Joint Video Spec-
ification (ITU-T Rec. H.264/ISO/IEC 14496–10 AVC),” Joint Video Team(JVT), Doc.
JVT-G050, Technical Report (2003)

13. Daemen, J., Rijmen, V.: AES proposal: the rijndael block cipher. Protom World Int.l,
Katholieke Universiteit Leuven, ESAT-COSIC, Belgium, Technical Report (2002)

14. Abomhara, M., Zakaria, O., Khalifa, O.O.: An overview of video encryption techniques. Int.
J. Comput. Theory Eng. 2(1), 1793–8201 (2010)

15. Shah, J., Saxena, V.: Video encryption: a survey. IJCSI Int. J. Comput. Sci. Issues 8(2) (2011).
ISSN(Online): 1694–0814

16. Dongare, A.S., Alvi, A.S., Tarbani, N.M.: An efficient technique for image encryption and
decryption for secured multimedia application. Int. Res. J. Eng. Technol. (IRJET) 04 (2017)

17. Merlyne Sandra Christina, C., Karthika, M., Vasanthi, M., Vinotha, B.: Video encryption and
decryption using RSA algorithm. IJETT 33(7), 328–332 (2016)



An Efficient Video Steganography Scheme
for Data Protection in H.265/HEVC

Hongguo Zhao1, Menghua Pang2, and Yunxia Liu1(B)

1 College of Information Science and Technology,
Zhengzhou Normal University, Zhengzhou, China

liuyunxia0110@hust.edu.cn
2 College of Mathematics and Statistics, Zhoukou Normal University, Zhoukou, China

Abstract. An efficient and novelty video steganography scheme with adopting
averting intra prediction distortion drift technique is proposed in this paper for the
enhanced protection of crucial data related to H.265/HEVC digital video. With
adoption of intra prediction modes selection and DCT/DST coefficients correla-
tion, the intra prediction distortion drift can be totally prevented in intra frame
(I frame). With adoption of selection of prediction patterns of multiple adjacent
prediction blocks, the intra prediction distortion drift in inter frames (B frame
or P frame) can be totally prevented. Compared to the previous related works,
the proposed scheme applied the averting intra prediction distortion drift tech-
nique not only intra but also inter frames, and further improve the visual quality
(imperceptibility) of carrier video about H.265/HEVC. Moreover, larger embed-
ding capacity can also be achieved rather than embedding only manipulated on I
frames. The experimental results have been proven the superiority of efficiency
and performance about the proposed scheme.

Keywords: Video steganography · Intra distortion drift · Prediction modes ·
Intra/inter prediction

1 Introduction

Recently video steganography technology is becoming a powerful tool for the protection
of prominent (or sensitive) data related to digital videos. Especially for the illegal dis-
tribution and propagation of movie products, video steganography can achieve a strong
protection level by embedding watermark into movie products, and trace back the dis-
tribution trajectories through the network broadcasting [1]. Another supporting foun-
dation is the continuous development of video coding technology. Since the primary
video coding standards have been developed by the well-known ITU-T and ISO/IEC
organizations (where H.261, H.263 is released by ITU-T, MPEG-1, MPEG-4 visual by
ISO-IEC, and H.262/MPEG-2, H.264/MPEG-4 by the combination), H.265/HEVC was
finalized in 2013, and now has been a key technology standard for multi-application
scenarios, including scalable video coding, 3-D/stereo/multi-view video coding and the
most important, the high compression efficiency for captured movies, especially for HD
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format products [2]. As claimed in [2, 3], for the identical perceptual video,H.265/HEVC
can achieve approximately 50% bit-rate reduction compared to the proceeding standard
H.264/AVC. While considering the strong needs of video products against the illegal
distribution, protection of video contents [4], and the compression capability, compu-
tational resources for practical use, video steganography technology can be a desirable
tool to tackle these protection problems of privacy data referred to video content or
application [5].

Video steganography technology provides a potential path to protect video products
frommalicious spreading and legitimate rights tracing through network. Video steganog-
raphy researches always searches the most optimized video signal redundancy to embed
secret data into video contents (carrier videos), the changes to the carrier video intro-
duced by embedding secret data are imperceptible for video observers except for data
extractors. The existing video steganography methods can be classified into spatial and
transform domain based researches according to the embedding domains. Also, based
on video specific features, the video steganography researches can be classified to pre-
diction modes [6], motion vector [7] (MV), and other specific features [8] (e.g., variable
length code-VLC).

While considering the scenario of transferring video through network, transform
domain based video steganography methods provides more practical application mean-
ings. The main reason is that embedding data into spatial domains (always LSB substi-
tution on pixels) can be easily lost after loss compression (e.g., H.264/AVC encoder).
However, in the transform domain based researches, discrete cosine transform (DCT)
coefficient is a basic and renowned carrier due to its majority occupying the bitstream
and reversibility [4, 9–11]. Moreover, based on video specific features, intrapicture pre-
diction modes are also a hot research field for embedding due to its fundamental role for
I frame prediction and reconstruction (reference samples or decoding) process. More-
over, different from MV based methods and VLC based methods which will introduce
large visual distortion for carrier videos, embedding based on prediction modes limit
the distortion drift and guarantee a comparative large embedding capacity due to more
textural features in I frame [7]. Based on above consideration, the combination between
DCT coefficients and intrapicture prediction modes would be a potential tool to design
an efficient video steganography scheme for digital video protection, especially for HD
or beyond HD format videos compressed by H.265/HEVC.

In this paper, we focus on the issues of video security protection, by designing an
efficient and video steganography scheme to promote the security level of the digital
video transmitted on network. Based on the relevant researches of DCT/DST (discrete
sine transform) domain and intrapicture prediction modes, we propose to combine the
DCT/DST coefficients and intrapicture prediction modes in 4 × 4 DCT/DST block to
embed secret data. In order to minimize the visual distortion, we design a module to
totally avert intra distortion drift (prediction modes and DCT/DST coefficient in I frame,
prediction modes groups in B and P frames). Experimental evaluation has been proven
that the proposed method can achieve high visual quality and security performance for
carrier videos and sufficient embedding capacity for embedding.
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The remainder of this paper is organized as follows: Sects. 2 reviews the related tech-
nical backgrounds of DCT/DST transformation process, prediction modes and intrapic-
ture distortion drift. Section 3 proposes the scheme of our video steganography research
based on the combination ofDCTcoefficients and intrapicure predictionmodes in I frame
and prediction modes groups in B and P frames. In Sect. 4, the experimental results are
presented and evaluated our scheme. Finally, the conclusion is shown in Sect. 5.

2 Related Technical Backgrounds

The intrapicture prediction is used in I frames and B or P frames to reduce the signal
spatial redundancy in H.265/HEVC. In the prediction process of I frames, the intrapic-
ture prediction is the only prediction pattern and in B or P frames, there’s probably
intrapicture prediction in prediction units as the extension and supplementary for inter
motion estimation. As shown in Fig. 1(a), when predicting the samples of current PU,
the reference samples marked as gray will be used as reference to generate the predicted
samples for current PU.Moreover, the adjacent blocks containing the reference sample is
indexed in this paper as Top-Left, Top, Top-Right, Left, and Down-left blocks with their
corresponding locations on current PU. The prediction angles are depicted in Fig. 2(b),
where there are 33 angular prediction modes for current PU. The best prediction mode
can be selected from these 33 angular prediction directions, or planar and DC modes,
which is determined by the comparison of calculation of distortion (measured by SAD)
and encoded bits number (entropy with CABAC). After prediction modes have been
confirmed, the residual samples can be acquired by the subtraction between the original
samples and the predicted samples in current PU.

The H.265/HEVC prediction modes provides higher precision than its proceeding
standard H.264/AVC due to its more angular prediction directions in small prediction
blocks, e.g., 4 × 4 prediction unit.

a) Prediction Unit and its adjacent blocks                   b). 33 angular prediction modes

Fig. 1. Intrapicture prediction modes and process
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2.1 Intrapicture Distortion Drift in H.265/HEVC

The intrapicture distortion drift is always introduced by embedding secret data into
carrier videos.Here the generation process is depicted for embedding data intoDCT/DST
coefficients. As shown in Fig. 1(a), if we embed secret data into the current PU’s adjacent
block, such as Top-Left, Top, Top-Right, Left or Down-Left. Then the reference samples,
which are marked as gray region might be changed due to the embedding manipulation.
However, these errorswould be accumulated, andpropagated to the current PUprediction
process. As a result, the predicted sampleswould be not identical to the original predicted
samples for the same current PU. The embedding errors accumulation process is defined
as intrapicture distortion drift in video steganography and it would bring a considerable
distortion for the carrier video.

2.2 Transformation and Inverse Transformation in H.265/HEVC

Due to the actual embedding is manipulated on DCT/DST coefficients, the main trans-
formation and inverse transformation in H.265/HEVC is elaborated in this section. The
transformation process can translate the residual samples from spatial domain to trans-
formdomain for higher precision and lower dynamic range. InH.265/HEVC, 4× 4 trans-
form block use DST transformation matrix, and other dimension blocks use DCT trans-
formation matrix. The one-dimensional DST transformation process of 4 × 4 transform
block can be formulated as following:

Y = AX (1)

Where Y presents the transformed coefficients, X presents the residual samples after
prediction process, andA indicates the transformationmatrix. If the dimension of current
transform block is 4 × 4, the transformation matrix A can be depicted as following:

A = 2

3

⎡
⎢⎢⎣

sin π
9 sin 2π

9 sin 3π
9 sin 4π

9
sin 3π

9 sin 3π
9 0 − sin 3π

9
sin 4π

9 − sin π
9 − sin 3π

9 sin 2π
9

sin 2π
9 − sin 4π

9 sin 3π
9 − sin π

9

⎤
⎥⎥⎦ (2)

Rounding and scaling above transformation matrix A, we can acquire the integer
transformation matrix H and overwrite the two-dimensional DST transformation as
follows:

H =

⎡
⎢⎢⎣

29 55 74 84
74 74 0 −74
84 −29 −74 55
55 −84 74 −29

⎤
⎥⎥⎦ (3)

Y = HXHT (4)

Above Eq. (4) depicts the actual DST transformation process in H.265/HEVC. After
transformation, the coefficients Y will go through post-scaling and quantization process
as follows:

∼
Y = (Y . × MF)/2(qbits+T_Shift) (5)
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Where qbits = 14+floor(QP/6)MF = 2qbits/Qstep, andQP is the quantization parame-
ter and Qstep presents the quantization step, which is determined by coding configuration
and rate-distortion optimization (RDO) process for bit-rate restriction scenario.

The inverse transformation always occurs in decoding or reconstruction process.
The re-scaling and inverse quantization process (Eq. 6), inverse transformation process
(Eq. 7) are depicted as following:

Y ′ = ∼
Y . × Qstep. × 26−shift (6)

X ′ = HTY ′H (7)

Where shift = 6 + floor(QP/6) − IT_Shift, Y’ depicts the transformation coefficients
after re-scaling and inverse quantization, and X’ presents the acquired residual samples
after inverse DST transformation process and would be used for future reconstruction
samples with predicted samples.

3 Proposed Prediction Modes and DCT/DST Coefficients Based
Video Steganography Scheme

The proposed video steganography scheme based on intra prediction modes and
DCT/DST coefficients is illustrated in Fig. 2. The scheme can be divided into two compo-
nents, including embedding and extraction process. In embedding section, appropriate 4
× 4 embedded blocks can be selected based on the intra prediction modes of the adjacent
blocks corresponding to 4 × 4 current block in I frame. Meanwhile, in B and P frames,
the embedded block is selected based on its adjacent blocks’ prediction patterns (intra
or motion estimation). Then the specific coefficients are selected for embedding accord-
ing to embedding mapping rules, where different frame types meet different embedding
rules. After entropy encode (CABAC or CALVC), the carrier video will be encoded to
bitstream and transmitted through external network. The extraction section is an inverse
loop of embedding. To guarantee the security of secret data, essential encryption and
decryption are also manipulated before and after video steganography process.

3.1 Prediction Modes Selection for Embedding Blocks

The intrapicture prediction modes selection process of 4 × 4 prediction unit can be
divided into two sections according different frame types (I frame, P frame and B frame).
The main goal to do prediction modes selection is to totally avert intra distortion drift
introduced by embedding secret data into DCT/DST coefficients. In I frames, we define
three categories about adjacent blocks prediction modes, where some components need
to jointly combine the specific DCT/DST coefficients to avert intra distortion drift. In B
and P frames, we define one specific prediction unit where its adjacent prediction block
patterns are all motion estimation. If we embedding secret data into this specific pre-
diction unit, the distortion introduced by embedding will not accumulate to its adjacent
block prediction process, which will totally avert intra distortion drift in interpicture
frames.
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Fig. 2. Proposed video Steganography Scheme based on intra prediction modes and DCT/DST
coefficients

Fig. 3. Selection of prediction modes for embedding block in intrapicture frame (I frame).

As shown in Fig. 3, prediction modes can be classified into three categories based on
adjacent block prediction modes in I frame. When the current PU meets category A, the
embedding errors introduced by modification on current PU region will not propagated
to its Down and Down-Left blocks. If we constrain the right column errors to be zero,
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the embedding errors on current PU will totally prevented spreading to its adjacent
prediction process. In the same way, if current PU’s adjacent blocks, Right and Top-
Right blocks’ prediction modes meets category B, the embedding errors introduced by
modification on current PU will not propagate to its Right and Top-Right blocks. If we
constrain the lowest line errors to be all zero, the embedding errors generated in current
PU will be totally prevented spreading to its adjacent block prediction process. In the
end, if the adjacent blocks, Top-Right, Right, Down-Right, Down and Down-Left blocks
prediction modes meet category C, the embedding errors introduced by embedding in
current PU will not propagate to its all adjacent block prediction process.

In interpicture (B and P frames) prediction patterns, the main principle for prevent-
ing intra distortion drift is that all adjacent blocks of current block all adopts motion
estimation process to generate predicted samples, then embedding secret data into cur-
rent PU will not propagate to its adjacent blocks. As shown in Fig. 4, if all adjacent
blocks of current blocks, Top-Right, Right, Down-Right, Down and Down-Left blocks
utilize motion estimation process to generate predicted samples, the embedding errors
introduced by embedding secret data into current PU will not propagate to its adjacent
blocks by angle prediction directions.

Fig. 4. Intra distortion drift when adjacent blocks all adopts motion estimation.

3.2 Specific Coefficients Selection for Embedding Blocks

As claimed in Subsect. 3.1, when current PU meets category A or B in I frames, the
constrains of embedding errors to be zero should be imposed to avert intra distortion
drift, which can be achieved by the selection operation on specific coefficients on current
embedding block. The operation of embedding data is done on quantized DCT/DST
coefficients, so the embedding error E can be presented according to formulas (6) and
(7) as follows:

E = HT (�. × Qstep. × 26−shift)H (8)
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Where � presents the actual modification on quantized DCT/DST coefficients. When
current PU meet category A, the rightest column intensity values of embedding error E
should be enforced to all zero, which can be represented as

E =

⎡
⎢⎢⎣

e00 e01 e02 0
e10 e11 e12 0
e20 e21 e22 0
e30 e31 e32 0

⎤
⎥⎥⎦ (9)

CombiningEq. (8) and (9),we can find themodification onDCT/DSTcoefficients should
meet the following principle:

� =

⎡
⎢⎢⎣

δ00 0 −δ00 δ00

δ10 0 −δ10 δ10

δ20 0 −δ20 δ20

δ30 0 −δ30 δ30

⎤
⎥⎥⎦

In which, if we embed data ‘1’ into δ00,we should correspondingly embed data ‘−1’ and
‘1’ into coefficients δ02 and δ03.

Similarly, When current PU meet category B, the lowest row intensity values of
embedding error E should be enforced to all zero, which can be represented as

E =

⎡
⎢⎢⎣

e00 e01 e02 e03
e10 e11 e12 e13
e20 e21 e22 e23
0 0 0 0

⎤
⎥⎥⎦ (10)

Combining Eq. (8) and (10), we can find the modification on DCT/DST coefficients
should meet the following principle:

� =

⎡
⎢⎢⎣

δ00 δ01 δ02 δ03

0 0 0 0
−δ00 −δ01 −δ02 −δ03

δ00 δ01 δ02 δ03

⎤
⎥⎥⎦

In which, if we embed data ‘1’ into δ00,we should correspondingly embed data ‘−1’ and
‘1’ into coefficients δ20 and δ30.

Extraction module is an inverse process compared to embedding module. During
the decoding process, in I frame, the current PU’s quantized DCT/DST coefficients and
its adjacent blocks prediction modes should be obtained from the selection category
types with the same constraints as embedding. However, in interpicture frames (B and
P frames), we only need to know the current PU and its adjacent blocks prediction
patterns (intra prediction modes or motion estimation). Based on above pre-works, we
can exactly extract the embedded secret data from corresponding DCT/DST coefficients
with the same operation as embedding module.
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4 Experimental Evaluation

The proposed video steganography scheme is manipulated and evaluated with the
H.265/HEVC reference software HM16.0, including several public test video samples
from resolution in the range of 416 × 240 to 1920 × 1080. The coding parameters are
set as follows: frame-rate is set to be 30 frames/s, quantization parameter is set to be 32,
and the test video sequence is set to be all intra frames, B and P frames with the interval
4. The main evaluation includes PSNR, embedding capacity and bit-rate increase, and
the actual experiment results of this work is represented as following:

The subjective visual quality about our proposed scheme is depicted in Fig. 5, where
the first column are the original video samples resoluations in the range of 416 × 240
to 1280 × 720 (BasketballPass: 416 × 240, RaceHorses: 832 × 480 and KristenAnd-
Sara: 1280 × 720), the second column are the compressed video samples without video
steganography and the third column are the proposed video steganography scheme.
It can be seen that our proposed scheme has achieved good visual quality on carrier
videos compared to the reference samples without embedding. Figure 6 provides com-
parisons about PSNR and bitrate when we embed various volumes of secret data in test
video sample BasketballPass. The experimental results have proved a good embedding
performance of our proposed scheme on PSNR and bit-rate increase.

Original sample         Without embedding sample              Proposed scheme sample
a). BasketballPass 

Original sample                     Without embedding sample              Proposed scheme sample
b). RaceHorses

Original sample                     Without embedding sample              Proposed scheme sample
c). KristenAndSara

Fig. 5. Subjective visual quality of the proposed video steganography scheme
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Fig. 6. Comparisons of PSNR and bit-rate with embedding different volume secret data.

Table 1. Performance of the proposed method

Video sequence PSNR Proposed method

PSNR Capacity (bits) Bit-rate increase

BasketballPass 35.48 35.36 2144 0.63%

RaceHorses 34.7 34.4 10092 1.20%

KristenAndSara 46.38 45.11 10028 1.41%

Table 1 provides the embedding performance of our proposed video steganography
method, where 20 frames are used to test the PSNR, embedding capacity and bit-rate
increase. For the visual quality evaluation, PSNR is the average value of all tested frames,
and bit-rate increase is the comparison between the compressed video bitsteams with
and without embedding secret data. It can be seen that for visual quality, the PSNR of our
proposed scheme is 35.36 dB, 34.4 dB, and 45.11 dB for tested videos BasketballPass,
RaceHorses and KristenAndSara. However, the original PSNR values are 35.48 dB,
34.7 dB and 46.38 dB, respectively. For embedding capacity, our proposed scheme has
achieved 2144 bits, 10092 bits, and 10028 bits, respectively. For bit-rate increase, our
proposed scheme is 0.63%, 1.2% and 1.41%, respectively. It can be seen from Table 1
that our proposed scheme can achieve a good performance on visual quality, embedding
capacity and bit-rate increase.

5 Conclusion

In this paper, an effective video steganography scheme based on selection of intrapicture
prediction modes is proposed for video secret data protection. The proposed scheme
mainly utilize the three categories of prediction modes in I frames, prediction patterns
in B and P frames, and corresponding DCT/DST coefficients to embed secret data. The
experimental results show that our proposed scheme can achieve a good embedding
performance on visual quality, embedding capacity and bit-rate increase. The proposed
video steganography can provide a strong support for the protection of copyright of
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digital videos, an effective trace back tool for malicious distribution of video products
based on H.25/HEVC coding standard.
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A Robust Lossless Steganography Method Based
on H.264/AVC
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Abstract. This paper presents a robust lossless steganography H.264/AVC
method. First, the embedded message is distributed by a polynomial and obtains a
series of sub- messages and BCH is used to encode each sub- message. Then, the
message is embedded into the frames of the video which meet the specific pre-
diction modes. Last, the hidden message will be recovered by the t sub- messages
of the video frames. This method can recover the original video completely while
extracting the embedded message, and have a good robustness in frame and bit
error. The experiment results show that the method can reach a good effect and
have a good visual quality.

Keywords: Steganography · H.264/AVC · Robust · Lossless · BCH · Secret
sharing

1 Introduction

Steganography, a technology which can embed message into cover media contents, has
received extensive concern with the rapid development of internet and digital media,
and has also been widely noted for it can be used in many fields such as copy right
protection, user identification, access control, etc. The technique has reached a good
result for some previous video compression standards, such as MPEG1–4 [1, 2, 16–
18], and the existing H.265 video data hiding schemes are studied by few scholars [3,
22]. H.264/AVC (advanced video coding) is the most widely application video coding
standard with high compression efficiency published by ITU-T VCEG and ISO/IEC
MPEG [7] and is suit for network transmission. To embedmessage, extant steganography
methods need to choose a video coding structure, such asDCT/DST (discrete cosine/sine
transform) coefficient [4, 21], motion vector [5, 20], intra prediction [6, 19], histogram
column diagram [10] to embed message.

The intra-frame distortion drift is a problem for steganography methods with H.264,
since embedding message may change the frame coefficients, and then the reconstructed
pixels of related frames may be influenced [7].There have been some H.264 steganog-
raphy method without distortion drift by embedding message into 4 × 4 DCT blocks,
which have reached a good effect [8, 9]. Though coefficients-change in large-scale has
been avoided, still, some coefficients in [8, 9] have been changed permanently so there
may be some loss in video quality. That is, the methods in [8, 9] are loss, and cannot be
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qualified. In some fields such asmedical and legislationwhich have a high standard in the
robustness of original video, the loss in the carrier cannot be permitted. Consequently,
further study and investigation are required.

Beside the man-made change of coefficients in embedding, the data are always face
with attack, such as the bad weather, hack attack and even equipment aging during the
transaction, intentionally or unintentionally. That is, the video may sustain some random
damage in changed-coefficients, whichmay further cause the loss of embeddedmessage.
In some fields with a high standard in the accuracy of embedded message, algorithms
can fix the embedded message are needed. But many traditional researches didn’t focus
on the lossless or only can achieve semi-lossless of the original video carrier while
recovering the embedded message [11, 12]. Therefore, research on H.264 (H.264/AVC)
lossless steganography methods which can fix the embedded message is very valuable.

Some researchers have reached lossless steganography method, but they cannot fix
frame loss or fix bit loss [13, 14]. Some researchers focus on the robust of steganog-
raphy since the embedded message sometimes cannot survive from packet loss, video-
processing operations, and so on. In [13], the BCH is used to recover error bit. In [14],
secret sharing is used to recover the lost or error of package or frame. In [11], both two
methods are used, and the algorithm has a good robustness in bit error, bit loss, frame
error and frame loss. However, [11] isn’t a lossless method.

In this paper,weprovide a new robust lossless steganographymethodbasedonH.264.
This method can recover the original video completely while extracting the embedded
message, and have a good robustness in frame and bit error. The experiment results show
that the method can reach a good effect and have a good visual quality.

2 Theoretical Frame-Work

2.1 Prevention of Intra-frame Distortion Drift

The intra-frame distortion drift happens when the bits are embedded into I frames. The
prediction block’s calculation is based on the current block and coded block. Define
upper-left block Bi-1, j-1, under-left block Bi, j-1, upper block Bi-1, j and upper-right
block Bi-1, j + 1, then prediction of Bi, j is calculated by the gray part of Bi-1, j-1, Bi,
j-1, Bi-1, j and Bi-1, j + 1 (Fig. 1) with the intra-frame prediction mode of Bi, j, the
error in the gray part will be calculated and transmitted into current block Bi, j, then the
error becomes larger and larger with the procession of calculation and causes a loss in
video visual quality, i.e., the intra-frame distortion drift. If we don’t embed bits into the
edge (the gray part) of the block, the intra-frame distortion drift can be avoided.

There are nine 4 × 4 block prediction modes (nominated by 0-8) in H.264 (Fig. 2).
Then we define:

Condition1 : upper − right block ∈ {0, 3, 7}
Condition2 : under − left block ∈ {0, 1, 2, 4, 5, 6, 8}

and under − block ∈ {0, 8}
Condition3 : under − right block ∈ {0, 1, 2, 3, 7, 8}

When current block Bi, j satisfies condition1, the embedded error in Bi, j will not be
transmitted into the right block from Bi, j’s right edge.
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When current block Bi, j satisfies condition2, the embedded error in Bi, j will not be
transmitted into the under and left-under block from Bi, j’s under edge.

When current block Bi, j satisfies condition3, the embedded error in Bi, j will not be
transmitted into the under-right block from Bi, j’s lower-right corner.

Then the intra-frame distortion drift can be controlled by the 3 conditions.

Bi-1,j-1 Bi-1,j Bi-1,j+1

Bi,j-1 Bi,j

Fig. 1. The prediction block Bi,j and the adjacent blocks
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K
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I
J
K
L

8 (horizontal-up)

Fig. 2. 4 × 4 luma block prediction modes.

2.2 BCH Code

Define n the codeword length, k the code dimension, BCH (n, k, t) can correct t frame
errors at most. Define BCH (n, k, t)’s generalized parity-check matrix H:

H =

⎡
⎢⎢⎣

1 �2 . . . �2

1 �2 . . . �2

1 �2 . . . �2

1 �2 . . . �2

⎤
⎥⎥⎦ (1)

Define � as GF(2m)’s primitive element. The current data stream is M =
{m0,m1, ...,mn−1}, embedded data is N = {n0, n1, ..., nn−1}.Then

N = M HT (2)
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If the received data stream is S = {s0, s1, ..., sn−1}, then
N (x) = S0 + S1x + S2x

2 + S3x
3 + . . . + Sn−1x

n−1

S(x) = s0 + s1x + s2x
2 + s3x

3 + L sn−1x
n−1,

Define E, E satisfies:

S = N + E (3)

Using Eqs. (2) and (3), then

Y = (S − H )HT = EHT (4)

Then embedded message can be calculated by (3) and can be extracted by (2).

2.3 Secret Sharing

Secret sharing is a technologywhich can sent sub-secrets to participants and the recovery
of secret needs at least several participants. Shamir proposed a threshold secret sharing
method based on Lagrange’s interpolation [15].

Assume the divided message is a0 = k, and the polynomial pt−1(x) =
a0+a1x+a2x2+ · · · at−1xt−1 mod p. (the prime p > 0, ai ∈ Zp(i = 1, . . . , n)).

Assume the participant number is n(n > p), yi is calculated at xi(i = 1,2…,i-1), then
send it to n participants as (xi, yi) (i = 1, . . . , n).

If pi−1(xi) has t values (xi, yi) (i = 1, . . . , t), then

pt−1(x) =
t∑

i=1

yi

t∏
j=1,j �=i

x − xj
xi − xj

(5)

and k = pt−1(0) =
t∑

i=1
yi

t∏
j=1,j �=i

−xj
xi−xj

=
t∑

i=1
biyi.

Where bi =
t∏

j=1,j �=i

−xj
xi−xj

is the embedded message.

3 Proposed Algorithm

3.1 Embedding

The 4 × 4 DCT blocks are chosen to embed message.
As shown in Fig. 3. The positive integer N and coefficients Ỹij(i, j = 0, 1, 2, 3) are

chosen as an example to describe the embedding of algorithm:

(1) The embedded message are distributed by a polynomial and obtain a series of sub-
messages.

(2) The sub- messages are encoded with BCH encoding method.
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(3) The blocks are chosen with the DC coefficient larger than user-defined parameter
threshold to insert message;

(4) The blocks satisfied (3) and met condition1, 2, 3 are chosen to insert the sub-
message modulated by BCH technique.

(5) The DCT coefficients are encoded and the embedded H.264 video is got.

Original H.264 
video stream 

Entropy
decode

Read intra-frame 
prediction modes

Select
coefficients

Method
Modulation Entropy M BCH code M

Secret
SharingSelect

embedded block

Entropy encode Encoded embedded 
H.264 video stream

+

+

Fig. 3. Proposed embedding method

Modulation Method:
If

∣∣∣Ỹij
∣∣∣ = N + 1 or

∣∣∣Ỹij
∣∣∣ �= N , the DCT coefficients Ỹij is modified with (6).

If the embedded bit is 1 and
∣∣∣Ỹij

∣∣∣ = N , the DCT coefficients Ỹij is modified with (7).

If the embedded bit is 0 and
∣∣∣Ỹij

∣∣∣ = N , Ỹij = Ỹij.

Ỹ
i,j

=

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

Ỹ
i,j

−1 if Ỹ
i,j

≥ 0 and
∣∣∣Ỹ

∣∣∣
i,j

> N

Ỹ
i,j

+1 if Ỹ
i,j

< 0 and
∣∣∣Ỹ

∣∣∣
i,j

> N

Ỹ
i,j

if
∣∣∣Ỹ

∣∣∣
i,j

< N

(6)

Ỹ
i,j

=

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Ỹ
i,j

+1 if Ỹ
i,j

≥ 0 and
∣∣∣Ỹ

∣∣∣
i,j

= N

Ỹ
i,j

−1 if Ỹ
i,j

< 0 and
∣∣∣Ỹ

∣∣∣
i,j

= N
(7)

3.2 Extracting

The extracting method is shown in Fig. 4. The received H.264 video is decoded, and
the decoded DCT coefficients and 4 × 4 intra-frame prediction modes are got. Then
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the 4 × 4 block is choose with absolute value of DC coefficients, self-defined threshold
and adjacent blocks whose prediction mode satisfy condition1, 2, 3. And the decoded
message M is extracted from the chosen blocks with extract method.

Encoded  embedded 
H.264 video 

Entropy
decode

Read intra-frame 
prediction modes

Select
coefficients

Select
embedded block secret sharingBCH decode

Method
demodulation

M,
M

The original 
video after 
extraction

Fig. 4. Proposed extraction method

Extracting Method

If
∣∣∣Ỹij

∣∣∣ = N + 2 or
∣∣∣Ỹij

∣∣∣ �= N + 2 or
∣∣∣Ỹij

∣∣∣ �= N + 1,Ỹij modify the coefficients as Eq. (8).

If
∣∣∣Ỹij

∣∣∣ = N + 1, extract bit 1 and Ỹij modify the coefficients as Eq. (9).

If
∣∣∣Ỹij

∣∣∣ = N , extract bit 0 and keep Ỹij.

Ỹ
i,j

=

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

Ỹ
i,j

−1 if Ỹ
i,j

≥ 0 and
∣∣∣Ỹ

∣∣∣
i,j

> N + 1

Ỹ
i,j

+1 if Ỹ
i,j

< 0 and
∣∣∣Ỹ

∣∣∣
i,j

> N + 1

Ỹ
i,j

if
∣∣∣Ỹ

∣∣∣
i,j

< N

(8)

Ỹ
i,j

=

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Ỹ
i,j

−1 if Ỹ
i,j

≥ 0 and
∣∣∣Ỹ

∣∣∣
i,j

= N + 1

Ỹ
i,j

+1 if Ỹ
i,j

< 0 and
∣∣∣Ỹ

∣∣∣
i,j

= N + 1
(9)

The M′ is dealt with BCH decode and secret sharing after the extraction, and then
the message M is got.

4 Experiment Results

The proposed algorithm has been implemented based on JM16.0 the standard H.264
software. Each experimental video encodes 300 frames at 30 frames/s, with quantize
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parameter 28 and an intra-period of 15 and QCIF of 176 × 144. The series of experi-
ment videos are Akiyo, News, Container, Basketball, Coastguard, etc. In this paper, the
PSNR (peak signal to noise ratio) is calculated by original YUV videos and embedded
videos(include I, B, P frames) and take the average of all the frames (including I, B,
and P frames) of a video sequence. Define frame-drop rate to describe the percentage
of the lost frames in the simulate attack, and the survival rate is defined to describe the
proportion of bits that this algorithm has correctly extracted.

The experiment result of the algorithm in this paper with BCH (63,7,15) and Secret
Sharing (3,8) is listed in Table 1, and the experiment result with BCH ( 7,4,1) and Secret
Sharing (3,8) is listed in Table 2. From the table we know the embedding capacity is 5040
bits and 4704 bits respectively and the PSNR is 39.89 in average and 39.92 in average
respectively. When the frame loss rate is 5% or 10%, the survival rate can reach 100%
with BCH (63,7,15). It can be concluded from the results the method can get a good
embedding capacity and visual quality and has a good robustness. We can use the huge
number of video frames to get a larger embedding capacity, and can influence embedding
capacity and survival rate by the adjustment in (t,n). And the algorithm is very save for
message transformation, since the common loss rate in internet transformation is about
10%.

In Table 3, we compare the experiment result of this algorithm with BCH (63,7,15)
and (3,8) and the result of algorithm in [14] with (3,8).From the table, we can see
our algorithm is obviously better than that in [14] in survival rate. That’s because our
algorithm can correct the bit error with BCH while the algorithm in [14] cannot.

The Figs. 5, 6, 7 and 8 show the original frame of video Akiyo and Container and
extracted frame of Akiyo and Container. We can see our algorithm has a good visual
quality, that’s because our method can recover the original video completely.

Table 1. Embedding performance with BCH (63,7,15) and Secret Sharing (3,8)

Video sequence Loss rate (%) PSNR (dB) Capacity (bits) Survival rate (%)

Akiyo 5 40.54 5040 100

10 40.54 5040 100

20 40.54 5040 95.83

News 5 39.51 5040 100

10 39.51 5040 100

20 39.51 5040 91.26

Container 5 39.64 5040 100

10 39.64 5040 100

20 39.64 5040 92.54



376 S. Liu

Table 2. Embedding performance with BCH (7,4,1) and Secret Sharing (3,8)

Video sequence Loss rate (%) PSNR (dB) Capacity (bits) Survival rate (%)

Akiyo 5 40.53 4704 100

10 40.53 4704 98.16

15 40.53 4704 95.36

News 5 39.55 4704 97.55

10 39.55 4704 93.72

15 39.55 4704 90.96

Container 5 39.68 4704 93.04

10 39.68 4704 95.54

15 39.68 4704 91.51

Table 3. Embedding performance comparison between our method and [14]

Video sequence Loss rate (%) Survival rate (%) algorithm in
this paper

Survival rate (%) algorithm in
[14]

Akiyo 5 100 100

10 100 99.79

15 95.84 96.35

20 95.33 79.84

News 5 100 100

10 100 87.72

15 94.58 88.64

20 89.76 78.78

Container 5 100 100

10 100 86.66

15 98.05 89.17

20 92.54 90
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Fig. 5. The original frame of video Akiyo Fig. 6. The extracted frame of Akiyo

Fig. 7. The original frame of video Container Fig. 8. The extracted frame of Container

5 Conclusion

In this paper, we provide a lossless robust lossless steganography method based on
H.264/AVC. During the video transformation, there are some attacks which may cause
the loss of embedding message, and we use BCH and Secret Sharing to correct the mis-
take. The experiment result shows that our algorithm has a good robustness and reaches
a good visual quality. Besides, our method can recover the original video completely,
which means that the method can be used in some fields which is sensitive to video’s
accuracy and visual quality. In the future, we will look for some other methods to get a
better result.

References

1. Shanableh, T.: Data hiding in MPEG video files using multivariate regression and flexible
macroblock ordering. IEEE Trans. Inf. Forensics Secur. 7(2), 455–464 (2012)

2. Sarkar, A.A., Madhow, U., Chandrasekaran, S., et al.: Adaptive MPEG-2 video data hiding
scheme. In: Electronic Imaging. International Society for Optics and Photonics (2007)

3. Nightingale, J., Wang, Q., Grecos, C., et al.: The impact of network impairment on quality
of experience (QoE) in H265/HEVC video streaming. IEEE Trans. Consum. Electron. 60(2),
242–250 (2014)



378 S. Liu

4. Chang, P.C., Chung, K.L., Chen, J.J., et al.: A DCT/DST-based error propagation-free data
hiding algorithm for HEVC intra-coded frames. J. Vis. Commun. Image Represent. 25(2),
239–253 (2014)

5. Yao, G., Feng, P.: Information Hiding for H.264 in Video Stream Switching Application
(2010). IEEE

6. Lee, N.S.: Method and apparatus for intra prediction of video data, US (2006)
7. Sullivan, G.J., Ohm, J.-R., Han, W.-J., Wiegand, T.: Overview of the high efficiency video

coding (HEVC) standard. IEEE Trans. Circuits Syst. Video 22, 1649–1668 (2012)
8. Ma, X.: A data hiding algorithm for H.264/AVC video streams without intra-frame distortion

drift. IEEE Trans. Circ. Syst. Video Technol. 20, 1320–1330 (2010)
9. Ma, X., Li, Z., Lv, J., et al.: Data hiding in H.264/AVC streams with limited intra-frame dis-

tortion drift. In: International Symposium on Computer Network & Multimedia Technology.
IEEE (2010)

10. Zhao, J., Li, Z.-T., Feng, B.: A novel two-dimensional histogram modification for reversible
data embedding into stereo H.264 video. Multimedia Tools Appl. 75(10), 5959–5980 (2016)

11. Shuyang, L., Liang, C.: A new reversible robust steganography method based on H.264/AVC.
Appl. Res. Comput. 36(04), 1144–1147 (2019)

12. Liu, Y., Leiming, J., Mingsheng, H., Zhao, H., Jia, S., Jia, Z.: A new data hiding method for
h.264 based on secret sharing. Neurocomputing 188, 113–119 (2016)

13. Liu, A.Y., et al.: A robust reversible data hiding scheme for H.264 without distortion drift.
Neurocomputing 151(Pt.3), 1053–1062 (2015)

14. Liu, Y., Chen, L., Hu, M., et al.: A reversible data hiding method for H.264 with Shamir’s (t,
n)-threshold secret sharing. Neurocomputing 188(may5), 63–70 (2016)

15. Shamir, A.: How to share a secret. Commun. ACM 22(11), 612–613 (1979)
16. Idbeaa, T., Jumari, K., Samad, S.A.: Data hiding based on quantized AC-coefficients of the

I-Frame for MPEG-2 compressed domain. Int. Rev. Comput. Softw. 7(4), 1458–1462 (2012)
17. Mobasseri, B.G., Marcinak, M.P.: Data hiding in MPEG-2 bitstream by creating exceptions

in code space. Signal Image Video Process. (2014)
18. Liu, H., Huang, J., Shi, Y.Q.: DWT-based video data hiding robust to mpeg compression and

frame loss. Int. J. Image Graph. 5(01), 111–133 (2011)
19. Bouchama, S., Hamami, L., Aliane, H.: H.264/AVC data hiding based on intra prediction

modes for real-time applications. In: Lecture Notes in Engineering & Computer Science, vol.
2200, no. 1 (2012)

20. Ke, N., Yang, X., Zhang, Y.: A novel video reversible data hiding algorithm using motion
vector for H.264/AVC. Tsinghua Sci. Technol. 22(5), 489–498 (2017)

21. Lin, T.J., Chung, K.L., Chang, P.C., et al.: An improved DCT-based perturbation scheme for
high-capacity data hiding in H.264/AVC intra frames. J. Syst. Softw. 86(3), 604–614 (2013)

22. Zhao, H., Liu, Y., Wang, Y., Liu, S., Feng, C.: A video steganography method based on
transform block decision for H.265/HEVC. IEEE Access 9, 55506–55521 (2021). https://doi.
org/10.1109/ACCESS.2021.3059654

https://doi.org/10.1109/ACCESS.2021.3059654


Research on Application of Blockchain
Technology in Higher Education in China

Cong Feng1,2(B) and Si Liu1

1 College of Information Science and Technology,
Zhengzhou Normal University, Zhengzhou, China

2 Faculty of Social Sciences and Liberal Arts, UCSI University,
Kuala Lumpur, Malaysia

Abstract. The rise of new technology usually has a great impact on education.
Blockchain, as an emerging technology, has developed rapidly in recent years
and has become a hot topic of education researchers. This technology is initially
applied in the field of higher education in China now. In view of this, this paper first
introduces the concept of blockchain technology, and expounds the characteristics
and types of its application in the field of education in detail. Then combined with
the existing typical application cases of blockchain technology in higher education
field, the impact and value of blockchain technology on higher education are
discussed, and possible challenges are analyzed. It is expected that this paper
can provide reference for the innovation of comprehensive and deep integrated
education concept and education mode based on blockchain in China.
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1 Introduction

Technological developments will unavoidably lead to changes in the field of education.
Blockchain technology is an emerging technology which has developed rapidly in recent
years and has been included in national strategies by some developed countries such
as Britain and the United States. Besides, the Chinese government also attaches great
importance to the development of this technology. In the “13th Five-Year” National
Information Planning in 2016, the importance of “strengthening the advanced layout of
strategic frontier technology was emphasized”, and the key frontier technology status of
blockchain has been determined form then on [1].

In 2018, the Ministry of Education issued “the education informatization 2.0 action
plan”, which points out that based on new technologies such as blockchain and large
data, intelligent learning records, transfer, exchange, certification and other effective
methods should be actively explored, so as to ubiquitous and intelligent learning system,
and promote deep integration of the information technology and intelligent technology
during the whole teaching process [2].

In 2019, on the 18th of the political bureau of the central collective learning, Chair-
man Xi Jinping proposed to accelerate the blockchain technology innovation and devel-
opment, regarding blockchain as an important breakthrough of the core technology
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independent innovation, and put forward to actively promote the application of this
technology in areas such as education, employment so as to provide more intelligent,
convenient and high quality public services for the people [3].

In the “Key Points of Educational Informatization and Network Security in 2020”
issued by the Ministry of Education in 2020, it is mentioned that the application of
blockchain technology in students’ online learning and teachers’ online teaching behav-
ior recording and identification should be explored, and a new model of online teaching
evaluation that is both extensible and credible should be established [4].

From the release of a series of national documents, it can be seen that the education
model based on blockchain has become a new development trend of future education.
There is no doubt that blockchain technology has great application potential in the field
of education, but this technology is still in its preliminary exploration stage, and has
only been tried in the field of higher education in China at present. Based on this, this
paper will introduce the concept and core technology of blockchain technology, discuss
the ideas and value of educational application of this technology in combination with
existing typical educational cases, and analyze the possible challenges it faces, in order
to promote the application process of it in the higher education filed in China.

2 Blockchain Technology

2.1 Concept of Blockchain

At present, blockchain has not formed a unified definition in the academic world, but
it is widely believed that blockchain is a kind of accounting technology that is jointly
maintained by multiple parties, uses cryptography to ensure the security of transmission
and access, and can realize the consistent storage of data, which is difficult to tamper,
and prevents denial, which also known as Distributed Ledger Technology [5]. As shown
in Fig. 1, the block generates and records the transaction information to be processed in
chronological order. It is composed of a block header and a block body. The block header
is responsible for connecting to the next block through the main chain, and the block
body is responsible for storing data information. When blocks and chains are formed,
the system automatically generates a timestamp and time labels the data information.

Blockchain 1

Block
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Timestamp

Block Body

Blockchain 2

Block
Header

Timestamp

Block Body

Blockchain 3

Block
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Timestamp

Block Body

Blockchain 4

Block
Header

Timestamp
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Fig. 1. General structure of blockchain
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2.2 Main Features of Blockchain

According to the data structure and operation principle of blockchain, combined with
its application in the field of education, blockchain technology has the following
characteristics [6–8].

Decentralization: It is the most essential feature of blockchain technology. Blockchain
technology is based on the Peer-to-Peer protocol in the network protocol, and according
to its decentralized characteristics, to achieve the high reliability of distributed nodes
and computer servers, which can well solve the Byzantine problem and has a strong
fault tolerance. Since each node has a copy of the data, the distributed database is not
affected by a problem on a single node.

Openness: This feature is based on the consensusmechanismof blockchain technology.
To achieve trust, no third party is needed, only all participants need to agree with the
consensus mechanism. Once a consensus is reached, it is recorded on the blockchain.
Therefore, no one can modify and delete.

Immutable: Once transactions have been entered in the database and the account has
been updated, the records cannot be changed because they are linked to every transaction
record that preceded them. Various algorithms are used to ensure that the records in the
database are permanent, chronologically sorted, and accessible to all other nodes on the
network.

Security: As long as 51% of all data nodes cannot be controlled, network data cannot
be manipulated and modified willfully, which makes the blockchain itself relatively safe
and avoids subjective and artificial data changes [9].

Traceability: Each transaction on the ledger is recorded with a timestamp and validated
through a verified hash reference. Therefore, you can trace the data information of any
block by the correlation between arbitrary blocks.

2.3 Types of Blockchain

With the continuous development of technology and application, Blockchain has derived
from the original narrow sense of “decentralized distributed verification network” into
three types with different characteristics. According to the different implementation
methods, it can be divided into Public Blockchain, Consortium Blockchain and Private
Blockchain [10].

Public Blockchain: A blockchain in which everyone can participate equally, which is
close to the original design sample of the blockchain. Everyone on the chain can freely
access, send, receive, and authenticate transactions. It is a “decentralized” blockchain.
The bookkeeper of the Public Blockchain is all the participants.
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Consortium Blockchain: A “partially decentralized” blockchain composed of a lim-
ited number of organizations that can be accessed within the consortium. Each consor-
tium member still adopts a centralized form, and the consortium members realize data
co-verification in the form of a blockchain, so it is a “partially decentralized” blockchain.
The bookkeepers of the consortium blockchain are determined by the members of the
consortium through consultation and are usually representatives of the institutions.

Private Blockchain: A fully centralized blockchain, in which all members of the chain
need to submit data to a central organization or a central server for processing. They only
have the right to initiate transactions without the right to verify them. The bookkeeper
is the only one, that is, the owner of the chain.

3 Multi-scenario Application of Blockchain in Higher Education

Nowadays, many types of blockchain applications in higher education have been investi-
gated, as shown in Fig. 2. In this paper, some typical application scenarios of blockchain
in higher education are discussed.

Issue and Management of Certificates 

Learning Record and Storage

Digital Teaching Resources Sharing

Personality Identification Solutions

Application 
Scenarios of 
Blockchain

Fig. 2. Blockchain-based application scenarios in higher education

3.1 Issue and Management of Certificates

During their university career, students may be issued many certificates, such as diploma
certificates, degree certificates, transcripts, award certificates, English level certificates,
professional qualification certificates, etc. It has been widely proved that the security,
transparency, and immutability of blockchain could bring benefits to the issuance and
management of those certificates [8]. And this is also the field in which the blockchain
technology is most widely applied in higher education. Through blockchain technology,
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students can directly access all kinds of certificate information they have obtained any-
time. What’s more, it enables education institutes to manage students’ academic certifi-
cates securely and efficiently. And the certificate information recorded on the blockchain
will also be permanently stored in the cloud server to effectively solve the authentication
problem and enhance the credibility.

During the past years, an increasing number of applications of blockchain were
proposed to address this problem. In 2014, when the University of Nicosia, Cyprus
(UNIC) commenced to apply this technology on an official basis to store and confirm
the diplomas; itwas also thefirst university that began to accept fees for studies as bitcoins
[11]. In 2016, the Sony Global Education supported by IBM developed a blockchain
platform to store, protect, and exchange information related to students’ performance and
progress [12]. In 2017, the Malta College of Arts, Science & Technology began to issue
Blockcerts-based digital certificates. The same year, Chinese researchers developed the
ECBC blockchain to control certificates of education. Its performance rate is higher than
the previous standard [13].

3.2 Learning Record and Storage

One of the core technologies of blockchain is to provide immutable distributed data
records. When applied in the teaching field, blockchain technology can be used to cre-
ate a learning information recording and query platform, which can record the learning
situation and exam results of learners in the software system, as well as provide ser-
vices such as query results. On the one hand, these records are helpful for teachers and
researchers to analyze students’ learning needs and situations and design corresponding
teaching models, so as to realize personalized teaching. On the other hand, it is also
convenient for students to self-monitor their learning situation and adjust their status
to enter the next stage of independent learning. This platform, which records student
learning information data, can provide convenience for learners, educational institutions
and recruiters to inquire about the required information.

With the recorded learning information stored, the blockchain can be expanded to
evaluate the students’ professional ability,whichprovides recruitments and job selections
with great convenience. Zhao proposed a design scheme of student ability evaluation sys-
tem in which K-means clustering algorithm was applied to analyze students’ academic
performance and achievements that were stored on the blockchain [14]. Objective evalu-
ation of students’ professional ability is beneficial to students’ employment. Wu studied
a block chain-based skill evaluation model and applied it to measure students’ profes-
sional knowledge and expertise. The evaluation process was simplified significantly, and
high efficiency was achieved [15]. Thus it can be seen that it is feasible to use blockchain
to record and query learning information, and there is still a great space for development
in the future.

3.3 Digital Teaching Resources Sharing

At present, there are some problems in teaching resources in higher education, such
as lack of high-quality teaching resources, low utilization rate of teaching resources,



384 C. Feng and S. Liu

unbalanced allocation of teaching resources, high cost of platform operation and man-
agement, and difficult guarantee of resource safety [16]. Using the characteristics of
blockchain such as decentralization, de-trust, collective maintenance, security, open-
ness, anonymity and autonomy to build digital resource sharing can well solve these
problems. The sharing of teaching resources need the coordination and support of all
participants involved, including teachers and students, departments within universities
and university alliances. With different participants and the equal status of the same
types of participants in the sharing of teaching resources in consideration, the Public
blockchain is constructed based on the teachers and students of the university, the Pri-
vate blockchain based on the internal departments of the university and the Consortium
blockchain based on among universities [17].

The Public blockchain takes teachers and students of all universities as participants.
Due to the completely decentralized characteristics of the public chain, all university
teachers and students can acquire or create resources according to their own preferences,
so it can greatly meet the diversity, complexity and personalized needs of users. At the
same time, based on the financial and monetary functions of the blockchain, a virtual
currency mechanism used in the resource co-construction and sharing system is devel-
oped, and relevant incentive mechanisms that meet the needs of teachers and students in
universities are developed. For example, teachers and students need to consume virtual
currency when using relevant resources, and can earn corresponding virtual currency
when sharing and creating resources. By introducing market mechanism, the virtual
currency pegged to the relevant rights and interests of the college teachers and students.
With more virtual currency earned, more resources are acquired and the users enjoy
more rights and interests, so as to arouse the enthusiasm of teachers and students to
use more resources, to encourage more college teachers and students to participate into
the construction of teaching resources, and to promote the benign development of the
teaching resource management. In addition, blockchain can guarantee the integrity and
immutability of data, which provides the most favorable technical support for protecting
the relevant private data of teachers and students as well as the originality and copyright
of teaching resources.

The private chain is based on the internal departments of the university. The Private
blockchain has the characteristics of complete centralization, which is more suitable for
the internal data management of a specific organization. The central organization con-
trols the write permissions, and selectively opens the read permissions to the outside.
In view of the characteristics of scattered storage and diversified platforms of teaching
resources in various departments in colleges and universities, the writing rights of teach-
ing resources in various departments are controlled within colleges and universities.
The use of blockchain technology can achieve cross-platform access to resources with-
out intermediary platform. At the same time, through the link consensus conditions are
achieved. With the use of smart contract technology, various departments in universities
can not only manage their own teaching resources in the previous way, but also intelli-
gently identify and overall view the resource data of other departments, so as to avoid
repeated construction of resources. Similarly, the smart contract of the blockchain can be
used to formulate corresponding reward rules to encourage participants. Using private
chain to construct teaching resources in universities can not only conducts information
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docking at the fastest transaction speed, but also intelligently achieves cross-platform
resource management and docking among various departments to ensure that digital
teaching resources are not damaged by the outside world.

The Consortium blockchain has the characteristics of partial decentralization. Who
can be the participants of the consortium blockchain are decided by organizations or
individuals constructing the blockchain. Only after confirmation, can new nodes join the
consortium blockchain. In the process of co-constructing and sharing teaching resources
among universities based on the consortium blockchain, the participants of the university
consortium are decided by the organizers. In viewof the characteristics of the blockchain,
the platform is intelligently implemented in accordance with the consensus mechanism.
In addition, the reward rules are applied in the sameway. After realizing the organization
andmanagementmechanism, performance evaluationmechanism and rights distribution
mechanism of the university consortium through the smart contract of the consortium
blockchain, the coordination and management cost of the university consortium will
be greatly saved, and the co-construction and sharing of teaching resources can be
guaranteed.

3.4 Personality Identification Solutions

The identity authentication method based on blockchain has the characteristics of mod-
ularization of identity verification, multi-service linkage authentication model, authen-
ticity of data, user privacy security and so on. Different from the traditional identity
authentication methods, blockchain identity authentication can transmit data to the iden-
tity authentication party for verification through the secure distribution channel [18]. The
identity authentication party does not need to directly connect with the system of iden-
tity dependent party, but only needs to verify certificates for the identity authentication
applicant. Identity Dependency can realize multi-service andmulti-scene linkage of user
identity information access and authenticity verification with no need to connect with
each authenticator. The campus network can use blockchain technology to carry out
reliable, credible and efficient privacy protection, data protection and access control for
sensitive information generated in the authentication process of teachers, students and
other identity subjects, so as to reduce the risk of information leakage. Various applica-
tion platforms of universities are composed of application consortium blockchain, and
each platform jointly maintains the consortium blockchain through online collaboration.
When each platform member’s own data changes, it automatically notifies and synchro-
nizes other application platformmembers through the distributed structure of blockchain.
When students and teachers log in successfully on one platform, other platforms syn-
chronize the credit authorization data. There is no need for duplicate authenticationwhen
a user accesses other platforms within the consortium blockchain.

4 Issues and Challenges of Blockchain in Education

Blockchain technology now is still in its infancy stage of development, and most of the
research is conducted in the financial field. Compared with the financial field, problems
in the education field have stronger uniqueness and complexity. So far, the application
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of blockchain technology in the education field faces many challenges, such as limited
data storage space, difficult promotion and operation, disputes over the property rights
of educational data, and privacy protection risks of teachers and students caused by the
hidden security of blockchain technology itself [19, 20].

4.1 The Data Storage Space Factor

Blockchain technology is a technology innovation of Internet finance, butmany technical
characteristics, especially network capacity, are still in the initial stage of development.
The blockchain database records all the data information of each transaction from the
beginning to the present. Any user who wants to store data needs to download and store
the CreationBlock that carries all resource information. With the application of big data
technology in the education field, the amount of data generated by teachers, students,
and education management departments will show a blowout growth, result in more and
more data information carried by the blocks in the blockchain, which puts forward higher
requirements on the storage space of blockchain database. With the increasing amount
of various types of data, on the one hand, the data storage space will be limited, which
will affect the uploading and updating of data information, and on the other hand, the
efficiency of data transmission will be reduced significantly, so as to affect the demand
for real-time acquisition of data.

4.2 The Safety Factor

Security is another important aim that blockchain education has to obtain. Even though
the blockchain is inherently capable of providing a secure solution, threats from within
and without still exist [21]. In theory, only when more than 51% of nodes are attacked
and controlled by hackers at the same time can data information be leaked or tampered
with. However, with the development of mathematics, cryptography and computing
technology, it is difficult to guarantee that the algorithm will not be cracked in the
future, causing the leakage of teachers’ and students’ information [22]. Moreover, all
transactions are open and transparent, and any information can be traced and inquired.
Then some conclusions can be inferred, and the behaviors of teachers and students may
be predicted, which is not conducive to the protection of teachers’ and students’ privacy.

4.3 The Policy and Empirical Factors

Atpresent, there is nouniversal standard in the applicationfieldof blockchain technology,
so its promotion and operation in the field of education face the dual challenges of lack of
policy protection and practical experience. First of all, due to the lack of policy protection
and guidance, the decentralization will have a strong impact on traditional education
institutions, causing the traditional education platform in the distribution of interests
suffer heavy losses. Take management department for instance, decentralization reduces
expenses for the university administrative staff, so university administrations may resist
implementation of this technology. It is not conducive to large-scale popularization and
application of blockchain technology. Secondly, due to the few application cases of
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blockchain technology in the field of education, experts and scholars take a wait-and-see
attitude towards its promotion and application in education field, and lack of motivation
to promote its further application.

4.4 The Property Rights Disputes Factor

Due to the decentralization, the data on the blockchain is distributed recorded and stored
on the blockchain, which makes the property rights of students’ data blurred. Currently,
the school affairs office is generally responsible for data management. With the applica-
tion of blockchain, all data were stored on the blockchain, making the responsibilities of
the entity management department downplayed. Then new problems appear. Who owns
the right of attribution and use of these virtual data? Who owns the results based on data
analysis? The series of the issues caused by the data property rights have to be studied
and addressed to in the further application of blockchain in education field.

To sum up, in the next few years, it will take unremunerated investment from
enterprises, gradual intervention from governments, continuous demonstration from
experts and selfless cooperation from educational institutions to truly apply blockchain
technology to education.

5 Conclusion

This paper focuses on some typical application scenarios of blockchain in higher educa-
tion, including issue and management of certificates, learning record and storage, digital
teaching resources sharing and personality Identification solutions. However, there are
still many problems and challenges, such as limited data storage space, difficult pro-
motion and operation, disputes over the property rights of educational data, privacy
protection risks of teachers and students caused by the hidden security of blockchain
technology itself, etc. Therefore, future research will focus on solving these problems. It
is expected that educational institutions, teachers, educational researchers and learners
will hold an open and positive attitude to the impact and changes andmade corresponding
preparations for the extensive and in-depth application of blockchain technology. In the
next few years, it will take unremunerated investment from enterprises, gradual interven-
tion from governments, continuous demonstration from experts and selfless cooperation
from educational institutions to truly apply blockchain technology to education.
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Abstract. To address the problems that traditional multi-category text classifi-
cation algorithms generally have high dimensionality of text vectorization repre-
sentation, do not consider the importance of words to the overall text, and weak
semantic feature information extraction.Amulti-category text classificationmodel
based on Weighted Word2vec, BiLSTM and Attention mechanism (Weight-Text-
Classification-Model, WTCM) is proposed. First, the text is vectorized by the
Word2vec model; then the weight value of each word is calculated by the TF-IDF
algorithm and multiplied with the word vector to construct a weighted text vector
representation; then the semantic feature information is extracted by the context-
dependent capability of BiLSTM; the Attention mechanism layer is incorporated
after the BiLSTM layer to assign weights to the output of each moment After the
BiLSTM layer, an Attention mechanism layer is incorporated to assign weights to
the sequence information output at each moment; finally, it is input to the softmax
classifier for multi-category text classification. The experimental results show that
the classification accuracy, recall and F-value of the WTCM model are as high as
91.26%, 90.98% and 91.12%, which can effectively solve the multi-category text
classification problem.

Keywords: Word2vec · TF-IDF algorithm · BiLSTM unit · Attention
mechanism · Multi category text classification

1 Introduction

Automated text classification [1] has long been a hot problem in the field of Natural
Language Processing (NLP) research. Quality text classification algorithms can effec-
tively reduce information redundancy, improve the efficiency of information retrieval,
and facilitate users to quickly access effective information. It has been widely used in
question and answer systems [2], sentiment analysis [3], spam filtering [4] and other
fields.

© Springer Nature Switzerland AG 2021
D.-S. Huang et al. (Eds.): ICIC 2021, LNCS 12836, pp. 393–400, 2021.
https://doi.org/10.1007/978-3-030-84522-3_32

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-84522-3_32&domain=pdf
https://doi.org/10.1007/978-3-030-84522-3_32


394 H. Wu et al.

The current mainstream text classification algorithms are divided into shallow
machine learning algorithms and deep learning algorithms based on neural networks.
Shallow machine learning algorithms include statistical classification methods such as
Naïve Bayes (NB) [5], Support Vector Machines (SVM) [6], and K-Nearest Neighbor
(KNN) [7].Min Zhang et al. [8] fused sentiment dictionaries based on the plain Bayesian
algorithm to classify text for sentiment, but the rule-based fused dictionaries have dif-
ficulties in feature extraction. Zheng Fei et al. [9] combined deep learning with LDA
model to complete text classification, but LDA still has the defect of semantic neglect in
feature representation. Jun Deng et al. [10] used Word2vec to solve the semantic divide
problem and combined with SVM to complete microblog comment sentiment binary
classification. And deep learning algorithms mainly include Convolutional Neural Net-
works (CNN) and its variants and Recurrent Neural Network (RNN) and its variants.
With the development of neural network technology, researchers use RNN algorithms to
capture contextual semantic information and complete text classification, but RNN algo-
rithms have problems such as gradient explosion and disappearance. In order to solve the
defects of the original RNN algorithm, Hochreiter [11] et al. modified the RNN structure
by adding three gate structures and proposed the Long Short Term Memory (LSTM)
neural network. Kim et al. [12] proposed the convolutional neural network with the help
of its ability to better capture local relevance, and proposed the Kim et al. [12] proposed
a TextCNN model to apply it to a text classification task by taking advantage of the
ability of convolutional neural networks to better capture local relevance. Wang et al.
[13] combined CNN and LSTM for text classification and improved the accuracy of text
classification. With Bahdanau et al. [14] proposed the attention mechanism. Yang et al.
[15] et al. in 2016 used the attention mechanism for the sentiment classification task
of review text. Researchers have also tried to combine neural networks with attention
mechanisms. Wenfei Lan [16] et al. incorporated the Attention mechanism behind the
LSTM layer to complete the classification of short Chinese news texts and achieved good
results. Yunshan Zhao [17] et al. used a convolutional neural network text classification
model based on the Attentionmechanism, which has high accuracy and strong generality
in the text classification task.

2 Proposed Model

In order to overcome the shortcomings of existing comment sentiment analysis meth-
ods, a sentiment analysis method based on Weighted Word2Vec-Bilstm-Attention is
proposed. Sentiment analysis task is essentially a text classification task, and most of the
current sentiment analysis studies use distributed word representation. However, in the
two sentences “I bought an apple phone” and “I ate an apple”, the meanings and seman-
tic information of “apple” are different, and an improved word representation method is
proposed to integrate the generated word vectors into the traditional TF-IDF algorithm
to generate weighted word vectors. It is then fed into a bidirectional long and short
term memory neural network (BiLSTM) for contextual information feature extraction.
Then the Attentionmechanism is fused to adjust the weights of the sequence information
output at eachmoment to better represent the comment vector. Finally, the sentiment ten-
dency of the comments is obtained by a feedforward neural network classifier. Figure 1
shows the overview of our network.
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Fig. 1. WTCM model

2.1 The Construction of the Weighted Word Vector

The CBOW model in Word2vec is used to be able to map text into low-dimensional
vectors and to overcome problems such as the semantic divide, which is based on con-
textual distribution to predict target words. For the word wk, the context is expressed as
follows:

context(wk) = {
wk−t,wk−(k−1), . . . ,wk+t

}

However, Word2vec’s word vector is not able to determine the importance of words
to the whole text, so the TF-IDF algorithm is used to calculate the weight value of
words and portray the importance of words to the text. TF-IDF is a common weighting
technique used in Information Retrieval and Text Mining. In this paper, TF-IDF is used
to calculate the weight value of each word. The formulas of TF-IDF are as follow:

tfi,j = ni,j∑
k nk,j

where ni,j is the number of occurrences of the word in the text, and
∑

k nk,j is the
sum of the occurrences of all words in the text.IDF is the inverse document frequency,
which is used to indicate the importance of words. The calculation formula is as follows.

idfi = log
|D|

|{j : ti ∈ dj}|
Where |D| is the total number of documents in the corpus, |{j : ti ∈ dj}| means the

number of documents containing the word ti.Where the TF-IDF value of a word is the
product of tfi,j and idfi, calculated as

wtf −idf = tfi,j ∗ idfi

The weights of the weighted word vectors �e are calculated as follows:

�e = wtf −idf ∗ �w
−→w is defined as the distributed word vector trained by word2vec.
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2.2 BiLSTM-Attention Module

To overcome the traditional recurrent neural network’s inability to capture long-range
semantic information and gradient explosion, the long-short term memory neural net-
work overcomes the related problems by introducing update gates i, forgetting gates
f , output gatesc o, and memory units. The LSTM network structure is shown in the
following Fig. 2.

Fig. 2. The diagram of LSTM network structure.

The formula for each gate in the LSTM model is shown below.

�f = σ(Wf [a<t−1>, x<t>] + bf );�u = σ(Wu[a<t−1>, x<t>] + bu)
c̃<t> = tanh(Wc[a<t−1>, x<t>] + bc);�o = σ(Wo[a<t−1>, x<t>] + bo)
c<t> = �u ∗ c̃<t> + �f ∗ c<t−1>; a<t> = �o ∗ tanh c<t−1>

where the BiLSTM is a combination of two LSTMs forward and backward, calculated
as

−→
ht = LSTM (xt,

−−→
ht−1); = LSTM (xt,

←−−
ht−1); ht = wt

−→
ht + vt

←−
ht + bt

The attention mechanism was first applied in the field of image and first applied in
the field of natural language processing in the field of machine translation. Similar to
the attention allocation mechanism of human brain, it improves the quality of extract-
ing semantic feature information by calculating the probability weight value of output
sequence information at each moment. The calculation formula is as follows.

h̃t = tanh(wvht + bv);αt = softmax(̃ht); h
∧

t =
∑

i

αtht

2.3 Feedforward Neural Network Classifier

Finally, a normalization operation is performed by the softmax layer to output the
predicted values, which are calculated as follows.

Y = softmax(ht
∧

)
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3 Experiments

3.1 Experiments Environment and Dataset

The experimental environment is Python 3.7.0, Inter Core i5-8250U 1.80GHz, and 8GB
of memory, and the related libraries and their versions are shown in Table 1 below.

Table 1. Library and its version

Third party library Versions

Jieba 0.42.1

Keras 2.3.1

Numpy 1.16.4

Pandas 0.23.4

Scikit-learn 0.19.2

Tensorflow 1.14.0

Gensim 3.8.1

The experimental dataset is Today’s Headline News dataset, which contains news
texts from April to May 2018, with a total of 382,688 news texts distributed among
15 categories, namely, people’s livelihood, culture, entertainment, sports, finance and
economics, real estate, automobile, education, science and technology, military, tourism,
international, securities, agriculture, and e-sports. In order to make the test results more
convincing, all 10,000 texts were selected and divided according to the training set, test
set and validation set 8:1:1.

3.2 Comparison of the Performance of Weighted Word Vectors

In order to verify the effectiveness of the weighted word vector algorithm, the original
word vector and the weighted word vector are compared separately for text classification
accuracy experiments. Different Window_size and Vector Dimension are set. The win-
dow size is 0, 1, 2…10; the word vector dimension is 0, 50, 100…300. The experimental
results are shown in Fig. 3 and 4.

Through experiments, it is found that after introducing the TF-IDF algorithm to
weight the Word2vec word vectors, the algorithm performance is improved. Word2vec
can effectively overcome the problems such as the existence of high-dimensional sparsity
in one-hot coding, and the weight values introduced by the TF-IDF algorithm are the
feature enhancement of the word vectors.
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Fig. 3. Window_ Size curve Fig. 4. Vector dimension curve

3.3 Network Comparison

In this subsection, four classical models, namely, support vector machine (SVM), plain
Bayesian (NB), convolutional neural network (TextCNN), and long and short termmem-
ory neural network (LSTM), are selected for comparison experiments using the con-
trol variables method. The superparameters of the proposed model in this paper are
determined, as shown in the Table 2.

Table 2. Parameter setting of classification model

Parameters Values

max_len 30

hidden_size 128

att_size 64

dropout 0.2

epochs 20

batch_size 128

loss function categorical_crossentropy

optimizer Adam

In this paper, precision, recall, and f-value are used to evaluate our model. The results
are shown in the table, where the accuracy and loss value iteration curves of the model
proposed in this paper are shown in Fig. 5 and Fig. 6, respectively (Table 3).

We can see that when theWTCMmodel is trained using the gradient descent method,
the loss value of the function is gradually decreasing and eventually converges to a state
of convergence with a value of 0.0257. The value of the accuracy rate is finally as high
as 91.26% as the model is continuously optimized.



Multi-class Text Classification Model 399

Table 3. Comparison of experimental results

Method Precision Recall F-score

Naïve Bayesian 84.57% 85.59% 85.08%

SVM 83.39% 84.43% 83.91%

TextCNN 85.74% 86.15% 84.94%

LSTM 89.57% 88.73% 89.15%

Proposed model 91.26% 90.98% 91.12%

Fig. 5. Loss iterative curve of classification
model

Fig. 6. Accuracy iterative curve of
classification model

4 Conclusion

In this paper, we propose the WTCM model for multi-category text classification to
address the problems that traditional multi-category text classification algorithms gen-
erally have high dimensionality of text vectorization representation, do not consider the
importance of words to the overall text, and have weak semantic feature information
extraction. Word2vec is used for text vectorization to generate a low latitude dense word
vector with semantic information. The TF-IDF algorithm is introduced for word weight
values, and the word vector is used to construct a weighted word vector representation
with the word vector, which reflects the importance of words to the text. Using BiL-
STM can effectively solve the gradient disappearance and explosion problem and can
well capture the contextual semantic information, deep learning of text and complete
deep semantic feature extraction. Finally, the Attention mechanism layer is fused to
assign probability weight values to the high-level feature vectors output by BiLSTM to
highlight key information.
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Fault Diagnosis Based on Unsupervised Neural
Network in Tennessee Eastman Process

Wei Mu, Aihua Zhang(B), Zinan Su, and Xing Huo
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Abstract. In the industrial process, in order to solve the problem that the super-
vised neural network used for fault diagnosis always needs to compare with the
corresponding output value constantly and takes a long time. In this paper, the
competitive neural network and the improved self-organizing feature mapping
neural network in unsupervised neural network is proposed for fault diagnosis. In
the learning process, the active neighborhood between neurons can be gradually
reduced without obtaining output values, so as to enhance the activation degree of
central neurons, and then theweights and thresholds can be automatically adjusted.
In this way, maintenance personnel can get more time for timely maintenance and
reduce losses to a great extent. Finally, the feasibility of the proposed method is
verified by the simulation of Tennessee Eastman process.

Keywords: Fault diagnosis · Competitive neural network · Self-organizing
feature mapping neural network · Tennessee Eastman process

1 Introduction

Fault diagnosis has always been a hot topic. With the increasing reliability and security
of the underlying system, it is very important to find the fault situation in the system as
soon as possible. Due to the increasingly mature fault diagnosis technology of models,
many industrial application methods have been rapidly developed in the past few years
[1–3]. Tennessee Eastman Process (TEP) is a simulation platform developed by Eastman
Company to simulate real chemical processes [4, 5]. Towns first introduced TEP as a
benchmark for academic research in 1993 [6]. Since then, TEP has been widely used in
the simulation and verification of various control and process monitoring methods.

In recent years, fault diagnosis methods based on data-driven technology have
become a subject of extensive research [7–10]. Due to the low accuracy of traditional
fault diagnosis methods, more and more scholars adopt neural networks for fault diag-
nosis. Zhou et al. [11] studied the fault diagnosis technology based on BP network
information fusion, and applied the information fusion technology to the fault diagnosis
of theMFCS comparative amplifier board. Zheng et al. [12] established the bearing fault
diagnosis model of coal mine hoist based on wavelet neural network to diagnose the
bearing fault of coal mine hoist. Tang et al. [13] used an adaptive neural fuzzy network
(ANFIS) to model the fault diagnosis system of lithium iron phosphate battery pack, and
then completed the training and construction of the parameters of the diagnosis system.
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Based on Labview and BP neural network, Yu et al. [14] performed fault diagnosis for
rotating machinery. Ouhibi R et al. [15] proposed a fault diagnosis method for induction
motors based on a probabilistic neural network (PNN). Aiming at the frequent occur-
rence of elevator faults, Zhang et al. [16] proposed an elevator fault diagnosismethod that
combined fault tree analysis, improved particle swarm optimization (PSO), and proba-
bilistic neural network (PNN). Yang et al. [17] proposed a transformer fault diagnosis
method based on dissolved gas analysis (DGA), BAT algorithm (BA), and optimized
probabilistic neural network (PNN). Through the data of aircraft accidents, Khan et al.
[18] showed that when the flight crew failed to correctly monitor the flight path of the
aircraft, the unsupervised neural network method was used to better understand why
the pilots failed to correctly monitor, and analyzed the accident and event data. Khan
et al. [19] developed an Spoken term detection (STD) method based on acoustic signal
processing that combines several techniques of noise removal, dynamic noise filtering,
and evidence combination to improve existing speaker-dependent STD methods and, in
particular, to improve the reliability of query discourse recognition.

All the above scholars will have supervised neural networks widely used in fault
diagnosis. The supervised neural network is a radial basis function (RBF) feedforward
neural network based on Bayesian decision theory, although it has strong fault tolerance
and significant advantages in pattern classification. However, there is still a challenge: for
example, the performance of probabilistic neural networks in supervised neural networks
is greatly affected by the element smoothing factor of its hidden layer, which affects the
classification performance; and you need a set of input and output values before you can
do any further modeling.

Therefore, considering the above reasons, this paper uses two typical neural net-
works in unsupervised learning neural network, namely competitive neural networks
and self-organizing feature mapping (SOM) neural networks, to classify and identify
step faults, random faults, and valve faults in TEP. The accuracy is also verified by sim-
ulation. Finally, it makes up for the deficiency of supervised neural networks under the
condition of ensuring accuracy. He et al. [20] proposed a modeling method for motor
bearing fault identification using wavelet singularity entropy (WSE) and self-organizing
feature mapping (SOM) neural network. The results show that the model can effectively
identify the end position of themotor fault bearing and its internal pitting failure position.
Compared with the traditional support vector machine (SVM) and BP neural network
(BP) recognition models, the proposed model has higher accuracy and better stability in
fault identification, and is more suitable for multi-classification problems such as fault
identification.

The rest of this article is organized as follows. The structure and algorithm of com-
petitive neural networks in unsupervised neural networks are described in Sect. 2. In
Sect. 3, the structure and algorithm of self-organizing feature mapping neural networks
in an unsupervised neural network are introduced in detail. Section 4 illustrates the
effectiveness of competitive neural networks algorithm and SOM algorithm through the
simulation experiment of TEP. Finally, we summarize the conclusions in Sect. 5.



Fault Diagnosis Based on Unsupervised Neural Network 403

2 Competitive Neural Network

2.1 The Structure of Competitive Neural Networks

The Competitive neural network is a typical and widely used unsupervised learning
neural network, its structure is shown in Fig. 1. The Competitive neural network is
generally composed of input layer and competition layer. Similar to RBF and other
neural networks, the input layer only realize the transmission of the input mode and
does not participate in the actual operation. All neurons in the competitive layer compete
with each other to win the response to the input mode. Finally, only one neuron wins
and makes the connection weights and thresholds related to the winning neuron develop
in a direction more conducive to its competition, while the corresponding weights and
thresholds of other neurons remain unchanged.

Fig. 1. Neural network structure

2.2 Algorithm of Competitive Neural Network

Initialization Process
The competitive neural network is composed of R neurons, and the competitive layer is
composed of S1 neurons. Let the input matrix of the training sample be

P =

⎛
⎜⎜⎜⎝

p11 p12 · · · p1Q
p21 p22 · · · p2Q
...

...
...

pR1 pR2 · · · pRQ

⎞
⎟⎟⎟⎠

R×Q

(1)
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Where, Q is the number of training samples; Pij represents the i input variable of the
j training sample, and pi = [

pi1, pi2, . . . , piQ
]
, i = 1, 2, . . . ,R. The initial connection

weight of the network is

IW 1,1 = [ω1, ω2, ...ωR]S1×R (2)

Where,

ωi =
[
min(pi) + max(pi)

2

min(pi) + max(pi)

2
· · · min(pi) + max(pi)

2

]′

S1×1
,

i = 1,2,…,R. The initial threshold of the network is

b1 =
[
e1−log( 1

S1
)
, e1−log( 1

S1
)
..., e1−log( 1

S1
)

]′

S1×1
(3)

The network needs to initialize relevant parameters before learning. The weight learning
rate is α, The learning rate of the threshold is β, The maximum number of iterations is
T, initial value of the number of iterations N = 1.

Winning Neuron Selection
Randomly select a training sample p, According to the

n1i = −
√√√√

R∑
j=1

(pj − IW 1,1
ij ) + b1i , i = 1, 2, ..., S1 (4)

It computes the input of the competitive layer neurons. Where, n1i represents the output
of the i neuron in the competition layer;pj represents the value of the I input variable
of sample P; IW 1,1

ij represents the connection weight of the i neuron in the competition

layer and the j neuron in the input layer; b1i represents the threshold value of the i neuron
in the competition layer. If the k neuron in the competitive layer is the winning neuron,

n1k = max(n1i ), i = 1, 2, ..., S1, k ∈
[
1, S1

]
(5)

Weight and Threshold Updates
The weights and thresholds corresponding to the winning neuron k are modified as
follows:

IW 1,1
k = IW 1,1

k + α(p − IW 1,1
k ) (6)

b1 = e1−log
[
(1−β)e1−log(b1)+β×α1

]
(7)
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The weights and thresholds of the remaining neurons remain unchanged. Among them,
IW 1,1

K is the k row of IW 1,1. It is the weight corresponding to the winning neuron k; a1

is the output of neurons in the competitive layer,

a1 =
[
a11, a

1
2, . . . , a

1
S1

]
, a1i =

{
1, i = k
0, i �= k

, i = 1, 2, . . . , S1 (8)

End of Iteration Judgment
If the sample is not finished, another sample is selected at random and return to Step 2).
If N < T, set N = N + 1, return to step 2); Otherwise, the iteration ends. The algorithm
flow chart is shown in Fig. 2.

3 Self-organizing Feature Mapping Neural Network

3.1 The Structure of SOM Neural Network

Self-organizing feature mapping (SOM) neural network is improved on the basis of
competitive neural network, aiming at the situation that only one neuron wins each time,
that is, only one neuron’s weight and threshold value is worthy of modification. SOM
neural network, not only the weight and threshold corresponding to the winning neurons
areworth adjusting, but also other neuronswithin the adjacent range have the opportunity
to adjust their weight and threshold, which greatly improves the learning ability and
generalization ability of the network. As shown in Fig. 3, SOM neural network is similar
in structure to competitive neural network. It is also a two-tier network composed of an
input layer and a self-organizing feature mapping layer (competition layer).The input
layer is used to receive information from the outside world, and the output layer is used
for simulation, comparison, and response. One of the most important features of the
SOM network architecture is the ability to extract the pattern characteristics of the input
signals.

3.2 Algorithm of SOM Neural Network

The learning algorithm of SOMneural network is similar to the algorithm of competitive
neural network, with great difference only in the weight adjustment part. The specific
algorithm process is divided into the following parts:

Initialization Process
In SOM neural network, the input layer is composed of R neurons and the competition
layer is composed of S1 neurons. A small random number is assigned to each neuron in
the competition layer as the initial value. IW 1,1

ij (i = 1, 2, ..., S1; j = 1, 2, ...R) (IW 1,1
ij

represents the connection weight between the i neuron in the competition layer and the
j neuron in the input layer). And the initial neighborhood is Nc(t) the initial threshold
learning rate is set as the η. The maximum number of iterations is T, and the initial value
of the number of iterations is N = 1.
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Fig. 2. Competitive neural network algorithm process

Winning Neuron Selection
Similar to the competitive neural network, a sample is randomly selected and the
Formula (4) and (5) is used to calculate the winning neuron k.

Weight Update {
IW 1,1

j = IW 1,1
j + η(t)(p − IW 1,1

j ), j ∈ Nc(t)

IW 1,1
j = IW 1,1

j , j /∈ Nc(t)
(9)
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According to Eq. (9), the weight of the winning neuron k and all neurons in its
neighborhood are updated Nc(t).

Update the Learning Rate and Neighborhood
Before the next iteration, the weight values of the neurons in the winning neuron and the
neighborhood should be updated first, and the learning rate and neighborhood should be
updated by using Eqs. (10) and (11).

η = η(1 − N

T
) (10)

Nc =
⌈
Nc(1 − N

T
)

⌉
(11)

Where, the symbol �� denotes round up.

End of Iteration Judgment
If the learning sample is not finished, select another sample at random and return to
Step 2). If N < T, let N = N + 1, return to step 2); Otherwise, the iteration ends. The
algorithm flow chart is shown in Fig. 4.

Fig. 3. SOM neural network structure

4 Unsupervised Learning Neural Network Simulation of TEP

The unsupervised neural network is an algorithm of an artificial intelligence network,
whose purpose is to classify the original sample to understand the internal structure
of the sample. Unlike supervised learning networks, unsupervised learning networks
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do not know whether their classification results are correct or not, that is, they are not
supervised reinforcement (telling them which learning is correct). But its advantage is
that it can provide input paradigms for this kind of network, and it will automatically
pull out the underlying class rules from those paradigms. In this paper, two typical
unsupervised neural network algorithms are used to verify the accuracy of unsupervised
neural network classification through the simulation of TEP.

TEP process variables can be divided into two parts, a part has 41 measurements,
XMEAS module (1–41), which includes 19 sampling process measurements and 22
continuous process measured values. The other part includes 12 manipulated variables,
XMV module (1–12). This experiment also is the same as some of the author [21], with
XMEAS (35) as a variable quality.

There are three main types of TEP quality failures: step failures, random failures and
valve failures. During the data collection, the data were recorded every 6 min, and the
competitive neural network and SOM neural network were used to simulate the data,
and then the three kinds of faults were classified and identified. The classification steps
are as follows:

Generate Training Set and Test Set
In order to verify the accuracy of this method, the data used for training are obtained
from offline and online acquisition processes in industrial processes. In this paper, 22
groups of samples were selected as the training set, including 12 groups of step faults, 8
groups of random faults and 2 groups of valve faults, of which 800 data were collected
in each group. Due to the large number of data, here is not an example. Three groups of
samples are selected as the test set. These three groups of samples are from three types
of faults.

Create a Competitive Neural Network
According to the algorithm in 2.2 above, the competitive neural network model is
established.

Create SOM Neural Network
According to the algorithm in 3.2 above, SOM neural network model is established.

Simulation Test
In order to demonstrate the feasibility of this method, the network adopts the method
of randomly sampling training samples in the training process, so the results of each
operation will be different. The results of a run are shown in Table 1.

For a competitive neural network, most step fault samples correspond to the first
neuron in the competitive layer (the only sampleNo. 11 corresponds to the second neuron
in the competitive layer), so it can be identified that for step fault samples, the first neuron
in the competitive layer is the winning neuron. Similarly, it can be concluded that, for
random faults, the third neuron in the competition layer is the winning neuron (the only
sample No. 16 corresponds to the second neuron in the competition layer). However,
for valve fault samples, it is difficult to identify the corresponding winning neurons.
According to the corresponding relationship, it can be found that the classification of
No. 23 and No. 24 samples in the test set is correct, while the classification of No. 25
sample is difficult to determine.
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Fig. 4. SOM algorithm process

For SOM neural network, the winning neurons corresponding to step fault samples
are numbered 1, 6, 7, 9, 10, 11, 13, 16. The winning neurons corresponding to random
fault samples were numbered 4, 5, 8, 13, 15. The winning neurons corresponding to
the valve fault samples were 3 and 14. According to the corresponding relationship,
the number of neurons corresponding to step faults in the test set is 16. The number
of neurons corresponding to random faults in the test set was 5. The neuron number
corresponding to the valve faults in the test set was 3, and these numbers were all in the
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Table 1. Comparison of prediction results between competitive and SOM neural network

Sample number Actual category Competitive neural network
winning neuron

SOM neural network
winning neuron

1 Step fault 1 1

2 Step fault 1 6

3 Step fault 1 1

4 Step fault 1 6

5 Step fault 1 9

6 Step fault 1 6

7 Step fault 1 11

8 Step fault 1 6

9 Step fault 1 7

10 Step fault 1 10

11 Step fault 2 16

12 Step fault 1 13

13 Random fault 3 15

14 Random fault 3 8

15 Random fault 3 5

16 Random fault 2 2

17 Random fault 3 8

18 Random fault 3 4

19 Random fault 3 13

20 Random fault 3 4

21 Valve fault 2 2

22 Valve fault 1 1

23 Step fault 1 16

24 Random fault 3 5

25 Valve fault 2 3

neuron number set corresponding to the winning neuron in the training set. Therefore,
the accuracy of discrimination could be determined to be 100%.

If the predicted winning neuron number of a fault sample in the test set is 12, it is
difficult to determine which kind of fault sample it belongs to. This is because, during
the training process, the competitive layer 12 neuron never won the chance to win, and
has been in a state of inhibition, which is known as the “dead” neuron. This can also
be intuitively observed from the statistics of the number of times each neuron in the
competitive layer becomes the winning neuron in Fig. 5. But since it’s very unlikely to
happen, let’s ignore it for now.



Fault Diagnosis Based on Unsupervised Neural Network 411

Fig. 5. Statistical map of the winning neurons

In Fig. 5, the winning neurons are numbered from left to right and from bottom to
top, with the number of neurons gradually increasing, that is, the neurons in the lower-
left corner are numbered 1 and the neurons in the upper right corner are numbered 16.
The mapping relationship between neuron number and winning times is shown in Table
2 and the node diagram of the SOM neural network is shown in Fig. 6.

Figure 7 shows the distance distribution diagram between each neuron in the com-
petitive layer and its neighboring neurons. The color of the filling area between adjacent
neurons indicates the distance between two neurons. The darker the color (close to
black), the farther apart the neurons are. As can be seen from the figure, neuron No.
15 and neuron No. 16 are darker in color. As can be seen from Table 1, neuron No. 16
belongs to the step fault sample, while neuronNo. 15 belongs to the random fault sample,
which indicates that the distance between winning neurons corresponding to different
categories is relatively far. Similarly, it can be observed that the distance between the
winning neurons corresponding to the same category is relatively close, such as No. 6,
No. 7, No. 10, and No. 11, which all correspond to the step fault samples.

It can be clearly seen from the above results that, compared with the competitive
neural network, the SOM neural network has a better classification effect even if there
is a “dead” neuron problem. In terms of learning algorithm, it simulates the biologi-
cal nervous system and uses the excitability, coordination, inhibition, and competition
between neurons to carry out the dynamic principle of information processing, to guide
the learning and work of the network. At the same time, SOM neural network gradually
reduces its neighborhood scope and “repels” neighboring neurons. This combination of
“collaboration” and “competition” makes its performance superior.
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Table 2. The mapping relationship between neuron number and winning times

Neuron number Winning number

1 2

2 1

3 1

4 2

5 1

6 4

7 1

8 2

9 1

10 1

11 1

12 0

13 2

14 1

15 1

16 1

Fig. 6. The node diagram of SOM neural network
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Fig. 7. Distance distribution of adjacent neurons

5 Conclusion

In this paper, the competitive neural network algorithm and SOM neural network algo-
rithm are applied to TEP for the first time. Based on the input sample, the method can
automatically adjust the weight and threshold without obtaining the output value, so it
has good performance and strong generalization ability. Compared with the competitive
neural network, although only one neuron wins each time in the SOM neural network,
the corresponding weights of the neurons and their adjacent ranges in the SOM neural
network are modified at the same time to adjust in a direction more conducive to their
winning. By the simulation of TEP, the results show that SOM neural network has strong
operability, fast training speed, and can obtain better classification results.
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Abstract. In this article, a constraint interpretable double parallel neural network
(CIDPNN) has been proposed to characterize the response relationships between
inputs and outputs. The shortcut connecting synapses of the network are utilized
to measure the association strength quantitatively, inferring the information flow
during the learning process in an intuitive manner. To guarantee the physical sig-
nificance of themodel parameters, the weight matrices are constraint by the square
function operator in the non-negative interval. Meanwhile, the sparsity of model
parameters has been fully improvedby the constraint.Hence, the proposednetwork
can retrieval the critical geophysical parameters sparsely and robustly, through the
injection and production signals from the reservoir recovery history. Finally, a syn-
thetic reservoir experiment is elaborated to demonstrate the effectiveness of the
proposed method.

Keywords: Interpretable neural network · Connectivity analysis · Reservoir
engineering

1 Introduction

Waterflood is one critical recovery method in the petroleum industry, by injecting water
to supply the underground energy, and driving the residual oil flowing to the production
wells. Affected by the strong heterogeneity of geophysical properties, (i.e., the perme-
ability represents the capability of fluid flow in the porous media), the injected water
is easy to enter the high-permeation channels but difficult to sweep the oil at the low-
permeation areas. Thus, there would be a cycle of “high water injection and high water
production”, causing a low oil recovery rate and consuming a lot of water resources. To
overcome these problems, the interwell connectivity analysis has to be implemented in
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the waterflooding process, aiming to provide a quantitative evaluation of the connecting
strength between an injector and a producer, thereby guiding reservoir management.

The commercial simulators can make a precise simulation of the waterflood, while
these simulators are developed on the grid computation, requiring huge geological prop-
erties and costing a lot of time. To characterize the interwell connectivity effectively, a
variety of simplified data-driven models [1–9] have been proposed. These models are
established on the dynamic observed data from the oil fields, i.e., the water injection
rates (WIR) and liquid production rates (LPR), which are often available during the
production history. Generally, the simplified models can be grouped into two classes:
the physics-based models and the machine learning (ML) based models.

The physical models [1–7] are usually derived from the physical laws (i.e., the mate-
rial balance equation) of the waterflooding process, inferring the interwell connectivity
by solving partial differential equations (PDEs). These models can generate compa-
rable connectivity characterization results with commercial simulators under certain
assumptions. For instance, the capacitance resistance models [1–3] are developed on
the assumption that the flow is stable (the production rate is a linear function of the
difference between the average underground pressure and the bottom hole pressure of
the producer). However, the subsurface flow is very complex in actuality, which means
that the reservoir engineers have to choose different models in different conditions.

Different with physical models, ML-based models [8, 9] simulate the waterflood by
learning the nonlinear mapping relationships from the injection signals to the production
signals, and there is not any physical knowledge considered for the model development.
However, these ML models are “black box” models, whose parameters are not inter-
pretable. Even these models can generate a great history matching accuracy for the
injection and production data, the reliability of connectivity analysis results by these
approaches is doubted.

In the case of a neural network, the connection between two neurons would be
strengthened, if these two neural cells are connected by an excitatory synapse [10]. Strik-
ingly, there are some high-level similarities between the activities of neural cells and the
behaviors of injection-production wells in a hydrocarbon field. If there is a high connec-
tion channel between an injector and a producer, the signal from that injector would have
a strong influence on the producer. Thus, the contribution of every feature to the outputs
should be reflected through their correspondingweights. Based on this idea, we construct
a modular neural network with the specific architecture to infer the information-flow,
or the strength of the energy. To guarantee the physical significance of the connectivity
analysis results, original weights are constrained to be non-negative by a square func-
tion. Furthermore, the sparsity feature of weights is significantly improved, conducive to
characterize the dominant connection channels among the complex interwell connecting
relationships.

The remaining parts of this paper are arranged as follows. The structures and work-
flow of CIDPNN are introduced and explained in Sect. 2. Next, Sect. 3 exhibits the
results of CIDPNN in one numerical experiment. Finally, we give some conclusions of
this work in Sect. 4.
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2 Constraint Interpretable Double Parallel Neural Network

Figure 1 shows the structure of a neural network with a skip connection. In ResNet [11],
the shortcuts are essential to achieve the function of identity mapping, and the results
of related experiments show that identity mapping is an adequate and economical way
for solving the vanishing gradient problem. In addition, the structure with shortcut con-
nections is quite easy to understand. Through these shortcut structures, the information
can transfer across layers, thus avoiding the information loss caused by the activation
functions. Therefore, we aim to capture the direct response relationships from the input
variables to the output variables via the shortcut connections.

Fig. 1. The architecture of the skip connection in the neural network. The blue circles represent
the nodes of the network; the red dashed lines are the shortcut connections across layers; and the
black lines are the connections between two adjacent layers. (Color figure online)

To achieve high classification accuracy, and reduce learning and recall times of
multilayer perceptrons (MLPs), Parallel, Self-Organizing,HierarchicalNeuralNetworks
(PSHNN) [12] were proposed in 1990. Besides, Wang et al. [13] demonstrated that the
Double Parallel Feedforward Neural Network (DPFNN) is faster in convergence and
stronger in generalization, compared with common MLPs. To interpret the relationship
between inputs and outputs and to demonstrate the learning mechanism, an algorithm
is proposed along with specific structures appropriate for our problem. All weights
are restricted to be non-negative, to discover the well connectivity by analyzing the
contribution of different inputs to outputs via the weights. In this case, the contribution
value obviously cannot be negative in the realistic case. In this part, we give a deep sight
into the structures of CIDPNN, as shown in Fig. 2, introducing the feedforward and
backpropagation process and explaining the function of the skip connection.

Because in the petroleum simulation experiments, the weights are regarded as the
characterization of the fluid flow in the reservoir, and in the physical sense, fluid flow
is non-negative, we model the weights using the square operation so that effectively all
weights of CIDPNN are non-negative. Based on this assumption, CIDPNN is capable
of meaningful representation of the information transportation process. This makes the
CIDPNN more interpretable than the conventional networks with unrestricted weights,
particularly for our application. We note here that instead of using the square function,
we can use other functions, such as the exponential function, to realize non-negative
weights.
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Fig. 2. The architecture of Constraint InterpretableDouble Parallel Neural Network. The red lines
are the shortcut connections across layers. (Color figure onine)
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All the elements in U, W and V take the square form to guarantee the non-negative
value. Therefore, the network output can be calculated in the following form:

Y = g(Vf (WX) + UX), (1)

where X is the input matrix,Y is the output matrix, g and f are activation functions. The
mean square error (MSE) is used as the loss function:

E = 1

2J

(
Y − Ŷ

)2
, (2)

where Ŷ, is the ideal output, and J denotes the number of training samples.
The batch learning is used in CIDPNN, and the partial derivatives of the loss function

in respect of W, V, and U are given separately by:

�W = ∂E

∂W
= 1

J
VT

(
Y − Ŷ

)T(
Y − Ŷ

)
� g′(Vf (WX) + UX) � f ′(WX)X � W,

(3)
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�V = ∂E
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= 1
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)
� g′(Vf (WX) + UX) � f (WX)T � V, (4)

�U = ∂E

∂U
= 1

J

(
Y − Ŷ

)T(
Y − Ŷ

)
� g′(Vf (WX) + UX)X � W, (5)

where � denotes Hadamard product; �W, �V and �U are the gradients of W, V and
U, respectively.

Then, based on the backpropagation algorithm,W, V and U can be upgraded by the
following equations:

Wt+1 = Wt − η�Wt, (6)

Vt+1 = Vt − η�Vt, (7)

Ut+1 = Ut − η�Ut, (8)

where t means the t-th iteration step and η is the learning rate. The pseudocode of
CIDPNN training procedure is illustrated in Table 1.

Table 1. Pseudocode of CIDPNN training procedure

Algorithm Constraint Interpretable Double Parallel Neural Network (CIDPNN) 
training procedure

1 / *** start CIDPNN training *** /

2 Initialization of weights: Initialize W, V and U randomly from 0 to 
1, respectively

While the max iteration number is not met
3 / *** feedforward calculation *** /
3-1 Calculate the output of CIDPNN, using Eq. 1
3-2 Evaluate the loss of CIDPNN, using Eq. 2
3-3 / *** backpropagation *** /

Optimize W, V and U using their gradients to the loss function, with Eq. 
3 to Eq. 7

End While
/ *** end CIDPNN training *** /

CIDPNN can be separated into two modules: a nonlinear mapping module and a
linear mapping module. Through the activation function in the hidden layers, the input
can be transformed into a nonlinear space, giving the neural network a strong fitting
capacity. Meanwhile, the linear module (shortcut connection) plays as a linear combiner
in CIDPNN, transmitting the linear input information to the output. Furthermore, the
weight matrix of the shortcut connections is expected to behave like good indicators to
measure the contribution from the input to the output, which would be demonstrated
later in detail by a numerical experiment in Sect. 3.
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3 Case Study

The streak case is reconstructed from [1], built by Eclipse 2011, a professional reservoir
simulator. WIR and LPR are used as inputs and outputs, respectively. There are 9 wells
in this synthetic experiment, including 5 injection wells and 4 production wells, named
I1, I2, I3, I4, I5, and P1, P2, P3, P4, respectively. As shown in Fig. 3, the permeability
of the matrix is 5 md, except for two high-permeability streaks. One streak is 1000 md,
between I1 and P1, and the other is 500 md, between I3 and P4. The fluids are supposed
to flow through the areas with high permeability. The learning rate, the numbers of
hidden nodes and iterations are set to be 0.1, 20, 1000, respectively, and the reported
results are the average of 10 repetitions of the experiment. The interwell connectivity is
characterized through the skip connection weight matrix U directly.

Fig. 3. The permeability of the streak case.

It must be noted that the difference of the permeability between two dominant con-
nectingwell pairs, (I1–P1 and I3–P4), and the otherweak connecting pairs are significant,
and thus the connectivity results are expected to demonstrate this discrepancy. Figure 4
illustrates the interwell connectivity characterization obtained by CIDPNN, where two
high connecting injector-producer pairs, I1–P1 and I3–P4, are inferred visually by the
heatmap. In detail, the connectivity values of I1–P1 and I3–P4 are 1 and 0.4544, respec-
tively, and the other weak connecting well pairs are assigned with values, at least an
order of magnitude lower than that of I3–P4. Thus, the permeability distribution of the
streak case can get an intuitive reflection via the shortcut matrix of CIDPNN.
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Fig. 4. The heatmap for the streak case using CIDPNN method.

As shown in Fig. 5, in the skip connection matrix, the different weights vary quite
differently during learning. Especially for the first and the eighteenth weight in Fig. 5,
they denote the skip connection weights that connect I1 to P1 and I3 to P4, respectively.
The connectivity values of all injector-producer pairs in the streak case obtained by
ANN, CRM and CIDPNN are demonstrated in Table 2. The results of ANN and CRM
methods are taken from [9].

Fig. 5. The changes of shortcut matrix for the streak case using CIDPNN method. The blue bars
are the initial weights of the shortcut connections; the orange bars represent the final weights of
the shortcut connections after training. (Color figure online)

In CRM and ANN methods, the connectivity values of both I1–P1 and I3–P4 are
1.0. However, the permeability between I1 and P1 is 1000 md, two times higher than
that between I3 and P4. Thus, these two methods cannot accurately reflect the rela-
tive strength of these high permeability streaks. Contrast with these two methods, the
CIDPNN approach can acquire a more accurate characterization of two high connec-
tivity channels, with 1.0 for I1–P1 and 0.5 for I3–P4, providing an exact inversion of



422 Y. Jiang et al.

the actual permeability distribution. The precise measurement of the low connecting
wells is also very helpful for the development of the oil field. The values of these weak
connecting well pairs should be much smaller than the value of I3–P4, since their per-
meability is only 5 md, 1% of that of I3–P4. However, as shown in Table 2, both ANN
model and CRM model cannot infer the weak connecting wells appropriately, where
the values marked with red are higher than normal. As our expectation, the sparsity of
the connectivity values got by CIDPNN is significantly enhanced, where the values of
all weak connecting pairs are around 0. Therefore, even ANN and CRM could infer the
dominant connecting streaks in this case, they cannot characterize the internal relative
differences exactly. In addition, the injector-producer pairs without high flow channels
are possible to get a rough characterization by these two approaches. From these two
aspects, CIDPNN can overcome the defects of ANN and CRM methods in the streak
case, thus providing reliable guidance for reservoir management.

Table 2. Comparison with the current methods on the streak case.

ANN CRM CIDPNN
P1 P2 P3 P4 P1 P2 P3 P4 P1 P2 P3 P4

I1 1.0 0.2 0.3 0.1 1.0 0.0 0.0 0.0 1.0 0.0 0.0 0.0
I2 0.1 0.0 0.0 0.1 0.5 0.0 0.1 0.3 0.0 0.0 0.0 0.0
I3 0.0 0.2 0.3 1.0 0.1 0.0 0.0 1.0 0.0 0.0 0.0 0.5
I4 0.3 0.6 0.2 0.5 0.1 0.2 0.0 0.7 0.0 0.0 0.0 0.0
I5 0.3 0.4 0.3 0.4 0.1 0.0 0.1 0.8 0.0 0.0 0.0 0.0

4 Conclusions

In this paper, an interpretable network has been proposed to evaluate the contributions
from inputs to outputs through a shortcutweightmatrix, avoiding the complex calculation
of indexes to identify the information path. To ensure the physical meaning of the model
parameters, theweights of the proposed network are constrainedwithin 0 to 1 by a square
function. The simulation experiment has revealed that the proposed approach enables to
provide a sparser and more accurate characterization of the actual interwell connectivity
condition. The easy interpretation of the CIDPNN reveals a very promising future of the
network in oil reservoir engineering. In the future, we would like to do further research
on the interpretability of neural networks with more general forms.
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Abstract. Alcoholism is a serious disease, which can cause a variety of mental
damage, physical damage and social damage. It is one of the top three global
public health problems. Current detection of alcoholism is determined by long-
term observation. We hope to detect alcoholism based on brain MRI scans to
improve the detection efficiency. Existing alcoholism detection methods via the
traditional medical image analysis are complex. Based on the advantages of fewer
parameters, fast training and good migration of convolution neural network, a
5-layer customized convolution neural network is proposed to detect alcoholism.
We performed multiple rounds of experiments to evaluate the performance of our
method. The experimental results show that our method outperforms six state-of-
the-art methods on all metrics tested.

Keywords: Alcoholism · Alcohol use disorder · MRI · CNN

1 Introduction

Alcohol is an addictive neurotropic substance. Alcohol addiction caused by long-term
excessive drinking will lead to alcoholism. It will cause a variety of physical and mental
disorders, even irreversible pathological damage [1]. According to WHO, 208 million
people worldwide have alcohol use disorders (AUD), while there are approximately
3 million alcohol-related deaths each year. It has important practical implications for
the diagnosis and treatment of patients with alcoholism. According to the definition
of alcoholism in the fourth edition of the Diagnostic and Statistical Manual of Mental
Disorders (DSM-IV), it requiresmaintaining three of the seven phenomena of alcoholism
for at least one year to be diagnosed. Studies have shown that alcohol abuse damages brain
neurons and, as a result, patients with long-term alcoholism have a smaller volume of
white matter and gray matter compared with age-matched controls. Therefore, viewing
brain images to diagnose alcoholism is a relatively efficient practice. At present, the
identification of brain atrophy is done manually by radiologists. While, in the early
stage of alcoholism, the phenomenon of brain atrophy is not obvious, so it is difficult to
detect brain atrophy manually. An advanced artificial intelligence method via magnetic
resonance imaging (MRI) to monitor the patient’s brain and provide early diagnosis is
needed.
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In the past few decades, computer vision based techniques have played a great advan-
tage in image detection. Computer vision based techniques can discover minute detail
changes in brain MRI scans more accurately, and greatly save time and effort in alco-
holism diagnosis. In 2012, Monnig [2] proposed the use of computer vision techniques
to detect white matter atrophy. Alweshah and Abdullah [3] proposed the method of
hybrid firefly algorithm (FA) and probabilistic neural network (PNN) to detect brain
changes. Hou [4] used predator-prey adaptive-inertia chaotic PSO (PACPSO) for alco-
holism identification. Nayak, et al. [5] proposed a random forest based algorithm classi-
fication method via brain MRI scans. Zhang et al. proposed the method of Hu moment
variant (HMI) based on support vector machine (SVM) to detect pathological changes
in the brain [6]. Zhang et al. [7] proposed the method of using Pseudo Zernike Motion
(PZM) to detect brain changes.Wang et al. [8] proposed amethod based on data enhance-
ment to detect alcoholism based on MRI scans. Muhammad et al. proposed an assay for
alcoholism based on wavelet Renyi entropy and three-segment encoded Jaya algorithm
(TSEJaya) [9]. Qian [10] used cat swarm optimization (CSO) for alcoholism detection.
Chen [11] used wavelet energy entropy (WEE) to extract features from the alcoholism
patient’s brain image. Although these methods can be used to detect alcoholism, the
neural networks used are complex, and their mobility on MRI scans is not good enough.

To solve the above problems, we propose a new MRI scans based alcoholism iden-
tification method via convolutional neural network (CNN). In recent years, CNN has
been widely used in the field of medical image processing [12–15]. Compared with the
traditional neural network, CNN can effectively reduce the number of network parame-
ters, reduce the complexity of the network, improve the migration ability of the model,
and enhance the robustness of the network.

The rest of this paper is organized as follows: Sect. 2 describes the dataset of this
study. Section 3 describes the method of our customized convolutional neural network.
Section 4 describes the design of the experiment and discuss the experimental results.

2 Dataset

With the development of technology, we can intuitively detect brain atrophy through
brain imaging. Existing brain imaging techniques mainly include three types: Computed
Tomography (CT), Positron Emission Tomography (PET), and Magnetic Resonance
Imaging (MRI). Both CT and PET cause radiation damage to the patient during imaging.
MRI technology is different from other imaging technologies. This method does not
produce artifacts in CT, and does not need to inject contrast agents which means there is
no radiation injury and no adverse effect on humans.Moreover, the information provided
by MRI scanning is much larger than that produced by other imaging technologies in
medical imaging. Therefore, the use of MRI has great advantages for the early diagnosis
of alcoholism.

In this study, we used the Nanjing MRI dataset. This dataset collected brain MRI
scans from a total of 235 samples over three consecutive years. These samples com-
prised 114 samples with long-term chronic alcoholic (58 males and 56 females) and
121 nonalcoholic control samples (59 males and 62 females). These volunteers were
all tested by the Alcohol Use Disorders Identification Test (AUDIT) to ensure that the



426 L. Deng

data were authentic and reliable [16]. The obtained MRI data were subjected to FMRIB
software library (FSL) V5.0 software to extract images of brain sections [17, 18]. We
selected slices with Z = 80 (8 mm) at MNI 152 coordinates from the brain image after
normalizing to a standard MNI template. The 80th slice most clearly shows two features
of alcoholic patients: “the shrunk graymatter” and “the enlarged ventricle” [19–21]. The
selected MRI slice images are shown in Fig. 1.

Fig. 1. MRI slice image examples: (a) an alcoholic brain and (b) a nonalcoholic brain [9].

3 Methodology

Convolutional neural network (CNN) is a kind of feed-forward network. Its feature is
that each layer of neurons only responds to the neurons in the local range of the previous
layer. Compared with the traditional neural network, the parameter sharing mechanism
of CNN can effectively reduce the number of parameters and reduce the complexity of
the network. In addition, the sparsity of connections in CNN can effectively improve the
migration ability of the model and enhance the network robustness. Nowadays, CNN
has many successful applications in the field of computer vision [22–25]. These studies
inspired us to apply CNN to the detection of alcoholism. Next, we will describe the
customized convolution neural network.

3.1 Convolution

The process of doing scalar product for images and filters is called convolution. This is
the most important step of convolutional neural networks. During the convolution, each
element of the filter will multiply the appropriate pixel in the input image. The product
of it will sum together as one new element value of the output matrix:

y =
∑

i
wixi + b (1)

where y is the output matrix value of convolutional layer, xi is the pixel value of the input
image, wi is the weight of the filter, b is the bias of the filter and i is the channel of the
image.
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To prevent image shrinkage during convolution, researchers usually padded the input
image to maintain the size of the image. Moreover, padding images also improves the
utilization of pixels at the edges of the image. Padding will add a circle of new pixels
around the input image, usually with a value of 0.

dout = din − dkernel + 1

stride
(2)

where, dout is the size of output matrix, din is the size of input image, dkernel is the size
of convolutional filter and stride is the step size of convolutional layer.

3.2 Pooling

In convolutional neural networks, a pooling layer is often added between adjacent convo-
lutional layers. The pooling layer can compress the matrix from the convolutional layer
to reduce parameters and computation [26] while retaining the main features of the input
matrix [27]. The use of pooling layer avoids the involvement of more redundant infor-
mation that could prevent overfitting and improvemodel generalization [28]. Commonly
used pooling layers are max-pooling and average-pooling. Max-pooling segments the
whole input matrix into several independent submatrices with equal size. The largest
element within each submatrix was taken to constitute the output which has the same
planar structure as the original input [29]. As shown in Fig. 2, this is a max-pooling with
a 2 × 2 filter, which can find out the biggest value from the input matrix.

Fig. 2. The process of max-pooling

3.3 Batch Normalization

We added Batch Normalization (BN) to whiten the activation values of each hidden
layer in the neural network which shows in Fig. 3. The use of BN pulls the distribution
of the input value of any neuron in each layer back to the standard normal distribution
with the mean value of 0 and the variance of 1 [30]. The equation of BN is shown in
Eq. (6). The input activation x̂k of T layer corresponding to the k neuron is converted by
subtracting the mean E[xk ] of activation xk obtained from instances in mini batch and
dividing by the variance Var[xk ]. This is similar to dropout’s regularized expression that
prevents overfitting [31]. In addition, the use of BN could make neural network training
less demanding for initialization, and it allows the use of larger learning rates to speed
up network convergence and improve the training speed [32].
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Fig. 3. Adding Batch Normalization before hidden layer. (a) Two layers of the neural network;
(b) Neural networks using Batch Normalization

x̂k = xk − E[xk ]√
Var[xk ]

(3)

3.4 Rectified Linear Unit

The activation layer will provide a nonlinear function to the neural network. In real
world, some problems cannot easily use linear modules to solve [33]. At this time,
the nonlinear factor should be added to the modules to solve this problem. Rectified
Linear Units (ReLU) is a very popular activation function in deep learning. The equation
of ReLU function is shown in Eq. (4). Compared with other activation function like
Sigmoid function, the calculation of ReLU function is simpler [34], which saves a lot
of computation on the neural network. As Fig. 4 shows, the ReLU function is closer
to the activation model of biology than the Sigmoid function. ReLU layer leaves a
subset of neurons with an output of 0, which creates sparsity of the network and reduces
parameter interdependencies [35]. This alleviates overfitting problems in neural network
training [36]. Additionally, the ReLU function does not present the problem of gradient
disappearance as Sigmoid function does.

f (x) = max(0, x) (4)

Fig. 4. The image of activation functions: Real lines represent RuLU functions, dashed lines
represent Sigmoid functions.
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3.5 Structure of Customized CNN

The structure of our customized CNN and the number of parameters required for indi-
vidual layers are shown in Table 1. Like Fig. 5 shows, the network detects the input MRI
scan with a size of 176×176 and determines whether the input image has brain changes
caused by alcoholism. The network contains 3 sets of convolutional layers and 2 fully
connected layers (FCL). Each set of convolutional layers contains one convolutional
layer, one BN layer and one activation layer. The network is simple in structure and has
a small number of parameters, which can save a lot of computation and training time.

Table 1. The structure of customized CNN

Layer Size Parameters

Input 176 × 176

Conv layer 1 44 × 44 × 32 32 3 × 3 stride = 2, pooling size = 2

Conv layer 2 22 × 22 × 64 64 3 × 3 stride = 2

Conv layer 3 11 × 11 × 128 128 3 × 3 stride = 2

FCL 1000 15488 × 1000

FCL 2 2 × 1000

Fig. 5. The flow of MRI image detection

3.6 Measures

This study used multiple metrics to evaluate the performance of neural networks which
include: Sensitivity, Specificity, Precision, Accuracy, F1 score, Fowlkes Mallows Index
(FMI) and Matthews Correlation Coefficient (MCC). The higher the value of these
metrics, the better the performance of the method.

Sensitivity (Sen) measures the proportion of samples that are correctly identified as
positive which is also called true positive rate. The equation of Sensitivity is shown in
Eq. (5), in which true positive (TP) is the sample that has the disease and the test is
positive; False negative (FN) is the sample that has the disease but the test is negative.

Sensitivity = TP

TP + FN
× 100% (5)
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Specificity (Spc) (also known as the true negative rate) is the proportion of samples that
are correctly identified as negative. The equation of Specificity is shown in Eq. (6), in
which true negative (TN) is the sample does not have the disease and the test is negative;
false positive (FP) is the sample does not have the disease but the test is positive.

Specificity = TN

TN + FP
× 100% (6)

Precision (Pre) is the proportion of samples that are correctly identified as positive overall
samples identified as positive. The equation of Precision is shown in Eq. (7). The Fowlkes
Mallows Index (FMI) is the geometric mean of the Recall and Precision. Equation (8)
shows the equation of FMI.

Precision = TP

TP + FP
× 100% (7)

FMI = TP√
(TP + FP)(TP + FN )

× 100% (8)

Accuracy (Acc) is the proportion of samples correctly identified as positive over the total
sample. The equation of Accuracy is shown in Eq. (9).

Accuracy = TP

TP + FP + TN + FN
× 100% (9)

Whether it is used precision or recall alone, the accuracy of the model cannot be well
measured. The F1 score that combines both twometrics would have been a better choice.
F1 score is the harmonic mean of precision and recall. The equation of F1 score is shown
in Eq. (10).

F1score = 2 × Pre × TP
TP+FN

Pre + TP
TP+FN

× 100% (10)

When two classes have very different size, other metrics such as accuracy may not
correctly evaluate the performance of the model. At this point, we need to use Matthews
Correlation Coefficient (MCC). The equation of F1 score is shown in Eq. (11).

MCC = TP × TN − FP × FN√
(TP + FP)(TP + FN )(TN + FP)(TN + FN )

× 100% (11)

4 Experiment Result and Discussions

To examine our method, ten rounds of experiments were carried out on the Nanjing
MRI dataset. The round of the experiment is marked as ‘Run 1’, ‘Run 2’, and so on.
The Sensitivity, Specificity, Precision, Accuracy, F1 score, MCC and FMI criteria of the
experiment were obtained by analyzing the experimental results. The larger the values
of these metrics, the better the accuracy and the better the performance of the model. In
addition, we also compared several other computer vision based alcoholism detection
methods which are mentioned before with our method.
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4.1 Statistical Analysis

We performed multiple rounds of repeated experiments to examine the accuracy and
stability of our method. The experimental results are recorded in Table 2. From this
table, experimental results of the first round gave the highest scores on the Sensitivity,
Accuracy, F1 score, MCC, and FMI. While the experimental results of the fifth and
seventh rounds gave the highest scores on Specificity and Precision. MSD showed little
fluctuation in our method, which illustrates that our method enables stable detection of
alcoholism.

Table 2. Result of proposed 5-layer customized convolution neural network method. The
underlined data is the best experimental result.

Run Sen Spc Prc Acc F1 MCC FMI

1 98.25 96.69 96.55 97.45 97.39 94.91 97.39

2 96.49 94.21 94.02 95.32 95.24 90.67 95.25

3 95.61 95.04 94.78 95.32 95.20 90.64 95.20

4 96.49 95.87 95.65 96.17 96.07 92.34 96.07

5 93.86 97.52 97.27 95.74 95.54 91.53 95.55

6 95.61 95.87 95.61 95.74 95.61 91.48 95.61

7 93.86 97.52 97.27 95.74 95.54 91.53 95.55

8 95.61 95.87 95.61 95.74 95.61 91.48 95.61

9 95.61 94.21 93.97 94.89 94.78 89.80 94.79

10 97.37 95.04 94.87 96.17 96.10 92.37 96.11

MSD 95.88
± 1.37

95.79
± 1.20

95.56
± 1.20

95.83
± 0.69

95.71
± 0.71

91.67
± 1.38

95.71
± 0.71

4.2 Comparison with State-of-the-Art Approaches

In order to better reflect the advantages of our method, we compared our method with
other six advancedMRI scans basedmethods. Seven criteria of the sensitivity, specificity,
precision, accuracy, F1 score, MCC and FMI were compared. Comparative results are
reported in Table 3. The underlined data in this table is the best result. This table shows
that our method has the best performance in all seven metrics.
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Table 3. Comparison with State-of-the-art Approaches. The underlined data is the best
experimental result.

Run Sen Spc Prc Acc F1 MCC FMI

PACPSO [4] 88.86 89.42 88.78 89.15 88.82 78.28 88.82

HMI-SVM [6] 84.56 85.70 84.78 85.15 84.67 70.27 84.67

PZM [7] 86.23 87.02 86.23 86.64 86.23 73.25 86.23

TSEJaya [9] 93.60 93.72 93.35 93.66 93.47 87.31 93.47

CSO [10] 91.84 92.40 91.92 92.13 91.88 84.24 91.88

WEE [11] 91.54 93.66 93.45 92.61 92.48 85.26 92.47

Ours 95.88
± 1.37

95.79
± 1.20

95.56
± 1.20

95.83
± 0.69

95.71
± 0.71

91.67
± 1.38

95.71
± 0.71

The above experiments could show that our method has a good effect in alcoholism
detection based on brain MRI scans. On the one hand, our method has a significant
improvement in detection accuracy compared with other methods; on the other hand, our
method has no significant fluctuations in detection accuracy which shows good stability.
The above experimental validation illustrates the ability of our method to replace part
of the work done on manual detection of brain changes in alcoholism. Compared with
manual reading brain MRI scans, our method can effectively reduce the workload of
radiologists and improve their work efficiency.

5 Conclusion

In this paper, a newMRI scans based alcoholism detectionmethod is proposed. Different
from previous methods, this new method is based on the 5-layer customized convolu-
tional neural network. Experimental results show that our method has better detection
efficacy than other methods on MRI scans based alcoholism detection, indicating that
our method can effectively assist physician diagnosis. Meanwhile, due to the excellent
mobility of the CNNmodel, this study could contribute not only to alcoholism detection
but also to other MRI scans based diagnostic difficulties. This study is the first to apply
convolutional neural networks to the field of alcoholism detection, and we hope this
study will shed light on the future researchers.
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Abstract. Global energy transition to renewable sources is among the substantial
challenges facing humanity. In this context, the precise estimation of the renew-
able potential of given areas is valuable to decision-makers. This is particularly
difficult for the urban case. In Chile, valuable data for solving this problem is avail-
able, however, standard machine learning algorithms struggle with their variable-
length input. We take advantage of the ability of 1-D Convolutional Neural Net-
work to fuse feature extraction and learning over a heterogeneous representation
of the data. In the present manuscript, we propose an architecture to estimate
the PV potential of Chilean cities and extract the relevant features over hetero-
geneous representations of available data. To this end, we describe and exam-
ine the performance of said architecture over the available data. We also extract
its intermediate convolutional features and use them as inputs of other machine
learning algorithms to compare performances. The network outperforms all other
tested machine learning algorithms, while the intermediate learned convolutional
representations improve the results of all non-linear algorithms explored.

Keywords: Convolutional neural networks · Heterogeneous variable-length
data · Representation learning · Urban photovoltaic estimation · Renewable
energy transition

1 Introduction

The growing concern over global warming consequences has pushed several countries
into long-term commitments of climate change mitigation, such as the Paris Accord,
which Chile has signed and ratified [19]. These commitments imply profound changes
in long-term energy planning policies. Therefore, the precise and large-scale estimation
of potential renewable energy output is a valuable input for decision-makers.

This estimation faces diverse challenges, the principals being: (i) different technolo-
gies (e.g. wind, photovoltaic, concentrated solar power, etc.); (ii) different applicability
areas (open country, urban landscape); (iii) kind of potential being estimated (theoreti-
cal, technical, economic, etc.). In Chile, the theoretical potential of solar energy (total
radiation) is well described [16], nonetheless, to the best of our knowledge, there is no
precise and large-scale estimation for the photovoltaic (PV) potential of urban areas.

© Springer Nature Switzerland AG 2021
D.-S. Huang et al. (Eds.): ICIC 2021, LNCS 12836, pp. 435–449, 2021.
https://doi.org/10.1007/978-3-030-84522-3_36

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-84522-3_36&domain=pdf
http://orcid.org/0000-0002-1618-8373
http://orcid.org/0000-0001-7158-2069
http://orcid.org/0000-0002-9899-0051
https://doi.org/10.1007/978-3-030-84522-3_36


436 A. Valderrama et al.

That is not a coincidence, considering the particularities of the urban landscape and the
scarcity of adequate data.

To tackle this problem, the Ministry of Energy has provided 196 examples of urban
PV potentials, which combined with variable-length registries obtained from the Tax
Administration (cf . [17]) could allow learning the problem at hand. Machine Learn-
ing (ML) models repeatedly achieve state-of-the-art performance in several real-world
applications and some proposals [2, 14] use ML algorithms for estimating urban poten-
tials, particularly when not all required data is available for other procedures (such as
3D modeling of cities).

A general ML problem, whose examples are drawn from an unknown distribution
P over X × Y , can be stated as the following optimization problem:

htrH := argmin
h∈H

∑

(x,y)∈(Xtr ,Ytr)

�(h(x), y),

whereH ⊂ {X → Y} is the hypothesis space defined by the structure and hyperparam-
eter of our networks, Xtr and Ytr are the train set examples and � is the loss function
(usually a distance). However, the aim inML is not to learn the training examples, rather
to accurately predict future data. Therefore, comparisons between different algorithms
or models (also, hypothesis in this context) must be performed over a validation set, not
presented to the algorithm during training. Therefore, the real optimization we perform
is in practice:

min
H

∑

(x,y)∈(Xval ,Yval)

�
(
htrH(x), y

)
,

where Xval and Yval are our validation sets, not used during the training, that is not
involved in the choosing of htrH. Changes to the structure of the networks or the data
representation effectively modify the hypothesis spaceH.

In our particular case, the data examples are of variable-length: each example cor-
responds to a collection of 3 descriptors (number of floors, built surface, and fiscal val-
uation) of the buildings in a particular block. Different blocks have a different number
of buildings, as shown in Fig. 1. This leads us to use 1D convolutional neural networks
(1D-CNN) and representing each data example as a padded sequence. However, prelim-
inary experimentation shows that a heterogeneous representation (when different posi-
tions in the sequence correspond to different attributes rather than different buildings)
improves performance over homogeneous representations (when different positions in
the sequence correspond to different instances of the same attribute).

The presentmanuscript proposes a heterogeneous 1DConvolutionalNeural Network
architecture trained over heterogeneous representations of the available variable-length
data. The main contributions of this paper are:

– We propose and describe a network able to model the urban PV potential of Chilean
cities from the few available examples.

– Weshow that the network can simultaneously learn the targets anduseful convolutional
data representations, which can be extracted from its intermediate layers.
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Fig. 1. Schematic representation of available data. Each block corresponds to a single example,
composed of a variable number of buildings (enumerated B-1, B-2, etc.), described by 3 numerical
attributes (A1, A2, and A3). The original data can be modeled as variable-length matrices, where
the column number is fixed as 3 and the row number corresponds to the number of building in the
given block.

– We propose a heterogeneous representation, which is beneficial to this problem given
the particularities of the urban PV estimation problem.

– We provide a comparison of the proposed network and five ML algorithms, over
summarized representations of the input data, a principal component analysis
decomposition, and learned representations given by the CNN architecture.

The remainder of the manuscript is organized as follows. Firstly, Sect. 2 presents a
conceptualization of the general PV estimation problem and its different components.
Then, Sect. 3 describes a few related proposals for the urban PV estimation problem,
followed by a theoretical description of the particularities of 1D-CNN in Sect. 4. After-
ward, Sect. 5 presents our current proposed architecture, the used data representation
and its interaction with the convolution operation. Section 6 presents our experimental
results and finally, Sect. 7 presents our conclusions and discussion.

2 PV Estimation Problem

There is an interdisciplinary consensus on the urgency of the decarbonization of the
global energy matrix to lessen the direst consequences of climate change [8]. Recent
technological developments are enabling this transition, while the urban landscape is
expected to play akey role in the comingdecades [20], both fromenergy consumption and
generation standpoints. In this context, distributed urban PV generation can contribute
significantly to the decarbonization effort.

Therefore, precise and large-scale estimation of the PV generation potential in urban
areas becomes an important input for decision-makers, to enable planning and guidance
of the renewable transition [1]. Asmentioned before, this estimation comeswith different
sets of challenges, and following the framework used by several authors [1, 10, 21] the
estimation process can be broken up into five distinct, hierarchical successive steps:
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• Theoretical or Physical Potential: Corresponds to the total physical energy deliv-
ered by the resource in a given area. This estimation usually involves widely studied
physical processes, satellite imagery, and in situ measurements as validation.

• Geographic or Urban Potential: It consists of the energy received over areas where
the energy can effectively be captured, considering the plane inclination and shadow
losses. Thus, in the geographic case topographic shadows must be taken into account,
while the urban case must estimate the available rooftop area, the inclination of the
rooftops, and the shadow projected by adjacent buildings. While the geographic case
is solved through physical modeling of topographic shadows, the urban case is usually
solved in a case-by-case manner, with ad hoc.methodologies tailored given available
local data.

• Technical Potential: Potential amount of electricity that could be harnessed by real
PV systems installed over the available area, considering losses and inefficiencies.
These are calculated using widely studied physical equations.

• Economic Potential: This takes into account the economic feasibility of real PV
projects. It considers technology costs, operation and maintenance, and local energy
costs. It is usually estimated using the Levelized Cost of Energy (LCOE).

• Market Potential: This last potential takes into account market frictions, local restric-
tions, and social reluctance to the technology. It also must consider local regulations
and policies, to evaluate the real feasible potential.

This sequential framework allows researchers to focus on one (or several potentials),
rather than dealing simultaneouslywith all different domains. By abstracting or assuming
previous potentials, researchers can focus their efforts on a particular domain, allowing
for better accuracies.

In the current manuscript, we deal with the urban estimation problem, which can
be tackled from different domains. While physical modeling of the three-dimensional
nature of cities is ideal, this is seldom possible at a large-scale given the unevenness
of data availability and the prohibitive cost of LIDAR drone flights. In this context,
ML appears as an interesting set of tools, as it allows the learning of hard-to-model
relationships between different data sources, which can later be generalized to other
areas where data is missing.

The following section presents some proposals that tackle the urban PV estimation
problem.

3 Related Work

One particular proposal for the Chilean case corresponds to [3], where Campos et al.
present a detailed estimation of the potential in Concepción city, using a simulated 3D
city model. They accomplish this by gathering footprint, height, and roof characteristics
from building permits. Using this simulation, the authors estimate the available area for
PV installations and shadowing effects. The authors also evaluate the Levelized Cost
of Energy (LCOE) as an economic restriction for the total potential. After obtaining
this detailed result over the city of Concepción, the authors extrapolate their findings
on an aggregate level, by assuming several constant ratios, such as the available rooftop
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area per inhabitant or fraction of usable rooftop area. The authors make this large-scale
estimation at a resolution of cities, that is, they propose a single potential PV output for
a whole city. The authors are unable to compare their estimation to any other previous
results.

Another similar proposal [15] estimates the urban rooftops PV potential from pub-
licly available geodata (building footprints, open street map) and satellite measurements
of the German city of Freiburg. The authors use a standard deterministic model for the
theoretical estimation; several image processing and GIS algorithms to detect rooftops
and randomization of their tilts from measured values to estimate urban potential. They
also include an ML algorithm, particularly using a modified version of Alexnet [13]
to identify existing rooftop installations and obstacles. Finally, the authors calculate
the estimated LCOE and match it to the local price of energy to obtain an economic
potential. The authors evaluate the accuracy of their GIS processings, by measuring the
precision of the roof azimuth estimation against a preexisting 3D model, obtaining a
70% accuracy. On the other hand, the authors evaluate the accuracy of the ML model
by using manually classified images, obtaining a 90% accuracy.

Assouline et al. [2] evaluate the theoretical, urban, and technical potential over
Switzerland’s rooftops. The authors report the monthly average PV output estimated
over the Swiss territory, with a spatial resolution of 200 m. To this end, they use several
different data sources, including government building databases (whether from building
descriptors or LiDAR 3D models), among many other varied data sources. The authors
use the random forest model to learn the task of predicting several variables: climate
variables, Global Horizontal Radiation, the available area over rooftops, etc. The authors
train an instance of the random forest algorithm for each variable and use the predicted
values to calculate the potential. They can compare their results to a previous Swiss
study, finding a normalized root mean square error between both results of 26%.

From the presented proposals, we see that different methodologies can vary
drastically given the availability of data of the concerned areas.

4 1D Convolutional Neural Networks

Originally inspired by the animal visual cortex and its neuronal organization [7], CNNs
are a family of ML algorithms well suited for pattern recognition. The architecture and
convolutional operation were inspired from observations of the neuron pathways of the
animal cortex: different pathways activate when confrontedwith different visual patterns
(e.g., horizontal or vertical lines). The CNN operation allows the network to recognize
a pattern in an image regardless of its position in the image. While originally proposed
for image recognition (i.e. 2-dimensional data), CNN can be easily extended to other
dimensions.

The main operation of a CNN is convolution. In the general case, it operates over an
arbitrary input sequence ξ : {1, . . . , α} → R

β of length α ∈ N and β ∈ N dimensions.
The convolution is defined by a kernel g : {1, . . . , γ } → R

β (transformed as a padded
sequence, that is for values outside the definition of the kernel, it outputs zeros) whose
dimension corresponds to the number of dimensions of the input (i.e. β) and with γ ∈ N

it’s length, fixed as a hyperparameter and smaller than the input’s length α. Then, the
convolution ξ ∗ g is defined as follows:
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(ξ ∗ g)(i) =
β∑

k=1

⎛

⎝
α∑

p=1

ξ (k)(p)g(k)(i − p + 1)

⎞

⎠, (1)

where ξ (k) denotes the kth dimension of ξ , and i ∈ {1, . . . , α}. Notice that while the
inner sum iterates over α different values, in practice only γ values of ξ (k) contribute to
the output for each k, since for all (i − p + 1) /∈ {1, . . . , γ }, g(k)(i − p + 1) = 0.

Inside a CNN, the output sequence y (or convolutional feature in this context) from
a convolutional filter defined by a kernel g operating over our input ξ is transformed by
an activation function, and can be computed following the formula:

y(i) = σ(b + (ξ ∗ g)(i)),
where b ∈ R corresponds to a bias (a trainable parameter) and σ : R → R is the
activation function (non-linear function, chosen as a non trainable hyperparameter) [18].

A single layer of a CNN, is composed of several neurons, defined each by a filter
and bias. Then, if a particular layer is composed of N neurons, with N associated filters
gj and biases bj, the output y also has N dimensions y(j), all for j ∈ {1, . . . ,N }. These
are defined as follows:

y(j)(i) = σ
(
bj +

(
ξ ∗ gj

)
(i)

)
.

In other words, each neuron of a layer has a particular filter and bias. The weights in all
filters and all biases are the trainable parameters of the layer, which are usually optimized
using the backpropagation algorithm [6].

A fully convolutional neural network is composed of several convolutional layers,
each connected to the previous one. Thus, the convolutional features extracted from
a layer, are propagated to the following layer. As we advance through the layers, each
layer’s output is the next layer’s input. This architecture allowsCNN to successively filter
attribute over attribute, achieving increasingly filtered and refined representations of the
data, allowing for the extraction of learned representation from intermediate layers [22].
Thus, different neurons in each layer can specialize in different patterns while different
layers in the network operate over different feature spaces, of progressive sophistication.

1D-CNN are particularly efficient at fusing the learning of the underlying phenom-
ena with the learning of meaningful representations of the involved data [12]. We take
advantage of this property of 1D-CNN not only to learn the problem at hand but also to
use the optimized network to create fixed length learned convolutional representations
useful to other ML algorithms.

5 Our Proposed Approach

We now describe our current proposal, a 1D-CNN architecture over heterogeneous rep-
resentation of data for the problem of the estimation of potential photovoltaic generation
in urban settings. While usually, input data is homogeneous, that is to say, that all values
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of a given sequence correspond to the same attributes, however, in our case data proved
more easily learned over heterogeneous representations, that is where different positions
of the sequence correspond to different attributes.

A schematic representation of the proposed architecture is presented in Fig. 3. Our
architecture is composed of a convolutional section with 5 convolutional layers, skip
connections, and batch normalization layers, followed by a dense section composed of
3 dense layers.

Our examples Xtr were zero-padded, that is 0 values were inserted into each example
up to the largest example. Formally if μn corresponds to the number of buildings in
example xn ∈ Xtr , we define L = maxn{μn}, and J ∈ N corresponds to the number of
different descriptors available for the buildings, we obtain our padded examples xn by
the following formula:

x(j)
n (i) =

{
xn(i, j) if 1 ≤ j ≤ μ_n
0 if j > μn,

(2)

for i ∈ {1, . . . ,L}, j ∈ {1, . . . , J } and remembering xn ∈ R
J×μn , or in other words

a matrix with μn columns corresponding to the different buildings and J rows corre-
sponding to the different descriptors. As defined, x corresponds to the homogeneous
representation of the data, a sequence of buildings of length L, each described by J
different dimensions. However, the input of our network is the heterogeneous sequence
representation of our padded examples (cf. Eq. (2)), which is defined by:

x̃(i)
n (j) := x(j)

n (i), for j ∈ {1, . . . , J }, i ∈ {1, . . . ,L}. (3)

Here, the super index (i) corresponds to the different dimensions of the sequence
and indexes the different buildings, while j corresponds to the position in the hetero-
geneous sequence and indexes the different descriptors. Thus, we obtain a padded set
of heterogeneous examples {x̃n| xn ∈ Xtr} ⊂ R

L×J of fixed length, in other words,
L-dimensional sequences of length J : the dimensional and temporal roles are inverted
between homogeneous and heterogeneous representations.

The particular available data from the Tax Administration contains three relevant
numerical values. Namely the total built area, the number of floors, and the fiscal value
of each building. For a particular data example in the homogeneous representation xn,
the convolution operation defined in Eq. (1) becomes:

(xn ∗ g)(i) =
J∑

k=1

⎛

⎝
L∑

p=1

x(k)
n (p)g(k)(i − p + 1)

⎞

⎠, (4)

while in the proposed heterogeneous representation x̃n, the convolution becomes:

(x̃n ∗ g)(i) =
L∑

k=1

⎛

⎝
J∑

p=1

x̃(k)
n (p)g(k)(i − p + 1)

⎞

⎠. (5)
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This operation is depicted in Fig. 2 for a single kernel of length 1. Notice that in
Eq. (4), for each i ∈ {1, . . . ,L} (that is, for each position in the output sequence), γ

consecutive buildings participate in the output for each computation.On theother hand, in
Eq. (5) all buildings participate in each position computation, while only γ dimensions
contribute to the output. Therefore, we see that in a heterogeneous representation of
the available data, the convolutional operation combines all buildings present in the
block simultaneously, while the homogeneous representation only combines a subset of
buildings adjacent in the sequence.

Fig. 2. Schematic representation of the convolutional operation of a single neuron over the
described heterogeneous data representation. The mathematical definition of the depicted
convolution is presented in Eq. (5).

Given the lack of geospatial data regarding building placement inside each block, the
induced order of the homogeneous sequence representation is arbitrary. Moreover, the
simultaneous computation of all buildings in the proposed heterogeneous convolutional
operation allows for the whole block to be characterized rather than the characteristics of
individual buildings. This could be advantageous in the urban PV estimation problem:
rather than only characterizing individual buildings, the urban estimation has to deal with
shadow projections between adjacent buildings, therefore the differences of buildings
could be as relevant as the characteristics of each building. These reasons lead us to
prefer the heterogeneous representation for our proposed network.

A graphical representation of such an operation for the proposed heterogeneous rep-
resentation is presented in Fig. 2, where our transformed data x̃n is filtered through a
convolutional neuron. Here the length of the input sequence corresponds to 3, while
the kernel has a length 1. Both the kernel and the input homogeneous sequence have J
different dimensions. The output at the right corresponds to the convolutional feature, a
sequence of length 3. Each position of the output sequence is computed from a position
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of the input sequence, which in the homogeneous representation corresponds to a par-
ticular descriptor of the buildings. In the Figure, the color of each convolutional feature
computed corresponds to that of the corresponding input data attribute. This filter of
length 1 is applied over each of the 3 columns, simultaneously combining all rows into
a single convolutional feature.

Moreover, we prefer kernels of size 1 in all but the last convolutional layer thus, for
each position in the output, only one position of the input sequence (in heterogeneous
representation that is only one descriptor) is considered, as depicted in Fig. 2. However,
for the final convolution, we use a size 3 kernel. Given that only 3 building descriptors
are available, the input sequences have a length of 3, and therefore a kernel of size
3 processes all values of the sequence simultaneously. This final layer is intended to
combine all learned attributes into a simpler sequence which is later processed by the
dense section.

We also propose to use the outputs of the labeled layers (Rep. 1 and Rep. 2, cf . Fig. 3)
as learned representations. Rep. 1 corresponds to learned features that will be used by
the rest of the convolutional section in addition to the input sequence, while Rep. 2
corresponds to the convolutional output received by the last convolutional layer. The
two learned representations correspond to a different depth in the network and therefore
have undergone a different number of sequential convolutional filters.

Following standard practices, we include Batch Normalization layers [9] and Skip
Connections [5]. Batch normalization layers help to accelerate and stabilize the learning
process, while skip connections allow for deeper architectures to be effectively trained,
thus taking advantage of the increased expressive power of deeper networks [12].We also
implement a final dense section: several successful architectures use a final dense section
[13, 14], which allows the network to predict the target value from learned convolutional
attributes. The architecture is trained using the Mean Absolute Error (MAE) loss. If h
is the hypothesis being evaluated over the train set Xtr,Ytr and we denote by |Xtr| the
number of training examples, then the MAE loss is defined by:

MAE = 1

|Xtr|
∑

(x,y)∈(Xtr ,Ytr)

|h(x) − y|. (6)

Fig. 3. Schematic representation of the proposed 1D CNN architecture. Where appropriate, acti-
vation functions correspond to hyperbolic tangent, except for the Output layer with linear acti-
vation. Layers labeled CN correspond to a 1D convolution with N neurons, BN C to a Batch
Normalization layer followed by a concatenation operation. DN represents a dense layer with N
neurons. 3K represents a kernel of length 3, otherwise, the convolutional layers have a kernel of
length 1. Curved arrows indicate skip connections. The feature map represented by the red arrow
corresponds to Rep. 1 and the green one to Rep. 2.
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6 Experimental Results

A small number of 1D-CNN architectures were implemented and compared, over both
heterogeneous and homogeneous representations of data, obtaining the best results for
the proposed network over heterogeneous representation. Moreover, no homogeneous
architecture achieved performances better than 50% MPE.

To compare the performance of 1D-CNN with other ML algorithms, we used sum-
marized representations of data to overcome the variable-length of examples. In standard
ML algorithms, increasing the input dimensions can greatly increase the dimensionality
of the parameter space, leading to overfitting [4]. Therefore, instead of using zero-
padding, we constructed simple, summarized representations, by using statistical oper-
ators over each of the attributes of the block’s buildings. That is, if S : P(X ) → R is
our statistic (where P(X ) denotes the power set of X ), we extract the following values
of a particular block xn ∈ Xtr :

�S
n(j) := S({ x(j)

n (i)| for i ∈ {1, . . . , μn}} ),

for j ∈ {1, 2, 3}. Thus, for a particular j, we calculate the statistic S over the set of all
building attributes associated to the dimension j of the block xn.

To allow for different features of the blocks to be summarized, we combined different
statistics, particularly the mean, the range (that is the maximum minus the minimum),
and the standard deviation. By joining all obtained values we have our first summarized
representation which we denote by “RangeStd N/N′”, defined as follows:

Rn = { �S
n(j)

∣∣∣ for j ∈ {1, 2, 3} and S ∈ Stats}

where Stats = { “Mean”, “Range”, “Standard Deviation”}.
While this representation is of fixed length and could give an overview of the differ-

ences and distribution of building characteristics inside a given block, a big drawback is
the loss of all information regarding the number of buildings. A block with 2 buildings is
represented in the same structure that a block of 20, and could even give rise to the same
numerical values. However, we know that larger blocks tend to have larger photovoltaic
potential, given that usually more buildings equal more available rooftop space. The
observed correlation in the train set between the number of buildings in a block and
the photovoltaic potential is 0.63, implying the importance of that variable. Therefore,
we also explored the performance using a second representation denoted by “RangeStd
N/I”, which has the number of buildings included. That is:

R∗
n = Rn ∪ {μn}.

We also performed tests over learned representations from the trained 1D-CNN
architecture. For this, we transformed the input data by using truncated versions of the
fully trained architecture. Figure 3 identifies the layers where each truncation was per-
formed, by the labels “Rep. 1” and “Rep. 2”. These featuremaps correspond to sequences
of length 3 and 16 dimensions. We then obtained the transformed data by feeding the
input data through the network from the “Input” layer up to the layer corresponding to
“Rep. 1” or “Rep. 2” correspondingly. This allows us to obtain the intermediate feature
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maps of the corresponding layers, taking advantage of the 1D-CNN combination of fea-
ture extraction and task learning [12]. A third learned representation “Rep. 1 + 2” is
evaluated, by concatenating both representations “Rep. 1” and “Rep. 2”, equivalent to
the input of the last batch normalization layer of our network (cf . Fig. 3) without the
“Input” raw data. Therefore Rep. 1 + 2 is a sequence of length 6 and 16 dimensions.

To assess the representation learning performance of the proposed network, we also
evaluate the Principal Component Analysis (PCA) representation. For this, we transform
the input data using the PCA algorithm.We performed a small hyperparameter optimiza-
tion of the explained variance. We explored values between 0.8 and 0.98 with a step of
0.02, evaluating the quality of the representation by the best performance of 5 evaluated
ML algorithms (see below). We obtained an optimal value of 0.82, corresponding to a 7
components representation.

We performed our experiments with a train, validation, and test set composed of
75%, 15%, and 10% of the 196 available examples respectively. The target corresponds
to the estimated PV potential of each block and therefore corresponds to a numerical
value. Also, we performed 5 different runs to assess the performance and stability of the
learned representations. We present the results of our experiments as a Mean Percentage
Error (MPE), in percentage, that is:

MPE =
∑

x,y

|h(x) − y|
y

,

where h corresponds to the hypothesis being evaluated.
We trained the architecture using Adam [11] with a 0.0001 learning rate and other

hyperparameters by default. Early Stopping was also applied, using patience of 100
epochs.

The proposed architecture presents a performance of 27.46%, the best MPE of
all experiments carried out over this dataset. This result is encouraging since we are
approaching the reported values by Assouline et al., while only using a reduced amount
of training examples.We expect further improvements oncemore data is available.More-
over, compared to other ML algorithms, deep neural networks, including CNN, exhibit
good performance despite their high expressive power: CNN has perfect expressivity,
that is, given enough training, these networks can achieve zero error over a finite train-
ing set [23]. However, in neural networks, this does not necessarily lead to overfitting.
Particularly, 1D-CNN has been observed to have superior performance in applications
with limited amounts of labeled data [12], as is our case.

We evaluate 5 different algorithms using both summarized data transformations
based on statistical operators and the three learned convolutional representations
described in Sect. 4. The 5 evaluated ML algorithms are:

– Linear Regression (LinReg): with intercept and least-squares optimization,
– Regression Tree (RegTree): mean absolute error criteria, best split in each node,
minimum sample for split of 2, minimum of 1 samples for leaf node, minimum
impurity decrease of 0, maximum features to consider for best split equal to the
number of total features, no cost-complexity pruning, and a maximum depth of 5,
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– Random Forest (RF): 100 stump trees, with mean absolute error as criteria, minimum
sample for split of 2, 1 for leaf nodes, minimum impurity decrease of 0, maximum
features to consider for best split equal to the number of total features, no cost-
complexity pruning, and bootstrap samples,

– Support Vector Machine (SVM): radial basis function kernel with scaled gamma
coefficient (equal to the inverse of the variance of the examples times the number of
features), 0.001 tolerance, C value of 1 and epsilon of 0.1,

– Dense Artificial Neural Network (ANN): 3 hidden layers of 20, 16, and 16 neurons
respectively all with hyperbolic tangent activation, with bias, Glorot initialization
and zero initialization for biases, optimized by stochastic gradient descent and mean
absolute error loss. The last layer has linear activation.

The artificial neural network was implemented using the keras library in Python 3.
The other algorithms were implemented using the sk-learn library in Python 3. Table 1
presents results for the battery of ML algorithm over all different considered represen-
tations, while Table 2 presents the best results of each ML algorithm and representation
combination, compared to the proposed arquitechture.

Table 1. Results of comparative experiments over different ML algorithms and representations.
MPE values averaged over 5-folds, in percentage.

Table 2. Results of experiments over differentMLalgorithms the best representation.MPEvalues
averaged over 5-folds, in percentage.

If we focus only on performance, from Table 2 we see that the best combination
of models and representations is the ANN with both learned representations. This is
intuitive given the structure of the network which learns said representations. However,
the ANN outperforms all other algorithms regardless of the representation chosen, even
when considered the arbitrary summarized representations. We conclude that ANN is in
general better suited than other ML algorithms for this problem.
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Moreover, focusing on the different representations, all algorithms except the linear
regression achieve better results over the learned representations. Our interpretation of
this is that the learned representations do not transform the problem into a linear one.
Indeed, the problem seems to be a highly non-linear one: if we focus on the linear
regression, using both learned representations an MPE error of 310.36% is obtained
while using the same representation anANNpresents 33.65%MPEerror. This is not only
due to the learned representations, since over the summarized representations including
building numbers (RangeStd N/I), the linear regression’s performance is still close to
300%, while the ANN reaches 40.47% MPE over the same representation.

Finally, we find the difference of the performance of the ANN over the learned repre-
sentations separately when compared to both concatenated interesting. While achieving
33.65% over the concatenation, the ANN is only able to achieve 51.08% over single
representations. This reinforces our understanding that propagating intermediate repre-
sentations inside the network’s architecture is useful since different level representations
bring complementary information of the problem to the table, even if both are learned
in unison (and indeed Rep. 2 is calculated from Rep. 1 and inputs directly).

7 Conclusions

The present manuscript proposes a heterogeneous 1D convolutional neural network
architecture, showing it can learn the relationship between descriptors of buildings pro-
vided by the Tax Administration and the PV potential in urban landscapes at a spatial
level of city blocks. Also, learned representations are extracted from the trained 1D-
CNN, which are compared to summarized representations over 5 different standard ML
algorithms.

Even given the scarce amount of available training data, wewere able to find compet-
itive results with our heterogeneous 1D-CNN architecture. Moreover, the learned convo-
lutional features allowed significant improvements in all non-linearML algorithmswhen
compared to summarized representations. Thus, the heterogeneous 1D-CNNarchitecture
is not only able to model the underlying relationship between the scarce variable-length
data but in the process also learns valuable fixed-length representations which can later
be used to train different models.

Oncemore data is available, an interesting line of researchwould be to systematically
explore different network configurations and the performance of the learned represen-
tations. A large-scale hyperparameter optimization would allow to further improve the
current performances of the network, which could then be used to predict the real-
world photovoltaic potential of urban rooftops over all areas with available internal
revenue data. Moreover, more sophisticated representation learning techniques such as
autoencoders could be optimized and evaluated.
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Abstract. In recent years, researches on adversarial attacks and defense mech-
anisms have obtained much attention. It’s observed that adversarial examples
crafted with small perturbations would mislead the deep neural network (DNN)
model to output wrong prediction results. These small perturbations are imper-
ceptible to humans. The existence of adversarial examples poses great threat to
the robustness of DNN-based models. It is necessary to study the principle behind
it and develop their countermeasures. This paper provides a survey to evaluate
the existing attacking methods and defense techniques. Meanwhile, we discuss
the relationship between the defense schemes and the robustness of the model in
detail.

Keywords: Deep neural network · Adversarial perturbation · Adversarial
attack · Adversarial defense · Robustness

1 Introduction

Deep Neural Networks have been widely adopted in applications such as computer
vision, speech recognition and natural language processing tasks. However, recent stud-
ies found that the DNN has a fatal flaw: just a small amount of perturbations would fail
the model, while these perturbations are typically in visible or visible but inconspicuous
[42]. Such perturbed inputs are called adversarial samples. Moreover, the adversarial
perturbations obtained in one model may also be effective for other models [31]. These
adversarial samples have created great obstacles to the application of deep learning
technology to the real world.

Adversarial attacks have two basic design golds: one is to mislead the targeted model
to output error results, and the other is to make the perturbation in conspicuous, which is
usually constrained by the lp norm. In the past few years, many attacking methods have
been proposed, such as L-BFGS [42], FGSM [13], PGD [23], MIT [11], JSMA [34],
C&Wattack [6] andDeepfool [32]. Researchers also havemade their effort in improving
these methods in terms of enhancing attack intensity and reducing the computational
cost. The transferability of adversarial perturbations was also analyzed in [31], which
inspired the black-box adversarial attacks.

As to the defense methods against adversarial attacks, one intuitive way is to destroy
the perturbations and obtain clean images from adversarial samples, so that it does not
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need to modify the network. Another way is to enhance the robustness of the network
to adversarial samples. Many researchers also demonstrate that using multiple different
models to work simultaneously could also mitigate the abovementioned problem.

The rest of this paper is organized as follows. Section 2 introduces the attacking
methods; Sect. 3 summarizes the defense methods. In Sect. 4 we give some discussions
in this field, and Sect. 5 concludes this paper.

2 Adversarial Attacks

Since adversarial examples had been observed by [42] in deep learning, several effective
attacking methods have been proposed to generate adversarial samples, with the knowl-
edge of the model parameters. Such attacking methods are called white-box attack. The
majority of the existing attacking methods belong to this category. Later, it was found
that adversarial perturbations are transferable among images and models [31]. Gray-box
attacks that only know the structure of the model and black-box attacks without any
model information have been designed. More recently, the universal adversarial per-
turbations have also been discovered. In this section, we will give an introduction to
existing attacking methods.

2.1 L-BFGS

[42] firstly found that natural images, by adding some special perturbations which are
inconspicuous for human, can lead DNN-based classifiers to make wrong output. The
authors proposed the L-BFGS algorithm to craft the adversarial examples as following:

min
x′

∥
∥x − x′∥∥

p s.t. f
(

x′) �= y′. (1)

y′ is the incorrect label of benign image x, and
∥
∥x − x′∥∥

p is the lp norm of the
adversarial perturbations. For the convenience of optimization, the loss function was
designed as:

min
x′

∥
∥cx − x′∥∥

p + J
(

θ, x′, y′), (2)

where J
(

θ, x′, y′) is the loss function of the classifier for the adversarial sample and the
incorrect label.

2.2 Attack on Gradient

Fast Gradient Sign Method (FGSM). [42] presented an effective method to generate
adversarial samples. But the calculation of L-BFGS [42] is still complicated. For the
purpose of generating adversarial samples more efficiently, [13] proposed Fast Gradient
SignMethod (FGSM). The main idea of this method is to find the direction of the largest
gradient of the DNN and adversarial perturbations in the same direction. Specifically,
the adversarial samples of an untargeted attack is generated as:

(3)
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and the adversarial sample of a targeted attack is generated as:

(4)

where y is the correct label of the benign image x, and y′ is the incorrect label.

Projective Gradient Descent (PGD). FGSM [13] is a one-step method with low com-
putational cost. Later researchers made some improvements on this method. One of the
improvement methods is to decompose FGSM into multiple iterations. [23] realized it
and proposed Basic Iterative attacking Method (BIM). The iteration step is as follows:

x′
t+1 = xt + α · sign(∇J

(

θ, x′, y
))

. (5)

The constraint of perturbations is obtained by T iterations, and α is the maximum
perturbation in each step. PGD [30] is a special BIMwithout α. Instead, PGD constrains
x′ after each iteration, by making ||x − x′|| back to the range of .

Momentum Iterative Attack (MIT). By applying momentum optimizer to FGSM,
[11] proposed the momentum iterative FGSM (MI-FGSM). The iteration step was
changed to:

x′
t+1 = xt + α · sign(gt+1). (6)

And gt is updated by momentum as:

gt+1 = μ · gt + ∇Jt
(

θ, x′, y
)

‖∇Jt(θ, x′, y)‖1
. (7)

[52] further transformed the image in each iteration with the probability p. Then,
the DI2-FGSM and M-DI2-FGSM, based on I-FGSM and MI-FGSM, were proposed in
this way. Experimental results demonstrated that the new attacking model proposed by
[52] has a high attack success rate on both white-box and black-box models.

Jacobian-Based Saliency Map Attack (JSMA). The direction of the adversarial sam-
ples’ generation mentioned above is the gradient direction of the loss functions. But in
[34], the direction of the adversarial samples’ generation is the gradient direction of the
predicted value on the target category label.

∇F(X ) = ∂F(X )

∂X
=

[
∂Fi(X )

∂Xi

]

. (8)

The attack crafted by this way was named as Jacobian-based Saliency Map Attack
(JSMA).
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2.3 Carlini and Wagner Attack (C&W Attack)

[6] proposed an attackingmethodbasedonoptimization. For effective distillationdefense
models, the authors proposed a new optimization method as follows:

minD(x, x + δ) + c · f (x + δ) s.t. x + δ ∈ [0, 1]n (9)

δi = 1

2
(tanh(ωi) + 1) − xi

For this equation, f (x + δ) ≤ 0 holds when the prediction is targeted attack label. There
were three attacks schemes named CW0, CW2 and CW∞ limited by l0, l2 and l∞norms.
C&W attacks can achieve 100% attack success rate on trained DNNs for MINST or
CIFAR-10 without defense.

2.4 Deepfool

[32] tried to generate the adversarial samples using the smallest perturbations. The pro-
posed method named Deepfool determines the decision boundary of the current points
fromall non-real classes in the high-dimensional space, and thenmake the nearest bound-
ary as the attack label. For similar attacking performance, the perturbations generated
by Deepfool are much smaller than that of FGSM [13].

2.5 GAN-Based Attacks

[48] firstly used GAN to generate adversarial samples, and called this method advGAN.
The method is to use a generator to craft adversarial perturbations, a discriminator to
constraint the perturbations by the lp norm, and a classifier to fit the incorrect labels.
[18] added random noise to the generator, resulting in more powerful adversarial attacks.
[58] provided a black-box attacking method based on GAN, named DaST, to use the
generated data fit the input data.

2.6 Universal Adversarial Perturbations

It was found by [31] that the adversarial perturbations trained on a single networkmay be
effective for other networks. Furthermore, authors designed algorithms to generate these
universal perturbations. Most images can be misclassified by adding such perturbations
directly.

2.7 Transfer-Based Attacks

The transferability of perturbations provides a feasible solution for black-box attacks.
[7] used the gradient of the surrogate model as a prior, and then applied them to the
targeted black-box model. [56] used the adversarial perturbations, which are trained
in the previous epoch, as additional inputs in the next epoch. It can both speed up
the generation of adversarial samples and improve the attack power. [46] showed that
prioritizing the key features of the attack concerned by various models can improve the
transferability of the adversarial perturbations. In light of this discovery, [46] usedmodel
attention to search for adversarial samples with high transferability.



454 C. Wang et al.

3 Adversarial Defense

In this section,wewill survey on the latest adversarial defense schemes,mainly including
1) reduce or eliminate the adversarial attack; 2) enhance the robustness of network; 3)
detect only and other defense methods. The first category aims to reduce or eliminate
the impact of adversarial samples using randomization, denoising and other methods.
These schemes do not need to retrain the network, and can be flexibly applied to various
basic networks. The results demonstrate that its performance against black-box attacks is
better than that against white-box attacks. The second kind of schemes aim to strengthen
themodel to obtain better generalization ability. The third kind schemes aremainly focus
on detecting adversarial samples.

3.1 Reduce or Eliminate the Adversarial Attack

Randomization. In the study of DNN, we observe that DNN is usually robust when
we add randomization to the image. But for the adversarial samples, especially those
generated by the gradient, perturbations are fragile under randomization. Based on this
observation, it’s easy to think of using randomization to mitigate adversarial attacks.
Several randomization-based defense methods are introduced as follows.

Random Input Transformation. [50] transformed the input image randomly before feed-
ing it into CNNs. According to this paper, there are two kinds of transitions. The first one
is to randomly resize the image, and the second one is to randomly zero padding around
the image. [14] used more transformation methods, such as bit-depth, JPEG compres-
sion and image quilting. Experimental results demonstrated that these transformation
methods have significant effects on gray-box attacks and black-box attacks, but their
performance against the white-box attacks could be improved, especially for the EoT
method [3]. Inspired by this, [35] considered that only a single transformation model is
not reliable enough, and the exposure of transformation models may bring risks. Thus,
they randomly selected some transformations and applied them in a random order. A
fly in the ointment is that it may lead to the decline of classification accuracy. In order
to alleviate this faultiness, [21] indicated that the distribution of SoftMax after image
transformation contains the right prediction. They trained a distribution classifier on
SoftMax outputs to make the final predictions, leading to an increase in accuracy.

Random Nosing. [53] added Gaussian noises into the input data. It both enhanced the
generalization ability of the model and mitigated the adversarial attacks. [27] designed
a new defense method named Random Self-Ensemble (RSE). RSE inserts Gaussian
noise layers into the DNN before every convolution layer. The different random noise
constitutes the ensemble, and stable result is obtained by combining them. [25] added
random noises to the pixels of adversarial examples before inputting them into the
classifier to eliminate the effects of adversarial perturbations.

Random in DNNs Structure. [51] proposed a new CNN structure. The output of the
featuremaps in thismethod are randomlymasked. Thus, it forces filters to learn complete
information from partial features, like dropout. As a result, it can enhance the ability of
CNN and resist the adversarial attacks effectively.
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Denoising. In order to eliminate the influence of adversarial attacks, removing adver-
sarial perturbations is a straightforward way. These schemes are mainly divided into two
categories. One is to directly denoise the input images or feature maps, the other is to
generate clean images, which are close to the original images.

Feature Denoising. [12] showed that small perturbations in the pixel space may lead to
very substantial “noise” in the featuremaps. They added denoising blocks in intermediate
layers of convolutional networks to improve adversarial robustness. This denoising block
wraps the denoising operation with a 1 × 1 convolution and an identity skip connection.
They compared four denoising operations (non-local means, bilateral filtering, mean
filtering, and median filtering). Non-local means have the best performance. It shows
that, by end-to-end adversarial training, denoising blocksworkwell onwhite-box attacks
(e.g., PGD [11]) and black-box attacks.

Compression-Based. Researchers attempted to use compression methods to mitigate
the adversarial examples. [10, 12] removed adversarial perturbations from the inputs by
using standard JPEG compression. [29] pointed out that standard JPEG compression
cannot effectively remove the adversarial perturbations, and may reduce classification
accuracy on the benign images. Thus, they reconstructed the JPEG compression frame-
work. The proposed method was to insert a new pair of quantization/dequantization
processes on standard JPEG decompression after the original dequantization stage. [19]
proposed a method similar to autoencoder method to purify adversarial perturbations.
They designed a network namedComCNN to compress image and remove the redundant
information. After adding the Gaussian noise, they used the networks named RecCNN
to reconstruct the clean images.

Generate Clean Images. [40] proposed a network layer structure called sparse transfor-
mation layer (STL) to generate clean images. By stratifying convolutional sparse coding,
authors converted images (including adversarial images and benign images) from a nat-
ural image space to a low-dimensional quasi-natural space, and then rebuild the image
from the quasi-natural space. [43] proposed the Probabilistic Adversarial Robustness
(PAR). It transforms the adversarial images to benign images by learning a probabilistic
model, and the benign images sampled on clean space are close to the original images.
In their work, they used the PixelCNN as the probabilistic model. It was proved that the
lower bound of the loss function of PAR can be achieved. Thus, the model can sample
images from clean space.

It’s a straightforward way to use a GAN to get the clean image distribution.[39]
proposed a GAN named APE-GAN to obtain benign images. APE-GAN is trained by
the adversarial inputs and its corresponding clean inputs. The APE-GAN performs well
on attacks that have been used during training, but weakly on the adaptive white-box
CW2 attack [6]. [37] proposed the Defense-GAN to learn the clean image distribution.
Defense-GAN is trained by image adding random noise instead of adversarial examples.
When the adversary example is input, an approximate sample satisfying the clean sample
distribution, which is close to the adversary sample, is generated by Defense-GAN.
Then the approximate sample, instead of original image, is feed into the classifier for
classification. The biggest problem of GAN-Based methods is their unstable training.
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3.2 Enhance the Robustness of Network

Adversarial Training. The basic idea is that, by sending the adversarial samples into
the model as extra inputs, the model can learn the distribution of the adversarial samples.
Adversarial training is one of the most effective defenses against adversarial attacks. The
most important thing about this method is how to get adversarial samples. Adversarial
samples can be generated by specific attack methods such as L-BFGS, FGSM, PGD.
Then the model is trained with both benign and generated adversarial samples [13,
30, 42]. Researchers had made some improvements on these methods. [22] added ran-
dom noise before generating FGSM attack samples. The adversarial training methods
against definite attack have two major disadvantages. First, it is difficult to deal with
the complex classification task because of the large computational cost for generating
adversarial samples. Second, although the defense against the targeted attack is effective,
it does not performwell against black-box attack and white-box attack of other attacking
methods. Fortunately, adversarial samples can transfer among images and models [31].
Based on this discovery, adversarial samples generated on other static pre-training sim-
ple models can be used to expand the inputs of the local model [44, 47]. [56] proposed
a method named Adversarial Training with Transferable Adversarial samples (ATTA),
which use adversarial samples generated from the previous batch to generate the adver-
sarial samples in the next batch. These abovementioned methods could both reduce the
computational cost and improve robust against black-box attack.

[54] proposed an adversarial training method by using feature scattering. It takes the
variation of the feature level as adversarial perturbations into account instead of the label
layer. As an unsupervised training method, it does not leak the label. At the same time, it
considered the whole batch samples, which make the model obtain better generalization
ability. There’re also some other schemes in this category, such as [45] generated both
perturbed images and perturbed labels for adversarial training, [38] trained on universal
adversarial samples.

Optimize Network Structure. [17] divided the training into two steps: the first one
is the normal training stage and the other one is regularization training stage using
the Frobenius norm of the Jacobian of the network. It was proved theoretically and
experimentally that the proposed network improved its robustness without deceasing its
accuracy. [16] proposed a method named Parametric Noise Injection (PNI) by adding
trainable Gaussian noise to the activation or weight of each layer. [5] proved that the sus-
ceptibilities of features in the same layers of CNN have disparities. Thus, they designed
feature regenerate units to regenerate the most 50% susceptible features to resist adver-
sarial perturbations. [15] designed robust neural architecture search framework based on
one-shot NAS. The concrete method was to design a super-net, and randomly change the
architecture parameters α (α ∈ [0,1]) in the adversarial training against PGD. The target
networks are sampled based on the super-net performance. The networks searched out
by this way were called Robnet family, which had less parameters. The experimental
results demonstrated that densely connected pattern can benefit the network robust-
ness and adding convolution operations in direct edges is more effective to improve the
model’s robustness. The robustness of robnet is about 5% higher than that of the basic
network (such as Resnet and Densenet) under white-box and black-box attacks.
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Consistency-Based. Adversarial perturbations is imperceptible for its slight change
on clean image. [2] thought that adversarial perturbations only appear in the lower bit
planes. They proposed the Bit Plane Feature Consistency (BPFC)that used the higher bit
planes to limit the range of predicted results, and used the lower bit planes only to refine
the prediction. Unfortunately, for clean images, the accuracy rate has decreased. [41]
proposed Peernet that aggregates similar pixels from k nearest images for each pixel. In
this way, it reduced the sensitivity to adversarial perturbations.

Bayesian Model-Based. Uncertainty of bayesian neural networks (BNN) is increasing
with attacking strength. [36] proposed that adversarial samples can be detected by quan-
tizing this observation. [28] firstly used the BNN in adversarial training. [28] assumed
that all weights in the network are random, and used the normal techniques in BNN
for training. In the experiment, authors observed that BNN itself had no defense ability,
but when combined with adversarial training, its robustness against the attack was sig-
nificantly improved. [26] proposed the utilization of deep bayesian classifier to model
the distribution of the input, and used the logit values of generative classifier to detect
adversarial samples by rejecting inconsistent inputs and low confidence predictions.

3.3 Ensemble Learning

Ensemble learning for adversarial defense can be summarized as: training a model
ensemble, so that each model of this ensemble can achieve the same classification func-
tion, but eachmodel should be distinguished asmuch as possible for better generalization
ability. [1] proposed a method that determined specialists on different subsets of classes
by confusion matrices, and did the classification by using voting mechanism. [4] used
multiple instances of a base model. The models were trained to minimize the cross-
entry loss while reducing the consistency of their classification scores. In the prediction,
rank voting mechanism was used to detect adversarial samples. It works well on FGSM
attack, but was not so well for iteration attack (26.4% accuracy on classification and
27.1% on detection). [33] proposed the adaptive diversity promoting (ADP) training
method. After training by the ADP method, the non-maximal predictions of each net-
work would tend to be mutually orthogonal, and lead to different feature distributions
and decision domains. The above methods cannot optimize the generalization ability of
the ensemble well, which leads to low resistance rate against white-box attacks. [20]
presented the joint gradient phase and magnitude regularization (GPMR) scheme for
improving the robustness of the ensemble against adversarial perturbations. [9] defined
the gradient diversity promoting loss to increase the angle between the gradients on
different models, and defined the gradient magnitude regularization loss to regularize
the joint interactions of the members.

3.4 Detect Only

Some researchers focus on detecting adversarial examples. [24] used Gaussian dis-
criminant analysis (GDA) to predict the feature distribution, and then use Mahalanobis
distance to calculate the confidence of adversarial samples. The authors used the output
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of all DNN layers, instead of only the last layer. This method can simultaneously detect
out-of-distribution samples and adversarial samples. [8] proposed that the performance
of DNN can be represented by functional graph. Different test samples brought different
changes to the functional graph. And thus this could be used to determine whether the
network works correctly during testing and reliably identify adversarial attacks. [57]
studied the output distribution of hidden neurons in DNN classifier. Then they proposed
that the hidden states of DNN are quite different between adversarial samples and benign
samples, which was used to reject adversarial inputs.

4 Discussions

4.1 Attack and Defense

For practical applications of the deep learning models, the robustness of the models
must be evaluated and improved, especially in the areas with high safety requirements
(e.g., autonomous driving and medical diagnosis). It is necessary to study advanced
attack schemes for improving themodel defense performance. Generally speaking, if the
opponent’s attack/defense method is known, then the corresponding defense/attacking
method is easy to develop. Therefore, many researchers focus on the generalization
ability of attack or defense. However, in terms of defense methods, adversarial training
is still one of the best defense ways, although it requires large computational cost.

4.2 Defense and Model Performance

Typically, improving the robustness against adversarial attacks will reduce the correct
rate of benign samples. However, some researchers have found that the performance of
some models can be improved by adversarial examples. [49] found that using adversar-
ial samples skillfully can improve the accuracy of image classifier. [55] proposed that
using the attack algorithm with early end iteration for adversarial training can improve
the robustness without reducing the accuracy of the model. Defense schemes against
adversarial attacks inspired new approaches on improving model capability.

5 Conclusions

This paper mainly introduces the typical attacks and defense schemes, and makes some
classification on their ideological connotation. Although deep neural networks have
great achievements on various tasks, the appearance of adversarial samples is worth
further studying. Existing defense methods have made great progress in improving the
adversarial robustness of the model, but they still can’t have a good effect on all attacks.
The research in this field needs further development.
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Abstract. Crop pest detection and recognition in the field is one of the crucial
components in pest management involving detection, localization in addition to
classification and recognition which is much more difficult than generic object
detection because of the apparent differences among pest species with various
shapes, colours and sizes. A crop pest identification method is proposed based on
capsule network with attention mechanism (CNetAM). In CAN, capsule network
is used to improve classification performance of the traditional convolutional neu-
ral network (CNN) and an attention module is added to reduce the noise influence
and speedup the network training. The experimental results on a pest image dataset
demonstrated that the proposedmethod is effective and feasible in classifying vari-
ous types of insects in field crops, and can be implemented in the agriculture sector
for crop protection.

Keywords: Crop pest detection · Capsule Networks (CNet) · Attention
mechanism · CNet with attention mechanism (CNetAM)

1 Introduction

The growth of the most field crops such as rice, wheat, maize, soybean, sugarcane and
other crops are often affected by the various pests. Crop pests seriously affect crop pro-
duction and quality. Accurate detection and identification of pests is the premise of pest
control. The detection and identification of all types of crop insects correctly is a difficult
and challenging task due to the similar appearance and complex background in the ear-
lier stage of crop growth. The images of crop pests collected in the natural environment
are often affected by illumination, insect morphology, image size and shooting Angle,
etc., which bring great difficulties to pest detection and recognition. With the continu-
ous development of image processing and computer technology, many crop insect pests
detection and identification methods have been presented [1, 2], which can be roughly
divided into two categories: feature extraction based methods and deep learning based
methods.

Feature extraction and the classifier design are the crucial parts for image recognition
of insect pests on agriculture field crops. Nanni et al. [3] utilized three different saliency
methods as image preprocessing and created three different images for every saliency
method, and then tested the approach on both a small dataset and the large IP102 dataset.
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Deng et al. [4] used Saliency Using Natural statistics model (SUN) to generate saliency
maps and detect region of interest (ROI) in a pest image, and utilized Scale Invariant
Feature Transform (SIFT) to increase the invariance to rotational changes. Wang et al.
[5] designed an automatic identification system to identify insect specimen images at the
order level according to the methods of image processing, pattern recognition and the
theory of taxonomy. They did tests on eight- and nine-orders with different features and
compared the advantages and disadvantages of their system and provided some advice
for future research on insect image recognition.

Convolutional neural networks (CNN) can perform automatic feature extraction and
learn complex high-level features in image classification applications. Due to the ability
to learn data-dependent features automatically from the data, many CNN and its variant
models have been applied to pest identification task. Thenmozhi and Reddy [6] proposed
a convolutional neural network (CNN) model to classify insect species on three publicly
available insect datasets. The proposed model was evaluated and compared with pre-
trained deep learning architectures such as AlexNet, ResNet, GoogLeNet and VGGNet
for insect classification. The experiment results validated that CNNcan comprehensively
extract multifaceted insect features. Fuentes et al. [7] proposed a tomato disease and
insect pest detection method based on robust deep learning, which detected tomato
disease and insect pest images with different resolutions, and proposed a local and
global class annotation and data expansion method to improve the detection accuracy,
which could effectively identify 9 different types of diseases and pests. Ayan et al. [8]
implemented crop pest classification with a genetic algorithm-based weighted ensemble
of deep CNNs. They modified and re-trained seven different pre-trained CNN models
(VGG-16, VGG-19, ResNet-50, Inception-V3, Xception, MobileNet, SqueezeNet) by
using appropriate transfer learning and fine-tuning strategies on publicly available D0
dataset with 40 classes. Xia et al. [9] proposed an improved CNN model for multi-
classification of crop insects. In the model, a a region proposal network is adopted
rather than a traditional selective search technique to generate a smaller number of
proposal windows. It is important for improving prediction accuracy and accelerating
computations. Li et al. [10] proposed a deep learning-based pipeline for localization
and counting of agricultural pests in images by self-learning saliency feature maps by
integrating a CNN of ZF (Zeiler and Fergus model) and a region proposal network
(RPN) with Non-Maximum Suppression (NMS) to remove overlapping detections. Liu
et al. [11] proposed a pipeline for the visual localization and classification of agricultural
pest insects by computing a saliency map and applying deep CNN model, and explored
different architectures by shrinking depth andwidth, and found effective sizes that can act
as alternatives for practical applications. The model is optimized the critical parameters,
including size, number and convolutional stride of local receptive fields, dropout ratio
and the final loss function. Liu et al. [12] proposed a region-based end-to-end approach
named PestNet for large-scale multi-class pest detection and classification based on deep
learning. PestNet consists of three major parts, i.e., module channel-spatial attention
(CSA), region proposal network (RPN) and position-sensitive score map (PSSM). To
achieve pest identification with the complex farmland background, Cheng et al. [13]
proposed a pest identification method based on deep residual learning. Compared to
the traditional support vector machine (SVM) and BPNNs, the proposed method is
noticeably improved in the complex farmland background.
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Because the within-class and different-class pests in fields are various and irregular
with a wide variety of shapes, poses and colors and complex backgrounds, as shown in
Fig. 1, it is difficult to extract the robust and invariant classification features from the
pest images, while the modeling ability and classification performance of the CNN and
its improved models for geometric deformation mainly comes from the expansion of
data sets, the deepening of network layers and the artificial design of the model, but it
does not fundamentally solve the deformation problem of field pests [14].

(C) Some kinds of crop pests with various poses, colours, shapes, scales and rotations

Fig. 1. Crop pest images collected in nature fields

In 2017, Hinton proposed Capsule Network (CNet) [15, 16], which replaces the neu-
ral nodes in the traditional deep neural network with the neuron vector, and trains the
new neural network with the dynamic routing protocol instead of the maximum pooling
method in the deep CNN. Unlike the maximum pooling in CNN, CNet does not discard
accurate location information between entities within the region, retains semantic infor-
mation and spatial relationships between various features in the text classification, while
working to detect features and its various variants. At present, the effectiveness of CNet
has been confirmed on the handwrittenMNIST data set, and the training speed is fast and
the accuracy is high. In recent years, attention mechanism has been widely applied in
various types of deep learning tasks, such as natural language processing, image recog-
nition and speech recognition [17, 18]. The attentionmechanism in CNN comes from the
biological system of human beings. Inspired by CNet and attention mechanism, a pest
recognition method is proposed based on CNet with attention mechanism (CNetAM).
Its contributions are given as follows.

(1) CNet is used to extract the invariant features from the various pest images.
(2) Attention mechanism is used to capture rich contextual relationships for better

feature extraction and improving network training.
(3) A lot of experiments are implemented to validate the proposed method on the pest

image dataset.

The rest of the paper is organized as follows. Section 2 introduces attention mech-
anism and CNets. Section 3 presents an improved CNet with attention mechanism in
detail. The experiments and results are presented in Sect. 4. Section 5 concludes and
recommends future works.
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2 Related Works

2.1 Attention Mechanism

Attentionmechanisms have been successfully applied to deep learning [19, 20]. Suppose
the input matrix H = [h1, h2,…, hn], hi is the i-th vector, n is the length of a sentence.
The output weight component αi ∈ Rn of H is obtained by the tanh function,

αi = tanh(WαH + b) (1)

where Wα ∈ R1×n is a weight matrix, and b is a bias.
Softmax is used to calculate the attention weight βi ∈ Rn,

βi = exp(αi)/
∑n

j= 1
exp(αj) (2)

Then the output feature vector is obtained by

γ =
∑n

i= 1
βiH (3)

2.2 Capsule Network (CNet)

CapNet consists of encoder and decoder. The encoder consists of convolution layer,
PrimaryCaps (main capsule layer), and digitalcaps (digital capsule layer). The input data
is an image of 28 × 28 pixels. After the convolution operation, the features extracted by
the convolutional layer are transformed into vector capsules by the main capsule layer.
Then, the final results are output after the calculation of digital caps (digital capsule layer)
and PrimaryCaps (main capsule layer) mapping by the dynamic routing algorithm. In
the classical capsule network model, the convolution layer selects the convolution kernel
with step size of 1, depth of 32 and size of 9 × 9. ReLU was selected as the activation
function. In the second PrimaryCaps layer (main capsule layer), 8 groups of convolution
kernels with step size of 2, depth of 32 and size of 9 × 9 were selected, and 8 times of
convolution operations were carried out on the feature images output by the convolution
layer to obtain 6× 6× 8× 32 feature vectors, and 1152 capsuleswere obtained by pating
the feature vectors. Each capsule consists of an 8-dimensional vector. The third layer
digitCaps (layer of digital capsules) outputs tensors of 16 × 10. The encoder structure
is shown in Fig. 2. The decoder is composed of three fully connected layers, and its
structure is shown in Fig. 3. The decoder reconstructs the image from the output of the
final capsule, and reconstructs the image of 28 × 28 pixels by accepting the 10 × 16
dimensional vector output of DigitCaps (digital capsule layer).

CNet classifies the input features by adopting dynamic routing algorithm instead of
the pooling layer of traditional convolutional neural network. The more similar features,
the stronger such features will be, which is equivalent to a feature selection process [19].
The main idea of the dynamic routing algorithm is that all the sub-capsule outputs can
predict the instantiation parameters of the parent capsule through the alternating matrix.
And when the bottom capsule prediction is the same, the parent capsule is activated
and outputs the eigenvector. Dynamic routing algorithm is mainly composed of routing
selection and vector calculation.
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Fig. 2. Structures of encoder and decoder

3 Capsule Network with Attention Mechanism

The classical CNet model is not effective in large scale image data, which limits the
application range of the model. Shared this research model by introducing the local
dynamic routing algorithm instead of classical capsule network model of dynamic rout-
ing algorithm, are Shared the same capsule through window control weighting method,
namely child capsule only through the window of the pre-determined route to the par-
ent capsule, greatly reduce the network model calculation, so that the model can deal
with more pixels in the image. In order to solve the over-fitting problem caused by too
long training time in the neural network model, the two-stage model training method
is used to reduce the over-fitting problem. In the second stage of model training, the
model parameters are initialized by less training and then the model training of all the
data is carried out. In the Section, a CNet with attention mechanism (CNetAM) model
is constructed. Its architecture and corresponding parameters are shown in Fig. 3 and
Table 1, respectively.

Input: image to be trained.
Conv 1. Passed to the first convolution layer for operation, the convolution kernel

with 7 × 7 steps of 2 is used to extract features.
Attention Block. The output features of Conv1 are convolved into the dimensionality

reduction 1 × 1 convolution kernel, f (x), g(x) and h(x), respectively in the attention
module and output after convolution. Then, the output of f (x) and, g(x) is multiplied
by matrix. After the similarity output matrix is obtained, mask calculation of global
Attention is carried out with the passing output.
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Fig. 3. The architecture of CNetAM

Table 1. Related parameters of CNetAM

Layer Type Size Channel Output

Layer_1 Conv 7 × 7 128 117 × 117 × 128

Layer_2 Attention – – –

Layer_3 Conv 3 × 3 256 115 × 115 × 256

Layer_4 Main CNet 5 × 5 56 × 56 × 32 ×
16D

Layer_5 Minor CNet 5 × 5 – 26 × 26 × 32 ×
16D

Layer_6 Conv 1 × 1 156 26 × 26 × 156

Layer_7 Deconv 5 × 5 128 32 × 32 × 128

Conv 2. The output features from the self-attention module are transferred to the
second convolution layer, and the 3 × 3 convolution kernel is used to further improve
the feature description ability of the model.

Main capsule layer. Vectorized the input characteristic diagram of Conv2, in which
the capsule layer is divided into the first capsule layer and the second capsule layer. Each
layer is composed of 32 capsules, and each capsule is composed of 16 5× 5 convolution
nuclei.

Classification capsule layer: The classification capsule layer is composed of Cnum
× 16D dimension vector, which is used to predict the type of input image. Routing
between capsule layers is realized by local dynamic routing algorithm.

Update parameter. Calculate the loss function Lloss(Vectorout,Rr), and then update
the model parameters according to the back propagation algorithm.
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4 Experiments and Results

In this Section, eight common crop pests, such as mucilworms, corn bores, moths,
caterpillars, ladybugs, aphids, cotton bollworms and flying cicadas, were studied. The
images were collected from the experimental base in Baoji City, Shaanxi Province. In
different periods of time in natural field environment, nearly 2000 images of pests were
collected by using image acquisition devices such as smart phones, cameras and the
Internet of Things. About 250 images of each pest were collected. At the same time,
some network images are used to supplement the data set to ensure the integrity of the
data set. To improve the training efficiency of the subsequent network model, Photoshop
was used to cut the images into JPG color images with size of 256 × 256 pixels. The
original pest image examples are shown in Fig. 4.

Fig. 4. Original pest images
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To verify the effectiveness of the proposed algorithm for crop pest detection in
the field, the experimental results are compared with other four CNN models (ICNN,
VGG16,ResNet andCNet) basedon the augmentedpest imagedatabase.All experiments
use TensorFlow as the deep learning framework, using Python3.7 programming devel-
opment language, operating environment of the system is Windows10 64Bit, hardware
development environment is Intel Xeon E5-2643v3 @3.40 GHz CPU, 64 GB memory,
graphics card NVIDIA Quadro M4000 GPU. (ReLU) is used as the activation function
to ensure the nonlinear ability of the model. The initial learning rate is set as 0.01, the
momentum factor is set as 0.9, and the Batch size is set as 128. After 1200 iterations
of the model, the learning rate is set as 0.001. Figure 5 shows the feature graphs by
CNetAM. Table 2 gives the recognition results of crop pests by five methods.

Input image            Conv1         Conv2        Reconstructed image 

Fig. 5. The feature graphs by CNetAM

Table 2. The recognition results of crop pests by five methods

Method Accuracy rate % Recall %

ICNN 85.28 76.85

VGG16 82.49 72.62

ResNet 92.24 80.63

CNet 75.41 68.30

CNetAM 89.52 81.22

From Table 2, it is found that CNetAM achieves the highest recognition accuracy
and recall rate in the same condition.

5 Conclusions

Aiming at the difficult problem of field crop pest detection and identification, a new
crop pest identification method based on attention capsule network was proposed. By
introducing the attention mechanismmodule into the capsule network, the global depen-
dence among pixels is realized to reduce the influence of noise on themodel and increase
the accuracy of model recognition. The recognition experiment of rice pest image under
complex backgroundwas carried out, and comparedwith ICNN,CAPSnetwork,VGG16
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and RESNET. The results show that the method proposed in this paper can better accom-
plish the identification task of rice pests in different forms and different backgrounds,
and has higher identification accuracy and recall rate. The experimental results show that
the method proposed in this study can meet the requirements of crop pest recognition in
complex background.
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Abstract. In recent years, object recognition has experienced impressive
progress. Despite these improvements, there is still a significant gap in the per-
formance between the detection of small and large objects. We analyze that the
limitation of existing algorithms for small target detection, such as: (1) the high
computational overhead of image resolution increase and (2) the non-semantic
data augmentation of small-object- copy-based strategy, leading a worse result in
mAP. So, we figure out that the limited number of semantic training samples is a
key impediment for this task due to the high cost of collecting and labelling nature
images. In this paper, we propose a simple but effective framework for small object
recognition. With an improved generative model, we propose a multiply instance
learning detector based on CNN, which jointly learns from the labeled nature
datasets and unlabeled generated images. Our method shows a state-of-the-art
performance for small objects, obtained by Mask R-CNN, on MS COCO.

Keywords: Small object detection · Generative adversarial net · Multiply
instance learning

1 Introduction

In recent years, artificial intelligence (AI) has developed very rapidly [1–4]. Substantial
progress has been made in many applications, including speech recognition [3], image
recognition [2], machine translation [5], autonomous driving [6–10], etc. In the military
field, the development ofAI is evenmore remarkable. In particular, the rapid development
of deep learning (DL) has broken through many traditional methods in various fields.
With the development of recognition technique in battlefield, the detection and resolution
have become important directions for target, especially concealed and small target on
the ground [30]. Meanwhile, it requires the device consuming as less power and holding
as smaller size as possible. Under this background, applying a lightweight detector on
intelligent mobile embedded devices will become the next hot spot of DL.

Aiming at the common problems of contactless human-computer interaction, under-
ground object detection and multi-modal imaging signal real-time processing, this
project conducts a real-time multi-object recognition with a lightweight deep neural
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network (DNN). Specifically, we mainly focus the problem of multitarget detection,
especially small target detection. But, existing algorithms for small target detection has
some limitations, for example: (1) the high computational overhead of image resolution
increase [29] and (2) the non-semantic data augmentation of small-object-copy-based
strategy [28].

So, we figure out that the limited number of nature training samples is a key imped-
iment for this task due to the high cost of collecting and labelling images. Meanwhile,
due to the high computational complexity and high occupation of memory and hard disk
of DNN, we focus on the offline semantic data augmentation rather than stacking more
convolutional layers, which can be embedded in mobile phones and devices.

In order to solve the difficulty of detecting small objects, and labeling samples in
images taken from drones, we propose a new framework: small object recognition based
on the generative adversarial network (GAN) [11–14] and Convolutional Neural Net-
work (CNN), to solve the small-sample learning problems. Meanwhile, we explore the
joint learning problem between GAN-based sample probability density estimation and
virtual sample generation, breaking through the limitation of prior sample distribution in
traditional GAN and slowly sampling of Markov chain [15, 16]. In addition, we propose
a strongly generalized and practical CNN detector based on multiply instance learning
(MIL) [20–23] for small object recognition.

In sum, our research is corresponding to the following three aspects: (1) se-mantic
synthetic sample generation based on generative adversarial nets (GAN); (2) object
recognition based on multiply instance learning; (3) acceleration of DNN based on
hardware platforms. And our key contributions are listed as follows:

• Wepropose a newmodulewhich based on theGANandMIL to solve the small-sample
learning problems.

• We explore the joint learning problem between nature and synthetic images which
is generated by GAN, breaking through the limitation of prior sample distribution in
traditional GAN and sampling of slow Markov chain.

• We propose a strongly generalized, practical and lightweight model for small object
recognition, which shows a state-of-the-art performance for small objects, obtained
by Mask R-CNN [25, 26], on MS COCO.

2 Small Object Recognition Based on GAN and CNN

2.1 Framework

Images with small targets generated from GAN will solve the few-shot learning prob-
lem through joint learning between nature and synthetic samples, while small object
recognition algorithms based on CNN will be explored.

The framework of our work is shown in Fig. 1, consists of two modules: a HIS data
augmentationmodule based onGAN as well as a small robust object recognitionmodule
based on multiple instance learning (MIL). The first module outputs additional training
samples by learning the generator’s distribution over the datasets. The second module
achieves robust small object recognition by using a CNN-based MIL network.
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Fig. 1. The framework of small object recognition based on GAN and CNN.

2.2 Data Augmentation Based on GAN

The limited number of training samples is a key impediment for small object recognition
due to the high cost of collecting and labelling images. So, we propose to use data
augmentation to improve the performance of system that have very fewdata. Specifically,
this module learns the distribution over training datasets based on GAN, inputting real
images and outputting synthetic images with diverse target distributions.

In our proposed adversarial nets, we train generator and discriminator alternatively.
From a random noise z, the generative model tries to produce fake images G

(
z; θg

)
.

Meanwhile, a discriminative model that learns to determine whether a sample is from
the real and synthetic sets, and outputs the confidence of classification G(z; θd ). Ideally,
the discriminator D estimates whether the input data is a real or fake image, generator
G tries to fool the discriminator D as far as possible. Competition in this game drives
them to improve performance. Based on the above description of the training process,
we formulate the loss function as:

Loss = 1
m

∑m
i=1

[
logD

(
xi

) + log
(
1 − D

(
G

(
zi

)))]
(1)

Where xi is the real image sampled from training set and zi is a random vector. The
training process of GAN is equivalent to optimizing the loss function in a minimax way:

min
G

max
D

Loss (2)

In the offline training stage, to ensure the convergence of the target function, we don’t
use the traditional optimization method to update parameters θd and θq the detail ed
training algorithm described as below:

Train the discriminator firstly: in the process of offline training, a set of random
vectors z = z1, z2, . . . , zm and images x = x1, x2, . . . , xm are inputted, and then we fix
θq to update θd by SGD. The random gradient information of generator is shown below:

∇θd
1
m

m∑

i=1

[
logD

(
xi

) + log
(
1 − D

(
G

(
zi

)))]
(3)
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Then train the generator: we input a set of random vectors z = z1, z2, . . . , zm to
GAN, update the generator parameters θq by fixing the discriminator parameters θd by
SGD, to make sure the generated image is as similar as possible to the real images. The
generator random gradient information is shown below:

∇θd
1
m

m∑

i=1
log

(
1 − D

(
G

(
zi

)))
(4)

In the first step, multiple training adjustment of the discriminator can theoretically
ensure that its performance is good enough, otherwise it will lead to poor performance
against the generator. In the second step, because the real image is not generated by the
generator, we only calculate the gradient information of the synthetic images.

It is difficult for the optimization target functions to converge with each other. In
response to this question, we propose the following key training points through our
study:

1. First, we replace all pooling layers in discriminator D with the strided convolu-
tions layer, and replace all pooling layers in generator G with the fractional strided
convolutions layer;

2. Second, we apply the patch normalization layer in the discriminator and generator
to normalize it;

3. Unlike traditional networks, there is no full connected layer in GAN;
4. Most of the generator network uses ReLU as the activation function, where the output

layer uses tanh;
5. Finally, the Leaky ReLU is applied as all activation functions in the discriminator

network.

The GAN’s structure is shown in Fig. 2, which is similar to an encoder of traditional
autoencoder networks. For example, if the input random vector’s dimension is 100 ×
200 × 1 × 1, which represent the batch size, channel number, height and width respec-
tively. Then a 4 × 4 convolution is applied, resulting in a feature map in 100 × 1024 ×
4 × 4. Then to enable the generator’s output feature to cover image shape, the channel
number becomes smaller with a higher image resolution, and eventually outputs 100
synthetic image of 3 × 64 × 64.

2.3 Small Object Recognition Based on MIL

Traditional supervised learning uses examples with annotated information as training
sets, butmultiply instance learning uses bag as the basic unit instead of the images, which
contains several instances. During training, the image area is marked as a negative bag
when there is no small target, and as a positive bag when it contains at least one small
target. Train multi-instance classifiers with hyper-pixel segmentation. Under supervise,
the multi-instance classifier will learn to correctly label instances based on bags. The
final classifier categorizes the instances in all bags into corresponding space.

The objective function of multi-instance learning is shown as below, which aims
at both optimal markup and hyperplane segmentation. To compute the mixed integer
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Fig. 2. The network structure of the generator.

planning problem with brute-force search algorithm, the computation complexity will
grow exponentially. In the case of few training data, this problem can’t be effectively
solved by existing algorithms.

mi − svm min
yi

min
w,b,ξ

1
2‖w‖2 + C

∑
i ξi

s.t. ∀i : yif (xi) ≥ 1 − ξi, ξi ≥ 0, yi ∈ −1, 1∑
i∈I

yi+1
2 ≥ 1,∀I s.t. YI = 1; yi = −1,∀I s.t. YI = −1

(5)

Our method requires few training data in small. Get n images I1, I2 · · · In, that represent
the sift features corresponding to the p pixels in image Ii. The point marker information
of image Ii is represented by pi = P1,P2 · · ·PC(i), where C(i) is the number of small
targets in Image Ii. Based on this, the density values of the image area can be calculated
as below:

Di(p) = ∑

p∈pi
N

(
p;P, σ 212x2

)
,∀p ∈ Ii (6)

where p is the pixel in the image, N
(
p;P, σ 21

2x2

)
is the density value of the p-pixels

in the two-dimensional normal distribution.
Linear regression from image pixel characteristics to density values is learned. For a

new inputting image, the pixel feature is regressed to a density values to achieve a small
target estimate, the density estimation is calculated as below:

D
′
i(p) = wTxpi ,∀p ∈ Ii (7)

where w is the weight vector of the linear transformation.
The optimization objective function minimizes the distance between the true density

value and the estimated density value. During the offline training optimization process,
we update the weight vector of the area with the largest error first through the 2D max
subarray algorithm:
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w∗ = argmin
w

‖w‖2 + λ
N∑

i=1
F

(
Di(·),D′

i(·)
)

F(D1,D2) = max
B∈Ii

(
∑

p∈B
D1(p) − ∑

p∈B
D2(p)

) (8)

Where B represents the area in the image Ii and λ balances the regularization and
error item. When estimating density, an inputting image can predict the number of small
targets in an image following below:

Densityi = ∑

p∈Ii
D

′
i(p) (9)

Combining multi-instance CNN with density estimation methods, our algorithm
process listed as follows.

3 Experimental Results and Analysis

Dataset. Our experiments are conducted on the challengingMSCOCO [27] benchmark
using the standard metrics for object detection. All models are trained on the COCO
train2017 split (118k images) and evaluated with val2017 (5k images).



Small Object Recognition Based on the GAN and Multi-instance Learning 481

Training Details. ResNet-50 [2] is used as the backbone unless otherwise specified.
The optimizer is SGD with weight decay 0.0001. The mini-batch is 16 images and all
models are trained with 8 GPUs. Default training schedule is 136 epochs and the initial
learning rate is set to 2.5 × 10−5, divided by 10 at epoch 27 and 33, respectively. The
backbone is initialized with the pre-trained weights in ImageNet [1].

Augmentation. Ourmethod aims to generate semantic image containingmultiply small
objects. In above analyze we point out that the data augmentation with copy-paste strat-
egy is out of semantic and will lead a context confuse for model. For example, birds
fly in the air, but not fly on the ground or under- ground. Based on this, we propose a
GAN-based small target augmentation to generate semantic and realistic image, where
small target has a reasonable distribution.

Table 1 presents the Detection results of our method onMS COCO.We compare our
method with the Mask R-CNN and small object augmentation with copy-paste strategy.
Our method can be used with any detectors. The performance of ouR method surpasses
the state-of-art copy-past-based method by 2%. And other data augmentation such as
random erasing, Mixup, Augmix, etc., can further improve the performance.

Table 1. Augmentation experiments. The best performance, in terms of both small objects and
overall, is achieved when the original images with small objects and generated images for training.

4 Conclusion

We propose a simple but effective framework for small object recognition. With an
improved generative model, breaking through the preset defects and limited Markov
chain sampling in vanilla model, we propose a MIL-based CNN detector, which jointly
learns from the labeled nature datasets and unlabeled generated images. Our methods
showed state-of-the-art performance for small objects, obtained by Mask R-CNN, on
MS COCO.

Acknowledgments. This work is supported by Xiamen Major Science and Technology Projects
(No. 3502Z20201017).
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Abstract. Semantic page segmentation of document images is a basic task for
document layout analysis which is key to document reconstruction and digital-
ization. Previous work usually considers only a few semantic types in a page
(e.g., text and non-text) and performs mainly on English document images and
it is still challenging to make the finer semantic segmentation on Chinese and
English document pages. In this paper, we propose a deep learning based method
for semantic page segmentation in Chinese and English documents such that a
document page can be decomposed into regions of four semantic types such as
text, table, figure and formula. Specifically, a deep semantic segmentation neural
network is designed to achieve the pixel-wise segmentation where each pixel of an
input document page image is labeled as background or one of the four categories
above. Then we can obtain the accurate locations of regions in different types by
implementing the Connected Component Analysis algorithm on the prediction
mask. Moreover, a Non-Intersecting Region Segmentation Algorithm is further
designed to generate a series of regions which do not overlap each other, and
thus improve the segmentation results and avoid possible location conflicts in the
page reconstruction. For the training of the neural network, we manually annotate
a dataset whose documents are from Chinese and English language sources and
contain various layouts. The experimental results on our collected dataset demon-
strate the superiority of our proposed method over the other existing methods.
In addition, we utilize transfer learning on public POD dataset and obtain the
promising results in comparison with the state-of-the-art methods.

Keywords: Semantic page segmentation · Document layout analysis ·
Document reconstruction · Deep learning

1 Introduction

With the rapid development of the Internet anddigital equipment, there are a huge number
of text documents in electronic version (e.g. camera captured page images) generated
every day. So, document reconstruction and digitalization becomeparticularly important.
Actually, we need to convert those document pages into editable and searchable forms
so that they can be further utilized in information extraction and retrieval.
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For the reconstruction and digitalization of an input text document image, it is effec-
tive to firstly segment the regions in different semantic types and then recognize the
contents of the segmented regions by the type-related recognition systems. For exam-
ple, text can be recognized by the OCR system. As a result, the page is reconstructed by
assembling the recognized contents of the regions according to their location. Therefore,
page segmentation is a crucial step in the document reconstruction workflow. Generally,
page segmentation aims at segmenting a page into a set of homogenous regions which
can be categorized into several semantic types, like tables and figures. As well known,
there are text documents with various styles and layouts. For instance, a document page
can be single-column or multi-column. And documents with different languages may
contain different texture features with respect to the text types. In addition, there is a high
similarity between different semantic types, e.g. table and figure. The grid chart has the
same structure of intersecting horizontal and vertical ruling lines as the table. Moreover,
regions of a specific type vary greatly in aspect ratios and scales among them. There-
fore, it is rather challenging to make the page segmentation in multi-language document
images effective and robust.

Most of the conventional document segmentation methods [1–3] consist of unsuper-
vised segmentation and supervised classification. They usually make an assumption on
page layouts and segment a page into a number of regions by certain heuristic rules for
multiple cases. Then for region classification, they extract a group of hand-craft features
and then employ machine learning algorithms to classify a segmented region into dif-
ferent types. In this way, they have high experience dependency that can’t fit in diverse
documents. Nevertheless, some of the deep learning based methods [3] adopt an end-
to-end trainable convolutional network to automatically extract features for the better
robustness. Besides, some of the deep learning based methods [4, 5] formulate this prob-
lem as a typical object detection in natural images. These methods take the document
image as an input and then output the bounding boxes of objects with corresponding
labels.Moreover, there are somemethods based on deep semantic segmentation network
where each pixel is classified into one semantic type [6–9]. The pixel level understanding
is more precise than the bounding box level one. However, they usually consider only
a few semantic types. For instance, most of them only distinguish text from non-text
in a page or assume that no formula regions exist in a document. This is not sufficient
for document reconstruction. Moreover, their experiments are typically performed on
English documents.

In this paper, we propose a deep learning based method to achieve better semantic
page segmentation. For the goal of document reconstruction, four semantic types are
taken into consideration, i.e. text, table, figure, formula. For an input text document
image, we firstly use a semantic segmentation neural network to classify each pixel as
either background or one of the four categories above. Our network leverages context
features and local features of a document image to get more precise segmentation results.
Then, by implementing the Connected Component Analysis (CCA) algorithm on the
predictionmask,we obtain the accurate locations of regions in different types.We further
develop a simpleNon-IntersectingRegion SegmentationAlgorithm (NIRSA) to improve
the segmentation result and facilitate the future page regeneration task. Furthermore, to
address the issue of lacking annotated training data, we manually annotate a dataset
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consisting of Chinese and English documents that contain various styles and layouts.
And we perform transfer leaning and domain adaption during our training procedures.
Finally, we conduct the experiments on our collected dataset and public POD (Page
Object Detection) dataset to demonstrate the effectiveness of our proposed method.

The rest of the paper is organized as follows. We firstly review the related work in
Sect. 2. Our proposed method is then presented in Sect. 3. In Sect. 4, we summarize the
experiment results and comparisons on a collected dataset and several public datasets.
We finally make a brief conclusion in the last section.

2 Related Work

In recent years, there have been many methods for semantic page segmentation in doc-
ument images. Most of the conventional methods [1–3] have two stages, i.e., unsuper-
vised segmentation and supervised classification. The unsupervised segmentation stage
is usually based on bottom-up or top-down structure. The bottom-up structure [1] starts
to segment characters or lines and gradually groups them into homogenous regions.
While the top-down structure [2] operates directly on the entire document and recur-
sively segments the resulting regions. The greatest shortcoming of these methods is to
decide a large amount of parameters by experience, which leads to poor robustness.
During the classification procedure, hand-craft features of the segmented regions are
firstly extracted and then fed into a classifier to determine the semantic labels.

Nowadays, the CNN based networks [3] are utilized to complete automatic feature
extraction with better generalization ability. Currently, some methods formulate page
segmentation as a typical object detection problem. They usually focus on a specific
type, e.g. table region segmentation. DeepDeSRT [10] model adjusts the convolution
kernel of the backbone in Faster R-CNN to detect the table regions. Prasad et al. [11]
propose the Cascade Mask Region-based CNN High-Resolution Network that solves
both problems of table detection and structure recognition simultaneously.

In addition, both PubLayNet [5] and GOD [4] use Faster R-CNN [12] and Mask
R-CNN [13] to detect regions in different types. PubLayNet [5] considers five semantic
types that can be applied to most documents. But it’s not suitable for some statistical
reports because formula type is excluded. GOD [4] only detects regions of three seman-
tic types, leaving the text type out. However, text is the most common semantic type in
documents. Cross-domain DOD model [14] is built on top of the Feature Pyramid Net-
works [15], which mainly addresses the domain shift problem that arises in the absence
of labeled data.

There are also some methods based on semantic segmentation models. Yang et al.
[9] first introduce semantic segmentation to page segmentation. But an additional tool is
adopted to specify the segmentation boundary. Lee et al. [7] propose trainable multipli-
cation layers (TMLs) and incorporate them into U-Net architecture [16] to gain better
performance. But they only perform binary segmentation that only pixels in text type
are identified. And they only complete pixel-wise segmentation task. DeepLayout [8]
doesn’t distinguish text type from background. They choose the DeepLab v2 structure
[17] to segment these pixels that belong to table, figure and formula types. As a result,
text regions can’t be segmented during the subsequent post-processing procedure. He
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et al. [6] train FCN [18] to segment three types of document elements: text, table, and
figure. They use multi-scale training strategy to capture multi-scale information. Also,
they add a contour detection branch to improve the results of semantic segmentation.
However, they only segment table regions by an additional verification netwithout results
of regions in other semantic types.

3 Methodology

As is shown in Fig. 1, our proposed method mainly consists of two parts. A semantic
segmentation network begins to classify each pixel to a certain type. Then a series of
regions that do not overlap each other are generated through Connected Component
Analysis and Non-Intersecting Region Segmentation Algorithm. We introduce these
two main steps.

Fig. 1. Illustration of ourmethod. The results of both pixel-wise and region-wise segmentation are
shown in the rightmost image, where each region is represented by a bounding box, corresponding
label and confidence score (white: background, red: text, green: table, blue: figure, black: formula)
(Color figure online).

3.1 Semantic Segmentation Network

In our framework, a deep semantic segmentation network is firstly utilized to assign a
semantic label to each pixel. There are five categories including the background label.
As shown by the observations in [6], unlike general semantic segmentation in natural
images, a large receptive field is required in the semantic segmentation network for
document images to guarantee sufficient context information. For example, the text
block in a table can’t be recognized as part of the table without a large context. However,
there is an inherent conflict between context information and spatial information in
the segmentation network. The acquisition of a large context weakens the details for
region boundary prediction. So we alleviate this problem by aggregating multi-scale
information as in [6]. An image pyramid model based on FCN is adopted in [6], where
several images with different scales are all taken as input. Since it’s obvious that the
image pyramid model is time-consuming, we adopt several improved networks based
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on Skip Connection or Atrous Spatial Pyramid Pooling (ASPP) to achieve multi-scale
information fusion, e.g. U-Net [16], FPN [15], DeepLab series networks [17, 19, 20].

U-Net [16] is based on a typical encoder-decoder structure. The skip connections
between low layers in encoder phase and high layers in decoder phase promote the
fusion of low-level and high-level features. The low-level features contain abundant
spatial information while the context information is included in the high-level features.
In fact, features in different layers can be regarded as the corresponding features at
different scales. FPN [15] shares the similar core idea, but the difference is that the
prediction layer is added to every feature map during decoder process so as to enhance
the supervision information at different scales. Instead of typical convolution, atrous
convolution is used to enlarge receptive field and attain spatial information at the same
time, which doesn’t increase the number of parameters. DeepLab series networks use the
Atrous Spatial Pyramid Pooling (ASPP) module to capture multi-scale information by
concatenating these feature maps output from atrous convolution layers with different
rates. Besides, ASPP module is augmented with image-level features to capture long
range information. Moreover, a simple decoder module is included in DeepLab v3+
[20] to get more precise segmentation especially for region boundary.

In our experiments, DeepLab v3+ achieves better performance than other networks
(such as U-Net, FPN) when they are trained on our collected dataset. At inference time,
for each input document image, a prediction mask with five channels is output. That is,

for pixel pj, a normalized possibility vector vj =
(
v0j , v

1
j , v

2
j , v

3
j , v

4
j

)
is obtained. And

its label lj satisfies lj = argmax
k

{
vkj

}
.

3.2 Region Segmentation

CCA. To restore the definite region in different types, we extract the connected com-
ponents of each category from the prediction mask respectively. Then each connected
component with its corresponding label is regarded as a candidate region. And we take
the rectangular bounding boxes of connected components to specify the boundary of
regions. For the bounding box bi with label ci, its confidence score si is defined as
follows.

si = 1

Ni

∑
pj∈bi

vcij (1)

Here, Ni is the number of pixels in bi.

NIRSA. As is shown in Fig. 3, there are some intersecting bounding boxes after CCA
due to the error from semantic segmentation (unclear boundary). For image (a), text and
figure regions are confined into one box. For image (c), two text boxes overlap each other
and one of them contains incomplete word. Thus, a Non-Intersecting Region Segmen-
tation Algorithm is proposed to obtain more precise page decomposition results. And it
can also eliminate the position conflict that may appear in the document reconstruction
workflow.
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Our proposed algorithm is similar to the non-maximum suppression algorithm
(NMS) in object detection task. Firstly, we sort the candidate bounding boxes by their
corresponding confidence sore. The pipeline of our proposed algorithm is to generate the
bounding box one by one on an empty page. As is shown in Fig. 2, b1 that has the highest
confidence score is first generated on the page. At the same time, we mark all pixels of
its corresponding region on the page with a non-empty flag (blue fill). Each pixel of the
page is marked with an empty flag at the beginning. Then for the next selected box, we
consider three possible cases:

1. If the non-empty pixels’ portion of its corresponding region on the page is below a
certain percentage, we drop the box directly (b2)

2. If pixels of its corresponding region on the page are all marked empty flag, we
generate the box directly on the page (b3).

3. Otherwise, we use several small boxes to approximate the empty part of its
corresponding region (b4).

We accomplish the case 3 by exploiting the local information. There are two opera-
tions performed: splitting and merging. The foreground area of the empty part is firstly
identified by simple threshold method. Next, for each row, we perform horizontal run
length smoothing algorithm (RLSA). Thus the empty area is split into a series of con-
nected components (black lines inside b4) with a height of 1. It should be noticed that
for text region, we add an additional vertical RLSA to extract text lines. This prevent
character from being destroyed. It’s obvious that these connected components are non-
intersecting. Then we scan the connected components from top to bottom and left to
right and merge them into several boxes. Suppose we currently have two merged boxes
mb1,mb2, for the connected component cck , there is a new box generated because it
can’t be merged to mb1 or mb2. In Fig. 3, we show the effectiveness of our proposed
NIRSA.

Fig. 2. The description of Non-Intersecting Region Segmentation Algorithm procedure.
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Fig. 3. Examples of the results of region segmentation before and after NIRSA. (a) and (c)
represent the results after CCA. (b) and (d) represent the results after CCA and NIRSA.

4 Experiments

4.1 Datasets

POD [21]. This is a competition dataset consisting of 2,000 English document images,
about 800 of which are used for testing and the rest of which are for training. These
document images are extracted from scientific papers that have simple white background
and vary in layout styles. There are regions with three semantic types: table, figure,
formula.AndEach region is presented as a rectangular boundingbox and a corresponding
label. Meanwhile, each subfigure is labelled as a separate region. Each formula line of
multi-line formula is labelled in the similar way. In our experiments, we use the POD
extend training dataset as in [8], which contains about 10,000 training images and all
text line regions are appended in the ground truth.

Collected Dataset. To our knowledge, current dataset contains only document images
in English, and most documents are from a certain range of fields thus are weak in
diversity. Moreover, the semantic types are not comprehensive. For example, formula
type is usually absent. Therefore, we annotate a collected dataset with a scale of 30,000
document images which are from a large search library. And Chinese is the major
language of these documents. In addition, these documents are collected from scientific
papers, magazines and statistical yearbooks, involving various fields of medical science,
literature, education, natural science, etc. Thus the dataset is qualified for diversity in
document layouts and contents.

As for the ground truth format, we should mark document images by pixel in our
framework. However, it’s not cost-effective. So we resort to the region-wise annotation
in the same way as POD dataset. Four semantic types are taken into consideration:
text, figure, table and formula. Different from the POD dataset, we regard paragraph as
a region unit for text type. And the titles are also taken as independent regions. And
for formula type, an entire formula region is labeled even for multi-line formula. It is
worth noting that there is no overlap between the annotated bounding boxes. We split
the intersecting area and label it with several rectangular boxes when encountering the
inevitable intersection of rectangular bounding boxes, e.g. when a picture is surrounded
by text. In this way, the ground truth mask for pixel-wise segmentation can be acquired,
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i.e. the ground truth label of pixels in the bounding boxes are set to be the same as the
label of the bounding box. Examples in our collected dataset are shown in Fig. 5.

4.2 Metrics

We use the IOU metric to evaluate the segmentation results that output from semantic
segmentation networks. Based on the confusion matrix of pixel classification, the IOU
metric computes the intersectionover unionon each category.And themean IOU(mIOU)
over all classes is also calculated to measure the overall performance.

While for region segmentation task, we refer to the POD competition evaluation tool
[21] where F1 score and average precision (AP) metric are both adopted. Specifically,
given a IoU threshold α, a segmented region bi is regarded as a true positive if it satisfies:

IoU
(
bi, gtj

) = bi ∩ gtj
bi ∪ gtj

> α (2)

Here,gtj is the correspondingground truth region. Thenwecan compute the precision
and recall over regions. F1 score andAP are both comprehensive evaluationmetric based
on precision and recall. mAP andAvg. F1 calculate themeanAP and F1 over all semantic
types, respectively.

In addition, we propose a page-wise evaluation method which is inspired by [22].
In order to facilitate future recognition, the segmented regions must be complete and
pure. Therefore, a segmented box bi is allowable when it contains a complete ground
truth region and does not have overlap with the remaining ground truth regions. On the
one hand, all bi should be allowable. On the other hand, all gtj should be segmented. In
this case, the page segmentation is regarded as exactly correct. We count the percentage
of the exact segmentation. Besides, similar to [22], we add an additional allowable case
(Merging Text) when a segmented text box bi contains multiple complete text ground
truth boxes. That means multiple paragraph can be merged into one bounding box.

4.3 Experimental Results on Our Collected Dataset

We randomly select 1,000 images for testing, and the rest images are for training (about
29,000 images). We take DeepLab v3+ as our semantic segmentation network. During
the training procedure, the input image is firstly random rescaled within a scale range
from 0.5 to 1.5. Then an image patch with a size of 768×768 is randomly cropped from
the rescaled images. The batch size is set to 4. Besides, we take the Stochastic Gradient
Descent algorithm as our optimizer. And the initial learning rate is set to 0.001, which
is decreased by a factor of 0.5 after 10 epochs. Moreover, we use transfer learning to
accelerate the training process and enhance performance, especially in areas where there
is a lack of adequate annotated data. So each network is pre-trained on ImageNet dataset
and fine-tuned on our collected training set. At the inference time, we pad each input
image to confirm that its width and height are both divisible by 32. The padding image
is then fed into the trained network and further get the final region-wise segmentation
results.
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Comparison with other Methods. As we mentioned in Sect. 2, current related state-
of-the-art methods [4, 5] are mainly based on Faster R-CNN and Mask R-CNN. As
for parameter setting, we follow the values in [4] which achieves the best results in
POD up to now. Our code inherits from Detectron2 as with [4, 5]. As with the official
POD evaluation tool, the IoU threshold is set to 0.8. The region segmentation results
are shown in Table 1. Among them, our results are bolded. “Ours” represents the results
after semantic segmentation and CCA while “Ours + NIRSA” represents the results
that are performed by CCA and NIRSA. Both of them achieve significant improvement
over other methods, especially in text and formula category. “Ours + NIRSA” boosts
the average F1 for 4.4% and mAP for 2.4% compared with the Mask R-CNN. This
is probably because the aspect ratios of regions in these two categories vary a lot and
usually extreme, which increase the difficulty of the object detection task. Among all
categories, the overall performance on table category is the best while the segmentation
of formula category is the hardest. This may be caused by the class-imbalance problem
on the document page. For most pages, text blocks take the main part while formula
blocks usually only appear in specific documents. In addition, we also label Chinese
formulas which is composed of operators and Chinese characters. This makes it difficult
to distinguish text from formula.

Table 1. The results of region segmentation on our collected dataset. The last two rows represent
our results.

Methods F1 score AP

Text Table Figure Formula Avg.F1 Text Table Figure Formula mAP

Faster
R-CNN

0.760 0.981 0.830 0.575 0.786 0.701 0.982 0.860 0.449 0.748

Mask
R-CNN

0.774 0.975 0.828 0.624 0.800 0.718 0.980 0.860 0.531 0.771

Ours 0.837 0.991 0.823 0.692 0.836 0.796 0.996 0.781 0.629 0.801

Ours +
NIRSA

0.841 0.997 0.825 0.714 0.844 0.795 0.996 0.788 0.602 0.795

The page-wise segmentation results are shown in Table 2. When merging multiple
paragraphs into one region is allowable, about 658 pages out of 1000 pages are correctly
segmented with the “Ours + NIRSA” method. It’s meaningful to realize the automatic
semantic segmentation of pages. Through analysis, semantic segmentation network has
richer detail information than Faster R-CNN and Mask R-CNN. So we can restore more
precise location information with our method, as Fig. 4 shows. But Faster R-CNN and
Mask R-CNN are better at distinguishing different instances. This is also indicated by
the differences between the results with “Merging Text” and without “Merging Text”.
For text regions, our method is likely to merge two paragraph into one region. When
“Merging Text” is allowable, the percentage of exact segmentation increased by 30%.
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Table 2. The percentage of exact segmentation (page-wise) on our collected dataset.

Methods Merging text

✓ ✗

Faster R-CNN 0.132 0.151

Mask R-CNN 0.154 0.172

Ours 0.340 0.602

Ours + NIRSA 0.358 0.653

Fig. 4. Comparison between different methods. Each row is an example. Our results are showed
in the rightmost. First line: incomplete text region. Second line: split table region.

Moreover, our proposed NIRSA also boosts the performance. It can make up for the
error of semantic segmentation network and improve the whole page segmentation.

Discussions. Weadopt somemainstream semantic segmentation networks and compare
their performance on our task. As is shown in Table 3, all of them can produce promising
results. Based on the mean IOU metric, DeepLab v3+ achieves the best segmentation
results while FPN is closely behind. DeepLab v3+ makes a significant improvement
on the formula category in comparison with other architectures. Here, we contain the
DeepLab v3 architecture in our contrast experiments, which lacks the decoder structure
compared with the DeepLab v3+ architecture. It can be observed that the decoder struc-
ture is effective because it can raise the segmentation results especially for formula and
text categories. Besides, atrous convolution in DeepLab series can increase the receptive
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field and retain the spatial information simultaneously, i.e., it doesn’t reduce the size of
the output feature map. Thus it leads to a high time consumption. To make a balance
between time complexity and accuracy, we set the output stride of DeepLab v3+ to 16.
The segmentation of formula categories is harder than other categories as the IOU of
formula type is lower by a great margin. In fact, we try to tackle the class-imbalance
problem by adopting some effective loss functions, e.g. focal loss. But it doesn’t bring
a significant improvement. It requires further investigation. Moreover, we explore the
impact of IoU threshold on our results of the region segmentation as [4] does. A high IoU
threshold requests that a true positive should have high overlap with the ground truth. As
Table 4 shows, with the increase of IoU threshold, the performance of our method does
not decrease sharply. In fact, our method on the table category is robust in contrast to text
and formula categories. Figure 5 demonstrates some visualization results on collected
dataset with our method.

Table 3. The IOU of different semantic segmentation architectures on our collected dataset.

Networks Background Text Table Figure Formula mIOU

U-Net 0.936 0.949 0.964 0.874 0.780 0.901

FPN 0.951 0.961 0.983 0.901 0.823 0.924

DeepLab v3 0.939 0.948 0.978 0.899 0.801 0.913

DeepLab v3+ 0.951 0.961 0.983 0.905 0.846 0.929

Table 4. The results of region segmentation with different IoU threshold.

IoU F1 score AP

Text Table Figure Formula Avg.F1 Text Table Figure Formula mAP

0.5 0.926 0.997 0.861 0.811 0.899 0.892 0.996 0.839 0.715 0.860

0.6 0.913 0.997 0.847 0.789 0.887 0.876 0.996 0.811 0.692 0.844

0.7 0.894 0.997 0.837 0.760 0.872 0.854 0.996 0.801 0.659 0.827

0.8 0.841 0.997 0.825 0.714 0.844 0.795 0.996 0.788 0.602 0.795

4.4 Experimental Results on Public POD Dataset

We test the performance on POD competition dataset by adopting different training
strategies to illustrate the effect of transfer learning. In Table 5, “POD” represents the
results that training on POD dataset. “Collected” represents the results that training on
our collected dataset. “Collected + POD” represents the results that pre-training on our
collected dataset and fine-tuning on POD dataset, which achieves the best performance.
The mean IOU has increased by up to 5% than the model without collected dataset
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Fig. 5. Three examples of the results of our method on the collected dataset.

pre-trained. This proves that effectiveness of transfer learning. In addition, “Collected”
is worse than “POD”. Especially for text and formula type, there is a huge decline. This
demonstrates the difference between POD data and our collected data. As we introduced
above, our collected dataset has a different ground truth format from the POD dataset in
these two semantic types. So domain adaption is necessary to enhance the performance.

Furthermore, in Table 6, we show the comparison between our method and other
state-of-the-art methods for region segmentation. The first three lines are the results
in article papers. The middle four lines are the top results of competition participants.
As for formula category, our method achieves the best AP value. However, we have a
poor performance at figure category compared to the top results. As Fig. 6 shows, our
method tends to split a figure into several figures (b) or merge several subfigures (c).
And the segmented regions in table and figure categories by our method usually contain
the corresponding caption parts (a). So there is still a certain gap between our result
and the top results. However, these methods are all concentrated on the segmentation of
table, figure and formula regions. It’s not sufficient for some real applications like page
construction. The segmentation of text regions is ignored in other methods while our
method can additionally achieve 0.931 F1 score and 0.911 AP for text category. Overall,

Fig. 6. Failure cases on POD dataset.
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our method comes to a good place. And compared with other methods, our method can
still get a promising result in multi-language documents images.

Table 5. The pixel segmentation results of different training strategies on POD dataset.

Training Background Text Table Figure Formula mIOU

POD 0.945 0.916 0.899 0.761 0.875 0.879

Collected 0.852 0.687 0.819 0.862 0.642 0.772

Collected + POD 0.968 0.933 0.966 0.897 0.912 0.935

Table 6. Comparison of our proposed method with the state-of-the-art methods. It should be
noted that our method can additionally achieve 0.931 F1 score and 0.911 AP for text type.

Methods F1 score AP

Formula Table Figure Avg.F1 Formula Table Figure mAP

Li [23]
GOD [4]

DeepLayout [8]

0.932
0.919
0.716

0.959
0.968
0.911

0.917
0.912
0.776

0.936
0.933
0.801

0.863
0.869
0.506

0.923
0.974
0.893

0.854
0.818
0.672

0.880
0.887
0.690

NLPR-PAL [21]
icstpku [21]

FastDetector [21]
Vislnt [21]

0.902
0.841
0.636
0.241

0.951
0.763
0.896
0.826

0.898
0.708
0.616
0.643

0.917
0.770
0.717
0.570

0.816
0.815
0.427
0.117

0.911
0.697
0.884
0.795

0.805
0.597
0.365
0.565

0.844
0.703
0.559
0.492

Ours 0.923 0.914 0.812 0.883 0.910 0.944 0.731 0.862

5 Conclusion

We have established a deep learning based method to achieve better semantic page
segmentation in Chinese and English document images. We use the DeepLab v3+ archi-
tecture which can capture multi-scale information to get precise pixel-wise classification
results. Then we can get a series of candidate regions in different categories by making
CCA on the prediction mask. And a Non-Intersecting Region Segmentation Algorithm
is developed to solve the problem of intersection between regions, which boosts the
performance and facilitates the document reconstruction applications. The promising
results are both obtained on our collected dataset and public POD dataset. In the future,
we plan to extend our framework to include more categories, like table or figure cap-
tions. Besides, we consider a fine-grained annotation format rather than just annotation
of rectangular boxes.
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Abstract. The Mixture of Gaussian Processes (MGP) is a general regression
model for the data from a general stochastic process. However, there are two
drawbacks on the parameter learning of the MGP model. First, it is sensitive to
outliers. Actually, when the data are disturbed by heavy noise, its regression results
are affected greatly by the noise, whichmakes it difficult to reflect the overall char-
acteristics of the data. Second, the kernels ofGaussian processes in theMGPmodel
do not have a simple parametric form to represent uncertain intuition by nonpara-
metric prior over the covariance matrix. In order to overcome these problems, we
propose the non-central student-t Mixture of student-t Processes (tMtP) model for
robust regression and prediction. Specifically, the student-t process takes the invers
Wishart distribution as its conjugate prior for the covariance matrix. The learning
of themixture parameters in the tMtPmodel can be implemented under the general
framework of the hard-cut EM algorithm while the learning of the hyperparam-
eters in each student-t process is implemented by maximizing the log-likelihood
function of the square exponential kernel in output region. It is demonstrated by
the experimental results on synthetic data sets that the tMtP model is effective
for robust regression. Moreover, the tMtP model also obtains good prediction
performance on a coal production data set.

Keywords: Student-t process · Mixture of student-t processes · Robust
regression · Outlier · Covariance matrix

1 Introduction

Gaussian process is a powerful machine learning model for time series regression and
classification. In fact, it has beenwidely applied inmany fields of information processing
and datamining [1–3]. However, it is sensitive to the data with outliers as shown in Fig. 1.
Actually, Gaussian process regression is affected greatly on the data set contaminated
with heavy noise. Moreover, a parameterized covariance kernel usually determines the
properties of likely function under a Gaussian process. And a fully Bayesian nonpara-
metric treatment of regression always place a nonparametric prior over the Gaussian
process covariance kernel to represent uncertain intuition but the Gaussian process ker-
nel does not have a simple parametric form [4]. It is natural to consider more general
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elliptical processes like Gaussian processes with kernel functions [5]. A student-t distri-
bution is known to enhance the robustness and has heavy tails. Recently multivariant t
distributions on covariance matrices have been used to model the relation data [6]. Base
on multivariant t distribution, many equal forms of Student-t processes are introduced
with different covariance priors such as inverse Wishart distribution [4] and Gamma
distribution [7].

Fig. 1. The GP regression model is sensitive to output data with outliers.

Tresp [8] proposed the mixture of Gaussian processes for instance to deal with mul-
timodal data set. By implementing a Dirichlet process prior over the Gaussian processes,
we can allow the mixture to automatically determine the number of components for the
given dataset [9].Moreover, themixturemodel can release the computational complexity
of single Gaussian processes [10]. Yu [7] proposed the multi-task learning with student-t
processes to improve the mixture model robustness. However, it takes degrees of free-
dom in student-t processes as the hyperparameters and sets them manually. Moreover,
he supposed that the input data in each component are subject to a Gaussian distribution
in the input region. As well known, Gaussian distribution will be disturbed by outliers
and its tail is not heavy enough to use. Zhang et al. [11] also proposed the multi-task gen-
eralized t processes and used the mixture of Gaussian distribution model to classify the
data in the input region. However, the Gaussian mixture model is not robust to outliers,
which may lead to misclassifying the data in the input region.

In this paper, we propose a non-central student-t Mixture of student-t Processes
(tMtP) model as well as its learning algorithm under the framework of the Hardcut
EM algorithm [13, 14]. Specifically, we utilize the non-central student-t mixture for the
input data and the mixture of student-t processes for the output data. The non-central
student-t distributions over input regionmake themixturemodelmore robust on the input
data with strong overlap between input components, while the student-t processes over
output region makes the mixture model more robust on the output data with outliers or
heavy noise. In addition, because both the student-t distributions and student-t processes
have prior distributions of covariance kernels, the tMtP model is more convenient for
parameter learning.

The rest of paper is organized as follow. In Sect. 2, we introduce the related models
and learning algorithms. In Sect. 3, we propose the non-central student-t mixture of
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student-t processes model as well as its learning algorithm. The experimental results are
summarized in Sect. 4. Finally, we briefly conclude in Sect. 5.

2 Related Models and Learning Algorithms

2.1 Non-central Student-t Distribution

The Student-t distribution is well suited to deal with the heavy-tailed and leptokurtic
features than the Gaussian distribution. A p dimensional random X ∼ tp(μ, σ, v) with
a center μ ∈ R, Σ ∈ Π(n), and a degree v ∈ (0, +∞) of freedom. Given a weight τ ,
X has the multivariate normal distribution [12],

X |v, σ, τ ∼ Np(μ,
σ

τ
), (1)

The prior distribution of τ is subject to a Gamma distribution,

τ |μ, σ, v ∼ Gamma(
v

2
,
v

2
). (2)

By integrating τ from the joint density of (X , τ), we can get the density of X ,

p(X ) =
Γ

(
v+p
2 |σ | 12

)

(πv)
1
2 Γ

( v
2

)
[
1 + δX (μ, σ )

v

]− v+p
2

, (3)

Where δX (μ, σ ) = (X − μ)
′
σ−1(X − μ).

The parameter learning function to {μ, σ, v} through the ML estimation method.
On the use of the latent variable τ = {τ1, τ2, . . . , τN } with the expectation

E(τ |μ, σ, v) = v + p

v + δX (μ, σ )
, (4)

we get the ML estimation function of 	
μ and σ̂ as

μ̂ =
∑N

i=1 τiXi∑N
i=1 τi

(5)

σ̂ = 1

N

∑N

i=1
τi

(
Xi − μ̂

)(
Xi − μ̂

)′
, (6)

and get v̂ by solving

−φ
( v
2

)
+ ln

( v
2

)
+ 1

N

∑N

i=1
(ln(τi) − τi) + 1 = 0 (7)

for v. Detail function derivation is discussed in the reference essay [12].
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2.2 Gaussian Process

The Gaussian Process is a powerful stochastic process model and it is easy to learn
parameters for making inferences. Suppose we have data setsD = {(xi, yi)}Ni=1 in which
xi and yi are a pair of input and output variables at sampling time i. The Gaussian process
can be mathematically defined by

(y1, y2, . . . , yn) ∼ GP
(
m(X ),K

(
X ,X

′) + σ 2I
)
, (8)

where m(X ) is a mean function, K
(
X ,X

′) = [
k
(
xi, xj

)]
N×N is a covariance matrix,

and σ 2 dominates the noise globally. The most commonly used covariance function is
the squared exponential function, which is defined by

k
(
xi, xj

) = l2 exp

(
−1

2
f 2

∣∣∣∣xi − xj
∣∣∣∣2

)
(9)

We generally set m(X ) = 0 for simplify the model.
Parameters learning of the Gaussian process can be obtained through the Maximum

Likelihood Estimation (MLE) method. The predictive output of the Gaussian process
regression is given by

y∗ |X, y, x∗ ∼ N (
ŷ∗, cov(y∗)

)
, (10)

where

ŷ∗ = E
[
y∗|X , y, x∗

] = K(X , x∗)
[
C(X ,X ) + σ 2I

]−1
y, (10)

cov
(
y∗

) = K(x∗, x∗) − K
′
(X , x∗)

[
K(X ,X ) + σ 2I

]−1
K(X , x∗). (11)

Here y = [
y1, y2, . . . , yN

]
is the output vector, K(X ,X ) = [

k
(
xi, xj

)]
N×N and

K(X , x∗) = [k(xi, x∗)]N×1 denotes the covariance relationship vector of training inputs
to the test input.

2.3 Student-t Process

The student-t process is an extension to the multivariate student-t distribution. For a base
kernel Kθ parameterized by θ , and a mean function φ : χ → R, the student-t process
is generated by an inverse Wishart distribution as a conjugate prior for the covariance
matrix of a Gaussian likelihood,

σ ∼ IWP(v,Kθ )

y|σ ∼ GP(φ, (v − 2)σ ) (13)
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We analytically marginalize of σ in the generative model of (13). Therefor the density
is defined as [4]

p(y) = Γ
( v+n

2

)

((v − 2)π)
n
2 Γ

( v
2

) |Kθ |−1/2 ×
(
1 + (y − φ)TK−1

θ (y − φ)

v − 2

)− v+n
2

(14)

Like student-t distribution, it is also a marginally distribution from a conditional
distribution

y|r ∼ NN (φ,
r(v − 2)K

ρ
) (15)

y|σ ∼ GP(φ, (v − 2)σ ) (16)

With v ∈ R+\[0, 2], φ ∈ Rn, K ∈ Π(n) and ρ is a scale parameter with ρ > 0. And we
write y ∼ MVTn(v, φ,K). After the definition of multivariable student-t distribution,
Shah A [4] define a Student-t process as follows.

Definition [4]. f is a student-t process onχ with parameters v > 2,mean function� :
χ → R, and kernel function k : χ×χ → R if anyfinite collection of function values have
a joint multivariate student-t distribution, i.e. (f (x1), . . . , f (xN ))T ∼ MVTn(v, φ,K),
where K ∈ Π(n) with Kij = k

(
xi, xj

)
and φ ∈ Rn with φi = φ(xi). We write f ∼

TP(v, Φ,K). The student-t process generalizes theGaussianprocess.AGaussianprocess
can be seen as a limiting case of a student-t process, which is proposed in [4].

Parameters learning of the student-t process can be also obtained through the
Maximum Likelihood Estimation (MLE) method. The marginal likelihood function is
[4]

log p(y|v,Kθ ) = −n

2
log((v − 2)π) − 1

2
log(|Kθ |) + log

(
Γ

( v+n
2

)

Γ
( v
2

)
)

− v + n

2
log(1 − β

v − 2
),

where β = (y − φ)TK−1
θ (y − φ) and its derivate with respect to a hyperparameter

is [4]

∂

∂θ
log p(y|v,Kθ ) = 1

2
Tr((

v + n

v + β − 2
ααT − K−1

θ )
∂Kθ

∂θ
), (17)

where α = K−1
θ (y − φ). We learn v using gradient methods and the following derivative

[4]

∂

∂v
log p(y|v,Kθ ) = − n

2(v − 2)
+ ψ

(
v + n

2

)
− ψ

( v

2

)
− 1

2
log

(
1 + β

v − 2

)
+ (v + n)β

2(v − 2)2 + 2β(v − 2)
,

(18)

where ψ is the digamma function.
The conditional distribution for a multivariate student-t is still following a multivari-

ate student-t distribution [4]. Then

y2|y1 ∼ MVT (v + n1, φ̃2,
v + β1 − 2

v + n1 − 2
× K̃22), (19)
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where

φ̃2 = K21K
−1
11 (y1 − φ1) + φ2, (20)

β1 = (y1 − φ1)
TK−1

11 (y1 − φ1),

and

K̃22 = K22 − K21K
−1
11 K12. (21)

3 The tMtP Model and Its Learning Algorithm

The mixture of student-t processes model mixes the Student-t process by the Gaussian
mixture model in many of multi-task papers [7, 11]. However, the Gaussian distribution
is sensitive to samples with outliers. The student-t distribution has heavy tail to robust
the regression. In this section, we use the non-central student-t mixture model instead
of the Gaussian mixture model as the mixing method in input region. We proposed the
non-central student-t Mixture of student-t Processes (tMtP) model.

We describe the non-central student-t mixture of student-t processes model mathe-
matically as follow. Let D be the data set and Z be the indicator set, and the indicator
variable Z subject to a multinomial distribution with proportion πi. However, samples
in c th input region follow the non-central student-t distribution

xi|(zi = c) ∼ t
(
μc, σc, v

x
c

)
(22)

Where μc, σc and vc are the center, the covariance and the degree of freedom of the
student-t distribution belongs to the cth component. Finally, the predictive output of the
cth component follows the student-t process.

Fig. 2. The flowchart of date generation by the non-central student-t Mixture of student-t Process
processes (tMtP) model. We use the squared exponential function as covariance function.
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Table 1. The algorithm for learning parameters of the tMtP model.
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And the posterior distribution of latent variable zi is

p(zi = c|xi, yi) = πi · t
(
xi|μc, σc, vxc

) · TP(
yi|0, l2c + σ 2

c , vc
)

∑C
c=1 πi · N

(
xi|μc, σc, vxc

) · TP(
yi|0, l2c + σ 2

c , vc
) . (23)

We proposed an algorithm base on the un-v hard-cut EM [15] to learn parameters in
the tMtP model.

4 Experimental Results

In this section, we conduct experiments on synthetic data set. Since the multi-task
model is optimized for data sets with components mixing, we set three S3 and five
S5 components over data sets. The data set S3 with C = 3 student-t processes com-
ponents and C = 5 student-t processes components. Aiming at comparing the mix-
ture of Gaussian processes model, the non-central student-t mixture of Gaussian pro-
cesses model and the non-central student-t mixture of student-t processes model, we
construct the component in each data set have same proportion πc = 1

c , σc = 1, degrees
vxc = 2.5 of freedom over input region, and degrees vyc = 2.5 of freedom over output
region. Hyperparameters of the square of exponential kernel in S3 are θ3 = [

ln f3, ln l3
]

with each component is ln f3 = [3.0, 1.5, 2.0] and ln l3 = [1.0, 2.0, 0.5]. Hyper-
parameters of the square of exponential kernel in S5 are still θ5 = [

ln f5, ln l5
]
with

ln f5 = [3.0, 1.5, 2.0, 1.5, 0.5] and ln l5 = [1.0, 2.0, 0.5, 3.5, 2.0]. Global noisy
variances in each component in S3 are σ 2

3 = [0.05, 0.01, 0.03] and noisy variances
in S5 are σ5 = [0.05, 0.01, 0.03, 0.0001, 0.005]. The implementation is based on the
Sklearn toolbox [16]. All experiments are conducted on a personal computer (Inter®
core™ i7-8550U CPU 1.8 GHz, 8G RAM).

4.1 Experimental Results on Synthetic Datasets.

In this section, we conduct experiments on synthetic data sets which are composed of
three and five student-t processes. We generate 500 samples to get the prior distribution
of model parameters. Then we give the tMtP model predicted distribution. The line in
image is the mean line and the shaded area represents a μ ± σ predictive interval of
the predicted distribution. The same color of data belongs to the same component. In
Regression results images of the tMtP model over S3 and S5 have illustrated in Fig. 3
and Fig. 4 separately. From regression results of the tMtP model, the model can fit
multi-modal data well.

4.2 Comparison on Synthetic Datasets

To further investigate the tMtP model, we compare it with some typical models as
well as their corresponding learning algorithms on synthetic data sets. We use more
representative synthetic data sets S1 and S2 for model comparison. Compared with the
previous experimental data sets, we set a higher degree of noise vyc = 3.5 in the output
region in each component.
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Fig. 3. Regression results of the tMtP model over S3 with RMSE = 0.0125.

Fig. 4. Regression results of the tMtP model over S5 with RMSE = 0.0175.

We use a single Gaussian process and a single student-t process as base models. Both
models use the maximum likelihood estimation to get models parameters. We use multi-
task model to make comparison as well such as the MGP model and TMGP [15] model.
Parameters learning of multi-task models are based on the Hard-cut EM algorithms. We
conduct experiments on synthetic data sets which are composed of three and five experts.

Models performances are measured by the root of mean square of error (RMSE),
which is defined as

RMSE =
√
1

n

∑n

j=1

(
ŷj − yj

)2
,

where ŷj is the predicted result and ŷj is the ground-truth value. Models robustness is
measured by the mean of standard covariances (MSTD), which is defined as

MSTD =
√
1

n

∑n

j=1
σ 2
xi ,

where σ 2
xi is the covariance of prediction distribution at point xi. We calculate the clas-

sification accuracy rate (CAR) to validate the effectiveness of multi-task models and it
is defined as

CAR = 1

n
max
ξ∈Πc

∑n

j=1
I
(
zi = ξ

(
ẑj

))
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The Πc denotes the set of C permutation and the ξ is employed to account the label
switching problem.

Table 2. Comparison of different model regression

Data set with 3 components

MSTD RMSE CAR (%) Time (s)

GP 0.0474 0.1137 - 0.2837

TP 0.0591 0.4446 - 0.3322

MGP 0.0266 0.0549 99.6 0.3389

TMGP 0.0281 0.0566 99.6 0.4816

tMtP 0.0140 0.0452 99.6 0.5346

Data set with 5 components

MSTD RMSE CAR(%) Time(s)

GP 0.0836 0.2556 - 0.2348

TP 0.0363 0.1027 - 0.1206

MGP 0.0315 0.0618 99.1 0.9138

TMGP 0.0314 0.0618 99.1 0.8847

tMtP 0.0206 0.0594 99.1 0.7581

In the Table 2 shown the tMtP model performance well over both dataset S1 and
S2. As well the best robustness of prediction is the tMtP model. Obviously, multi-task
models perform better than single processes. The MGP model, the TMGP model and
the tMtP model have the same classification accuracy rate (CAR). The model prediction
time is greatly affected by searching the minimum value of the log marginal likelihood
function, which is perturbated by random initial parameters.

Data sets S1 and S2 are shown in the first image in Fig. 5 and the first image in Fig. 6.
The solid line is the mean, the shaded area represents a μ ± σ predictive interval and
points in the same color are in the same component. In Fig. 5 shows the tMtP model
after hyperparameters training is better predictive mean specially outlier points than the
MGP model and TMGP model. In Fig. 6 shows the mean line of the predictive results
is smoothly when data points have big ups and downs.

4.3 Application to a Real Word Dataset

In this section, we apply the tMtP model to model the coal data set which recorded
the coal production between January 2009 and December 2018 in a province in China.
However, data from 2014 to 2015 are missing. Based on the characteristics of the data,
we separate the data before 2014 and after 2015 to two components, and use a multi-task
model to make predictions.
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Fig. 5. The MGP model, the TMGP model and the tMtP model regression on the data set S1.

Fig. 6. The MGP model, the TMGP model and the tMtP model regression on the data set S2.

First, we deal with time data. We take January 2009 as the first day rest of the date
transforming the number of days after the first days. Then we normalize the days set as
the input data set. We use the daily average coal productions as the output data, and after
normalization, the data is shown in Fig. 7.

Regression results of the MGP model and the tMtP model are shown in Fig. 7. First,
there are obvious discontinuities in the data set because ofmissing data in 2014 and 2015.
Both MPG and tMtP models can automatically divide the data set into two components,
and predict each component. TheFig. 8 shown that for data setswith large noise and small
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Fig. 7. The coal production data set after transformation.

number of samples in practice, the MGP model will have an over-learning phenomenon
and it is difficult to reflect the overall characteristics of the data. But the tMtP model
has better stability for such a data set. It can be seen from the figure that in the noisy
data set, the model can predict the overall trend of the data. It can be seen that coal
productions increased year by year from the beginning of 2009 to the end of 2013, but
the productions of coal mines from the beginning of 2016 to the end of 2018 showed a
wave-like decrease year by year.

Fig. 8. Regression results of the MGP model and the tMtP model

5 Conclusion

We have proposed the non-central student-t Mixture of student-t Processes (tMtP) model
and its learning algorithm. The tMtP model works well on the time series data with
potential outliers and disturbed by heavy noisy. It is demonstrated by the experimental
results on synthetic and coal production data sets that this tMtP model is less sensitive
to outliers and more robust to noise data distributions. However, according to our exper-
iments, there is still a problem. The squared exponential kernel is often a default choice
for Gaussian process regression. However, sample functions with this covariance func-
tion are unrealistically smooth for practical optimization problems.We need tomanually
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adjust the appropriate optimization interval to obtain better regression prediction results.
Therefore, in the future, we will improve the tMtP model approach by investigating the
problem.
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Abstract. Multi-class tissue classification from histological images is a complex
challenge. The gold standard still relies on manual assessment by a trained pathol-
ogist, but it is a time-expensive taskwith issues about intra- and inter-operator vari-
ability. The rise of computational models in Digital Pathology has the potential
to revolutionize the field. Historically, image classifiers relied on handcrafted fea-
ture extraction, combined with statistical classifiers, as Support Vector Machines
(SVMs) or Artificial Neural Networks (ANNs). In recent years, there has been a
tremendous growth in Deep Learning (DL), for all the image recognition tasks,
including, of course, those concerning medical images. Thanks to DL, it is now
possible to also learn the process of capturing the most relevant features from the
image, easing the design of specialized classification algorithms and improving
the performance. An important problem of DL is that it requires tons of train-
ing data, which is not easy to obtain in medical domain, since images have to
be annotated by expert physicians. In this work, we extensively compared three
classes of approaches for the multi-class tissue classification task: (1) extraction
of handcrafted features with the adoption of a statistical classifier; (2) extraction
of deep features using the transfer learning paradigm, then exploiting SVM or
ANN classifiers; (3) fine-tuning of deep classifiers. After a cross-validation on a
publicly available dataset, we validated our results on two independent test sets,
obtaining an accuracy of 97% and of 77%, respectively. The second test set has
been provided by the Pathology Department of IRCCS Istituto Tumori Giovanni
Paolo II and has been made publicly available (http://doi.org/10.5281/zenodo.478
5131).
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1 Introduction

Colorectal cancer (CRC) is the second cause of death for cancer with mortality ranging
almost 35% over the CRC patients [1]. In the last years, new therapeutic approaches have
been introduced in the clinical practice but, due to the high mortality, genomic-driven
drugs are under evaluation. In particular, the advent of immunotherapy has represented a
promising approach for many tumours (e.g., melanoma, non-small cell lung cancer) but
results of clinical trials related to CRC have revealed that patients do not benefit from
such therapeutical approaches. The chance to molecularly classify this tumour could
lead to a better assessment of the regimen to be administered. Many research groups
are focusing on these aspects and a multilayer approach could lead in a substantial
improvement of the clinical outcomes.

The advent of different computational models allows to perform multilayer analyses
including deep study of histological images. Such an approach relies on the automatic
assessment of tissue types.

The classical pipeline for building an image classifier involves handcrafted feature
extraction and statistical classification. A typical choice was Support Vector Machines
(SVMs), or Artificial Neural Networks (ANNs), plus eventual stages of preprocessing
and dimensionality reduction.

Linder et al. addressed the problem of classification between epithelium and stroma
in digitized tumour tissue microarrays (TMAs) [2]. The authors exploited Local Binary
Patterns (LBP), together with a contrast measure C (they referred to their union as
LBP/C) as input for their classifier, an SVM. In the end, they compared LBP/C classifier
with those based on Haralick texture features and Gabor filtered images, and the LBP/C
classifier resulted the best model (area under the Receiver Operating Characteristic
– ROC – curve was 0.995).

In the context of colorectal cancer histology, it is worth of note the multi-class
texture analysis work of Kather et al. [3], which combined different features (con-
sidering the original RGB images as grey-scale ones), namely: lower-order and higher-
order histogram features, Local Binary Patterns (LBP), Grey-level co-occurrence matrix
(GLCM), Gabor filters and Perception-like features. As statistical classifiers, they con-
sidered: 1-nearest neighbour, linear SVM, radial-basis function SVM and decision trees.
Even though they get good performances, by repeating the experiment with the same
features, we noted that adopting the red channel leads to better results than using grey-
scale images (data not shown). This consideration does not hold after that staining
normalization techniques are applied.

Later works exploited the power of Deep Learning (DL), in particular of Convolu-
tional Neural Networks (CNNs), for classifying histopathological images.

Kather et al. employed CNN for performing automating tissue segmentation of
Hematoxylin-Eosin (HE) images from 862 whole slide images (WSIs) of The Cancer
Genome Atlas (TCGA) cohort. Then, they exploit the output neuron activation in the
CNNfor calculating a "deep stroma score",whichproved to be an independent prognostic
factor for overall survival (OS) in a multivariable Cox proportional hazard model [4].

Kassani et al. proposed a Computer-Aided Diagnosis (CAD) system, composed of
an ensemble of three pre-trained CNNs: VGG-19 [5], MobileNet [6] and DenseNet [7],
for binary classification of HE stained histological breast cancer images [8]. They came
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to the conclusion that their ensemble performed better than single models and widely
adopted machine learning algorithms.

Bychkov et al. introduced aDL-basedmethod for directly predicting patient outcome
in CRC, without intermediate tissue classification. Their model consists in extracting
features from tiles with a pretrained model (VGG-16 [5]), and then applying a LSTM
[9] to these features [10].

In this work, we extensively compare three classes of approaches for the multi-class
tissue classification task: (1) extraction of handcrafted features with the adoption of a
statistical classifier; (2) extraction of deep features using the transfer learning paradigm,
then exploiting ANN or SVM classifiers; (3) fine-tuning of deep classifiers. We also
proposed a feature combination methodology in which we concatenate the features of
different pretrained deep models, and we investigate the effect of dimensionality reduc-
tion techniques. We identified the best feature set and classifier to perform inferences on
external datasets. We investigated the explainability of the considered models, by look-
ing at t-distributed Stochastic Neighbour Embedding (t-SNE) plots and saliency maps
generated by Gradient-weighted Class Activation Mapping (Grad-CAM).

2 Materials

The effort of Kather et al. resulted in the development and diffusion of different datasets
suitable for multi-class tissue classification [3, 4, 11, 12].

[3, 11] describe the collection of N = 5.000 histological images, with size of 150 ×
150 pixels (corresponding to 74 × 74 µm).

[4, 12] introduce a dataset ofN=100.000 imagepatches fromHEstainedhistological
images of human colorectal cancer (CRC) and normal tissue. Images have size of 224
× 224 pixels, corresponding to 112× 112 µm. This dataset is the designated train set in
their experiments, whereas a dataset of N = 7.180 has been used as validation set. We
denote the first one with T and the latter one with V1. For the train set, they provide both
the original version and a normalized version exploiting the Macenko’s method [13].

In order to harmonize some differences between the class names of the two
collections, we considered the following classes:

• TUM, which represents tumour epithelium.
• MUSC_STROMA, which represents the union of SIMPLE_STROMA, as tumour
stroma, extra-tumour stroma and smooth muscle, and COMPLEX_STROMA, as
single tumour cells and/or few immune cells.

• LYM, which represents immune-cell conglomerates and sub-mucosal lymphoid
follicles.

• DEBRIS_MUCUS, which represents necrosis, hemorrhage and mucus.
• NORM, which represents normal mucosal glands.
• ADI, which represents adipose tissue.
• BACK, which represents background.

Starting from the Dataset of [11], SIMPLE_STROMA and COMPLEX_STROMA
have been merged, resulting into aMUSC_STROMA class. For the dataset of [12], DEB
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and MUC classes have been merged, resulting in a DEBRIS_MUCUS class, and MUS
and STR classes have been merged, resulting in a MUSC_STROMA class. Of note, the
merging procedure has been performed according to class definition of the T training
dataset. At the end of the merge, our training dataset is reduced obtaining N = 77.805
images, keeping half of the images of each of the two combined classes, and maintaining
the balance across classes. After the same merge, the external validation set V1 resulted
to have N = 5.988 images.

An additional dataset of N = 5.984 HE histological image patches, provided by
IRCCS Istituto Tumori Giovanni Paolo II, has been used as another independent test set.
The institutional Ethic Committee approved the study (Prot n. 780/CE). This dataset,
hereinafter denoted with V2, has been made publicly available [14]. The class subdi-
vision has been done according to the list mentioned above and classified by an expert
pathologist, in order to gain the ground truth of the V2 dataset. We made our dataset
publicly available, in order to ease the development and comparison of computational
techniques for CRC histological image analysis.

Some test images from both the V1 and V2 datasets can be seen in Fig. 1.

Fig. 1. Test dataset example patches for each class. Left:V1 dataset; right:V2 dataset. All images
have been pre-processed with Macenko’s method.

3 Methods

3.1 Image Features

Different features can be extracted from single channel histogram of an image. In [3],
the authors only considered the grey-scale version of the image, but also other color
channels may be considered. For HE images, red channel can be more informative.

According to the convention used in [3], we can consider two sets of features from
the histogram: a histogram-lower, which contains mean, variance, skewness and kurtosis
index, and a histogram-higher, composed of the image moments from 5th to 11th.

Another set of features used was Local Binary Patterns (LBP). An LBP operator
considers the probability of occurrence of all the possible binary patterns that can arise
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from a neighbourhood of predefined shape and size. A neighbourhood of eight equally
spaced points arranged along a circle of radius 1 pixel has been considered. The resulting
histogramwas reduced to the 38 rotationally-invariant Fourier features proposed by [15];
these are frequently used for histological texture analysis. To extract this set of features it
is possible to use theMATLAB tool fromCenter forMachineVision and Signal Analysis
(CMVS) available at the link http://www.cse.oulu.fi/CMV/Downloads/LBPMatlab [16,
17].

Kather et al. also considered the Grey-level co-occurrence matrix (GLCM); in par-
ticular, they considered four directions (0°, 45°, 90° and 135°) and five displacement
vectors (from 1 to 5 pixels). To make this texture descriptor invariant with respect to
rotation, the GLCMs obtained from all four directions were averaged for each displace-
ment vector. From each of the resulting co-occurrence matrices the following four global
statistics were extracted: contrast, correlation, energy and homogeneity, as described by
Haralick et al. in [18], thereby obtaining 20 features for each input image.

As the latest set of features, Kather et al. considered Perception-like features, that
included features based on image perception. Tamura et al. in [19] showed that the
human visual system discriminates texture through several specific attributes that were
later on refined and tested by Bianconi et al.; the features considered in [3] were the
following five: coarseness, contrast, directionality, line-likeness and roughness [20].

This procedure leads to the extraction of a feature vector with 74 elements.

Fig. 2. Stain normalization with Macenko’s method [13] and tiling, analogously to Kather et al.
[4, 12]. This procedure has been followed to generate the test patch images for our dataset.

http://www.cse.oulu.fi/CMV/Downloads/LBPMatlab
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3.2 Stain Normalization

Stain Normalization is necessary due to the pre-analytical bias specific to different lab-
oratories; it can lead to miscalculation of images by ANN or CNN. Techniques for
handling stain color variation can be grouped into two categories: stain color augmen-
tation, which mimics a vast assortment of realistic stain variations during training and
stain color normalization, which intends to match training and test color distributions
for the sake of reducing stain variation [21].

In order to normalize the images coming from different datasets, we exploited the
Macenko’s normalization method [13], as reported by Kather et al. [4, 12], allowing
comparability across different datasets.

The procedure adopted for the stain normalization is depicted in Fig. 2.

3.3 Deep Learning Models

Deep Learning refers to the adoption of hierarchical models to process data, extracting
representations with multiple levels of abstraction [22]. Convolutional Neural Network
(CNN) have a prominent role in image recognition problems.A huge amount of literature
data regarding the construction of DL-based classifiers for images [5, 23–29]. Some
example of application in histological images include classification of breast biopsy HE
images [30], semantic segmentation, detection and instance segmentation of glomeruli
from kidney biopsies [31, 32].

An important concern about CNN is that training a network from scratch requires
tons of data. One interesting possibility is that offered by transfer learning, which is a
methodology for training models by using data which is more easily collected compared
to the data of the problem under consideration. Refer to [33] for a comprehensive survey
of the transfer learning paradigm, here we will consider models pre-trained on ImageNet
as feature extractors for histological images, as done also in [10, 34–38]. The paradigm
of DL-based transfer learning has led to the term Deep Transfer Learning [39]. It has
been noted that, although histopathological images are different from RGB images of
everyday life, they share common basic structures as edges and arcs [40]. Earlier layers
of CNN capture this kind of elementary patterns, so transfer learning may be useful also
for digital pathology images.

One potential drawback of deep feature extractor is the high dimensionality. Cas-
cianelli et al. attempted to solve this problem by considering different technique
of dimensionality reduction [38]. We investigated the combinations of deep features
extracted by pretrained models, also considering different levels of compression, after
having applied Principal Component Analysis (PCA). In particular, we concatenated
the features coming from the ResNet18, GoogleNet and ResNet50 models, obtaining
a feature set of 3584 elements. Then, different numbers of features, ranging from 128
to 3584, have been considered for training our classifiers. To ensure that deep features
are relevant for the problem under consideration, we compared them to smaller sets of
handcrafted features. In particular, we checked: (1) that they tend to represent similar
tissue types into defined regions of the feature space, by considering a 2D scatter plot
after having applied t-SNE [41] on the deep and handcrafted features; (2) that they
lead to the training of an accurate model, without overfitting problems; (3) the saliency
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maps highlighted by Grad-CAM [42]. t-SNE can both capture the local structure of
high dimensional data and reveal global structure at several scales (e.g. the presence of
clusters), as image features in this case. Grad-CAM is a class-discriminative localization
technique for CNN-based models to make them more transparent by producing a visual
explanation.

We considered three different topologies of deep networks: ResNet18,ResNet50 [28]
and GoogLeNet [25]. For each architecture, we compared the ImageNet [43] pretrained
version (the network is working only as feature extractor in this case) with the fine-tuned
version on our data.

Fig. 3. Training procedure. Starting from a subset of the dataset T, we compared three kinds of
models. 10-fold Cross-validation was performed to find the best model. Validation procedure.
We externally validated the models found as best from internal cross-validation on two datasets:
V1 and V2. T refers to the Training set from Kather et al.; V1 stands for Test set from Kather
et al.; V2 refers to the Test set from IRCCS Istituto Tumori Giovanni Paolo II.

4 Experimental Results

We considered three types of experiments: (1) training of ANN and SVM classifiers
after handcrafted feature extraction; (2) training of ANN and SVM classifiers after
deep feature extraction with models pretrained on ImageNet; (3) fine-tuning of deep
classifiers. The workflow is depicted in Fig. 3. For the ANN and SVM trained after
handcrafted feature extraction or pretrained deep feature extraction, we made a 10-fold
cross validation (90% train, 10% test for each iteration) on the train dataset T, after
having pre-processed it as described in Sect. 2.

Then, we exploited the best classifier for each category for testing it on the validation
datasets V1 and V2. Performances reported in Table 1, Table 2, Table 3 and Table 4 are
assessed in terms of accuracy.
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Table 1. Results of 10-fold cross-validation on the train dataset T. Performances for SVM and
ANN are expressed as accuracy: mean ± std.

Feature set # Features SVM ANN

Handcrafted Grey 74 94.64 ± 1.69% 94.59 ± 0.92%

Handcrafted Red 74 83.23 ± 0.85% 85.24 ± 0.08%

Pretrained ResNet18 512 97.91 ± 0.14% 97.15 ± 0.03%

Pretrained GoogleNet 1024 94.41 ± 0.23% 93.92 ± 0.05%

Pretrained ResNet50 2048 97.61 ± 0.08% 98.04 ± 0.03%

Table 2. Results on the V1 dataset. Performances are reported as accuracy measure.

Feature set # Features Best SVM Best ANN

Handcrafted Grey 74 85.97% 86.84%

Handcrafted Red 74 83.76% 81.66%

Pretrained ResNet18 512 95.61% 94.56%

Pretrained GoogleNet 1024 90.36% 90.20%

Pretrained ResNet50 2048 95.11% 95.24%

Fine-tuned ResNet18 512 97.06%

Fine-tuned GoogleNet 1024 96.99%

Fine-tuned ResNet50 2048 97.26%

Table 3. Results on the V2 dataset. Performances are reported as accuracy measure.

Feature set # Features Best SVM Best ANN

Handcrafted Grey 74 36.48% 24.62%

Handcrafted Red 74 9.71% 19.72%

Pretrained ResNet18 512 77.19% 71.19%

Pretrained GoogleNet 1024 62.47% 60.80%

Pretrained ResNet50 2048 75.94% 71.59%

Fine-tuned ResNet18 512 66.34%

Fine-tuned GoogleNet 1024 68.82%

Fine-tuned ResNet50 2048 72.31%
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Table 4. Proposedmethodology. Feature set is given by the concatenation of pretrainedResNet18,
GoogleNet, ResNet50, considering different numbers of principal components after the PCA.
Results are shown on both the V1 and V2 datasets. Percentages represent accuracies.

# Features 128 256 512 1024 3584

ANN on V1 94.17% 94.47% 93.33% 94.42% 95.94%

SVM on V1 95.72% 96.34% 96.37% 95.24% 95.86%

ANN on V2 58.02% 64.43% 63.15% 67.67% 73.15%

SVM on V2 64.10% 64.15% 62.85% 61.56% 76.36%

For the best classifier of each category (handcrafted features, pretrained deep fea-
tures, finetuned deep model), we computed the confusion matrix to assess how errors
are distributed across the different classes. Confusion matrices are reported in Tables 5,
6 and 7.

Table 5. Confusion matrix on the V2 dataset for the best handcrafted model.

TR
U

E 
C

LA
SS

TUM 44 25 0 32 0 0 2
MUSC-

STROMA 292 1782 0 702 1 4 94
LYM 4 15 0 48 0 1 4

DEBRIS-
MUCUS 46 82 0 329 0 1 27
NORM 1492 386 0 462 16 0 32

ADI 0 41 0 7 0 12 1
BACK 0 0 0 0 0 0 0

TUM MUSC-
STROMA LYM DEBRIS-

MUCUS NORM ADI BACK

PREDICTED CLASS

4.1 Discussion and Explainability

Looking at the confusion matrices, we observed that handcrafted features are not able
to well generalize on our dataset, whilst deep features are better suited for the task.
In particular, the model trained with handcrafted features is not able to recognize any
LYM tissue from our V2 dataset. For the proposed method which combines features
of different deep architectures, we showed that PCA could be a useful tool for reduc-
ing dimensionality without incurring in a decrease of accuracy. Among the pretrained
models on the V1 dataset, the proposed methodology slightly outperforms the best pre-
trained model alone, ResNet18, using also less features. For the SVM classifiers on
the V1 dataset, using more than 256 features after PCA does not result in measurable
improvements.
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Table 6. Confusion matrix on the V2 dataset for the best pre-trained deep features model.
TR

U
E 

C
LA

SS

TUM 100 0 1 0 2 0 0
MUSC-

STROMA 234 2047 32 377 118 21 46
LYM 1 3 41 9 15 0 3

DEBRIS-
MUCUS 27 14 14 401 12 0 17
NORM 129 36 57 147 2011 0 8

ADI 0 8 0 28 6 19 0
BACK 0 0 0 0 0 0 0

TUM MUSC-
STROMA LYM DEBRIS-

MUCUS NORM ADI BACK

PREDICTED CLASS

Table 7. Confusion matrix on the V2 dataset for the best deep fine-tuned model.

TR
U

E 
C

LA
SS

TUM 101 1 0 1 0 0 0
MUSC-

STROMA 370 1856 37 434 41 56 81
LYM 2 13 23 13 11 0 10

DEBRIS-
MUCUS 8 14 3 423 11 1 25
NORM 226 65 56 133 1890 2 16

ADI 0 1 0 26 0 34 0
BACK 0 0 0 0 0 0 0

TUM MUSC-
STROMA LYM DEBRIS-

MUCUS NORM ADI BACK

PREDICTED CLASS

We observed that frequent misclassification errors involved NORMAL and MUSC-
STROMA patches which are predicted as TUMOUR or DEBRIS-MUCUS.

In order to assess the explainability of the obtained results, we considered different
techniques. First, we looked at the t-SNE embeddings, to understand if deep features,
also those obtained by pre-training on ImageNet, are meaningful for the problem under
consideration. Figure 4a displayed that clusters are much better defined from the V1
dataset. It is important to highlight that they considered tiles clearly belonging to only
one class, whereaswe also allowed the inclusion of patchesmore difficult to be classified.

The presence of a sub-cluster of TUM tiles can be seen within theMUSC_STROMA
cluster. As stated above, MUSC_STROMA derives from the merging of simple and
complex stroma classes, the latter including also sparse tumor cells. Thus, the TUM
sub-cluster and the misclassification could be explained by both the class definition and,
from a biological perspective, the fact that tumor tissue invades the surrounding stroma.
Moreover, it could be observed in Fig. 4b thatNORMcluster includesDEBRIS_MUCUS
sub-cluster. Such a result makes sense because in this case mucus containing exfoliated



522 N. Altini et al.

Fig. 4. t-SNE of the best classifier features; a) Fine-tuned ResNet50 features t-SNE of V1 dataset
b) Pretrained ResNet18 features t-SNE of V2 dataset.

epithelial cells is mainly produced by the glands of the normal tissue component at the
periphery of the tissue sample.

Then, we tried to see the activations of the fine-tuned deep models exploiting Grad-
CAM method [42]. We can see from Fig. 5a-c and Fig. 5e-g the highlighted regions
of sample images from V1 and V2 datasets. Figure 5d and Fig. 5h represent patches
which have not been included intoV2 dataset since they were not clearly classifiable. In
particular, Fig. 5d contains both MUSC_STROMA and TUM classes, whereas Fig. 5h
contains both DEBRIS_MUCUS and NORM.
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Fig. 5. Grad-CAM of Deep fine-tuned classifiers on the test set; a, c, f, from dataset V1 and b, g,
e from dataset V2; d, h are patches not belonging to only one class. Labels are those in output of
the classifier.

5 Conclusions and Future Works

In this work, three different methods have been compared formulti-class histology tissue
classification in CRC. The most promising approach resulted to be to extract pretrained
ResNet18 deep features from tiles combined with classification through SVM; in this
way the classifier is able to generalize well on external datasets with good accuracy.

We also investigated explainability of our trained deep models observing that some
misclassification issues are related to the biology of CRC. The multi-class tissue classi-
fication is a useful task in CRC histology, in particular to exploit a multi-layer approach
including genomic data (mutational and transcriptional status).

The present paper could be considered a proof-of-concept because the multi-class
tissue classification of digital histological images could, not only be extended to other
malignancies, but also be considered as the preliminary step to explore, e.g., the
relationship between the tumor, its microenvironment and genomic features.

Acknowledgments. This research was funded by Italian Apulian Region “Tecnopolo per la
medicina di precisione”, CUP B84I18000540002.

References

1. Siegel, R.L., et al.: Colorectal cancer statistics, 2020. CA. Cancer J. Clin. 70, 145–164 (2020).
https://doi.org/10.3322/caac.21601

2. Linder, N., et al.: Identification of tumor epithelium and stroma in tissue microarrays using
texture analysis. Diagn. Pathol. 7, 22 (2012). https://doi.org/10.1186/1746-1596-7-22

3. Kather, J.N., et al.: Multi-class texture analysis in colorectal cancer histology. Sci. Rep. 6,
1–11 (2016). https://doi.org/10.1038/srep27988

4. Kather, J.N., et al.: Predicting survival from colorectal cancer histology slides using deep
learning: a retrospective multicenter study. PLoS Med. 16, 1–22 (2019). https://doi.org/10.
1371/journal.pmed.1002730

https://doi.org/10.3322/caac.21601
https://doi.org/10.1186/1746-1596-7-22
https://doi.org/10.1038/srep27988
https://doi.org/10.1371/journal.pmed.1002730


524 N. Altini et al.

5. Simonyan, K., Zisserman, A.: Very Deep Convolutional Networks for Large-Scale Image
Recognition, 1–14 (2014)

6. Howard, A.G., et al.: Mobilenets: efficient convolutional neural networks for mobile vision
applications. arXiv Prepr. arXiv:1704.04861 (2017)

7. Huang, G., Liu, Z., Van Der Maaten, L., Weinberger, K.Q.: Densely connected convolutional
networks. In: 2017 IEEE Conference on Computer Vision and Pattern Recognition (CVPR),
pp. 2261–2269. IEEE (2017). https://doi.org/10.1109/CVPR.2017.243

8. Kassani, S.H., Kassani, P.H., Wesolowski, M.J., Schneider, K.A., Deters, R.: Classification
of histopathological biopsy images using ensemble of deep learning networks. In: CASCON
2019 Proc. - Conf. Cent. Adv. Stud. Collab. Res. - Proc. 29th Annu. Int. Conf. Comput. Sci.
Softw. Eng., pp. 92–99 (2020)

9. Hochreiter, S., Schmidhuber, J.: Long Short-Term Memory. Neural Comput. 9, 1735–1780
(1997). https://doi.org/10.1162/neco.1997.9.8.1735

10. Bychkov, D., et al.: Deep learning based tissue analysis predicts outcome in colorectal cancer.
Sci. Rep. 8, 1–11 (2018). https://doi.org/10.1038/s41598-018-21758-3

11. Kather, J.N., et al.: Collection of textures in colorectal cancer histology (2016). https://doi.
org/10.5281/zenodo.53169

12. Kather, J.N., Halama, N., Marx, A.: 100,000 histological images of human colorectal cancer
and healthy tissue (2018). https://doi.org/10.5281/zenodo.1214456

13. Macenko, M., et al.: A method for normalizing histology slides for quantitative analysis.
In: 2009 IEEE International Symposium on Biomedical Imaging: From Nano to Macro,
pp. 1107–1110 (2009). https://doi.org/10.1109/ISBI.2009.5193250

14. Altini, N., et al.: Pathologist’s annotated image tiles for multi- class tissue classification in
colorectal cancer (2021). https://doi.org/10.5281/zenodo.4785131

15. Ahonen, T., Matas, J., He, C., Pietikäinen, M.: Rotation invariant image description with
local binary pattern histogram fourier features. In: Salberg, A.-B., Hardeberg, J.Y., Jenssen,
R. (eds.) SCIA 2009. LNCS, vol. 5575, pp. 61–70. Springer, Heidelberg (2009). https://doi.
org/10.1007/978-3-642-02230-2_7

16. Ojala, T., Pietikainen, M., Maenpaa, T.: Multiresolution gray-scale and rotation invariant
texture classification with local binary patterns. IEEE Trans. Pattern Anal. Mach. Intell. 24,
971–987 (2002). https://doi.org/10.1109/TPAMI.2002.1017623

17. Pietikäinen,M., Hadid, A., Zhao, G., Ahonen, T.: Computer vision using local binary patterns.
Presented at the (2011). https://doi.org/10.1007/978-0-85729-748-8_14

18. Haralick, R.M., Dinstein, I., Shanmugam, K.: Textural features for image classification. IEEE
Trans. Syst. Man Cybern. SMC-3, 610–621 (1973). https://doi.org/10.1109/TSMC.1973.430
9314

19. Tamura, H., Mori, S., Yamawaki, T.: Textural features corresponding to visual perception.
IEEE Trans. Syst. Man Cybern. 8, 460–473 (1978). https://doi.org/10.1109/TSMC.1978.430
9999

20. Bianconi, F., Álvarez-Larrán, A., Fernández, A.: Discrimination between tumour epithelium
and stroma via perception-based features. Neurocomputing 154, 119–126 (2015). https://doi.
org/10.1016/j.neucom.2014.12.012

21. Tellez, D., et al.: Quantifying the effects of data augmentation and stain color normalization
in convolutional neural networks for computational pathology. Med. Image Anal. 58, 101544
(2019). doi:https://doi.org/10.1016/j.media.2019.101544

22. LeCun, Y., Bengio, Y., Hinton, G.: Deep learning. Nature 521, 436–444 (2015). https://doi.
org/10.1038/nature14539

23. Lecun, Y., Bottou, L., Bengio, Y., Haffner, P.: Gradient-based learning applied to document
recognition. Proc. IEEE. 86, 2278–2324 (1998). https://doi.org/10.1109/5.726791

24. Krizhevsky, A., Sutskever, I., Hinton, G.E.: 2012 AlexNet. Adv. Neural Inf. Process. Syst.
(2012). https://doi.org/10.1016/j.protcy.2014.09.007

http://arxiv.org/abs/1704.04861
https://doi.org/10.1109/CVPR.2017.243
https://doi.org/10.1162/neco.1997.9.8.1735
https://doi.org/10.1038/s41598-018-21758-3
https://doi.org/10.5281/zenodo.53169
https://doi.org/10.5281/zenodo.1214456
https://doi.org/10.1109/ISBI.2009.5193250
https://doi.org/10.5281/zenodo.4785131
https://doi.org/10.1007/978-3-642-02230-2_7
https://doi.org/10.1109/TPAMI.2002.1017623
https://doi.org/10.1007/978-0-85729-748-8_14
https://doi.org/10.1109/TSMC.1973.4309314
https://doi.org/10.1109/TSMC.1978.4309999
https://doi.org/10.1016/j.neucom.2014.12.012
https://doi.org/10.1016/j.media.2019.101544
https://doi.org/10.1038/nature14539
https://doi.org/10.1109/5.726791
https://doi.org/10.1016/j.protcy.2014.09.007


Multi-class Tissue Classification in Colorectal Cancer 525

25. Zeng, G., He, Y., Yu, Z., Yang, X., Yang, R., Zhang, L.: InceptionNet/GoogLeNet - going
deeper with convolutions. CVPR 91, 2322–2330 (2016). https://doi.org/10.1002/jctb.4820

26. He, K., Girshick, R., Dollár, P.: Rethinking ImageNet Pre-training, pp. 1–10 (2018)
27. He, K., Zhang, X., Ren, S., Sun, J.: Spatial pyramid pooling in deep convolutional networks

for visual recognition. IEEE Trans. Pattern Anal. Mach. Intell. 37, 1904–1916 (2015). https://
doi.org/10.1109/TPAMI.2015.2389824

28. He, K., Zhang, X., Ren, S., Sun, J.: Deep residual learning for image recognition. In: Pro-
ceedings of the IEEE Comput. Soc. Conf. Comput. Vis. Pattern Recognit. 2016-Decem,
pp. 770–778 (2016). https://doi.org/10.1109/CVPR.2016.90.

29. Zeiler, M.D., Fergus, R.: Visualizing and understanding convolutional networks. In: Fleet,
D., Pajdla, T., Schiele, B., Tuytelaars, T. (eds.) ECCV 2014. LNCS, vol. 8689, pp. 818–833.
Springer, Cham (2014). https://doi.org/10.1007/978-3-319-10590-1_53

30. Araujo, T., et al.: Classification of breast cancer histology images using convolutional neural
networks. PLoS ONE 12, 1–14 (2017). https://doi.org/10.1371/journal.pone.0177544

31. Altini, N., et al.: Semantic segmentation framework for glomeruli detection and classification
in kidney histological sections. Electronics. 9, 503 (2020). https://doi.org/10.3390/electroni
cs9030503

32. Altini, N., et al.: A deep learning instance segmentation approach for global glomerulosclero-
sis assessment in donor kidney biopsies. Electronics 9, 1768 (2020). https://doi.org/10.3390/
electronics9111768

33. Weiss, K., Khoshgoftaar, T.M., Wang, D.: A survey of transfer learning. J. Big Data 3(1),
1–40 (2016). https://doi.org/10.1186/s40537-016-0043-6

34. Campanella, G., et al.: Clinical-grade computational pathology using weakly supervised deep
learning on whole slide images. Nat. Med. 25, 1301–1309 (2019). https://doi.org/10.1038/
s41591-019-0508-1.

35. Schmauch, B., et al.: A deep learning model to predict RNA-Seq expression of tumours from
whole slide images. Nat. Commun. 11, 3877 (2020). https://doi.org/10.1038/s41467-020-176
78-4

36. Fu, J., Singhrao, K., Cao, M., Yu, V., Santhanam, A.P., Yang, Y., Guo, M., Raldow, A.C.,
Ruan, D., Lewis, J.H.: Generation of abdominal synthetic CTs from 0.35T MR images using
generative adversarial networks forMR-only liver radiotherapy. Biomed. Phys. Eng. Express.
6 (2020). https://doi.org/10.1088/2057-1976/ab6e1f.

37. Levy-jurgenson, A.: Spatial Transcriptomics Inferred from Pathology Whole-Slide Images
Links Tumor Heterogeneity to Survival in Breast and Lung Cancer. 1–16 (2020).

38. Cascianelli, S., et al.: Dimensionality reduction strategies for CNN-based classification of
histopathological images. In: De Pietro, G., Gallo, L., Howlett, R.J., Jain, L.C. (eds.) KES-
IIMSS 2017. SIST, vol. 76, pp. 21–30. Springer, Cham (2018). https://doi.org/10.1007/978-
3-319-59480-4_3

39. Tan, C., Sun, F., Kong, T., Zhang, W., Yang, C., Liu, C.: A survey on deep transfer learning.
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Abstract. Plant classification and recognition research is the basic research work
of botany research and agricultural production. It is of great significance to iden-
tify and distinguish plant species and explore the relationship between plants. In
recent years, most of the research methods focus on feature extraction and feature
engineering related aspects. In this paper, a plant leaf recognition method based
on fine-grained image classification is proposed, which can better find the regional
block information of different species of plant leaves. In this study, the hierarchical
and progressive training strategy is adopted, the method of cutting and generat-
ing jigsaw is used to force the model to find information of different granularity
levels. The experiment proves that the model trained by the fine-grained classifi-
cation method can better solve the problems of large intra-class spacing and small
inter-class spacing of plant slices.

Keywords: Plant leaf recognition · Progressive training fine-grained visual
classification

1 Introduction

The purpose of this study is to recognize and classify plant leaves. The research on
plant classification and recognition is the basic research work of botany research and
agricultural production, which is of great significance. Compared with other parts of
plants, the shape and structure of plant leaves are generally more stable and suitable
for two-dimensional image processing. At the same time, the digital image of the blade
can be easily collected. Its color, shape, texture and other characteristics can be used as
a classification basis. Therefore, the classification of plant species based on plant leaf
image is the most direct, simple and effective method, which is also the trend of future
digital plant research. From the perspective of research field, plant leaf images have the
characteristics of small intra-class spacing and large inter-class spacing. The pictures of
plant leaves of different plant species are very similar, and the pictures of the same plant

© Springer Nature Switzerland AG 2021
D.-S. Huang et al. (Eds.): ICIC 2021, LNCS 12836, pp. 526–534, 2021.
https://doi.org/10.1007/978-3-030-84522-3_43

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-84522-3_43&domain=pdf
https://doi.org/10.1007/978-3-030-84522-3_43


Plant Leaf Recognition Network 527

leaf have great intra-class differences due to the difference in posture, background and
shooting angle.

Fine-grained image classification (FGVC), also known as subcategory image classi-
fication, is a hot research topic in computer vision, pattern recognition and other fields in
recent years [1, 4, 5, 8]. Its purpose is to perform a more detailed sub-category division
of images belonging to the same basic category. The main goal of fine-grained classifi-
cation is to find a distinguishable area block in the image that can distinguish the two
categories of images, and can better represent the characteristics of these distinguishing
regional blocks. Since deep convolutional network can learn very robust image feature
representation, most of the methods for fine-grained image classification are based on
deep convolutional network. These methods can be roughly divided into four directions:
fine-tuning method based on conventional image classification network, method based
on fine-grained feature learning, method based on detection and alignment of target
blocks, and method based on visual attention mechanism. So far, the most effective
solutions have relied on extracting fine-grained feature representations in local discrim-
inant regions, or aggregating these local discriminant features for computation by either
explicitly detecting semantic portions or implicitly by salient localization [2, 7].

Based on the idea of FGVC, this paper designs a hierarchical progressive training
method. The training network is designed into different levels, from shallow to deep,
the shallow network is responsible for the extraction of finer grained feature informa-
tion, and the deep network is responsible for the extraction of coarser grained feature
information. We adapt a jigsaw generation method to form different levels of granu-
larity, allow the network to focus on different scales of features as per prior work. We
not only accumulate the granularity information at different levels, but also transfer the
granularity characteristic information obtained at the shallow level to the deep network
structure. With the help of the previous network, the deep network can identify the
more coarse-grained confidence. This method of training the network in a hierarchical
and progressive way can effectively combine the characteristic information of different
granularity.

2 DataSet and Methods

Wewill introduce in detail the newfine-grained classificationmethod inwith figures, and
explain how we train the plant leaf dataset through a progressive training method. We
will introduce the loss function we used, and discuss the advantages of the hierarchical
training method in the plant leaf dataset.

2.1 DataSet

We use ICL plant leaf dataset in this paper. The ICL plant leaf data set was organized
by the Institute of machine learning and systems biology, Tongji University, and was
established in cooperation with Hefei botanical garden. The ICL dataset covers 220
plant species, and each plant category contains 26–1078 pictures, a total of 16,851 plant
pictures as shown in Fig. 1:
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Fig. 1. The ICL dataset

Due to the different instruments used in the shooting, the size of each image is
different, data preprocessing is required for the dataset before the experiment. For each
image, the longest side of each image is scaled to 256 pixels in length, and the other
side is scaled in the same proportion according to the original proportion of the image,
finally obtaining a standard data set with 256 * 256 pixels in size (256 pixels are selected
to facilitate the operation of sliced and jigsaw of each image, so the image pixel should
be in 2n ∗ 2n format).

We need data augmentation because there are few samples in ICL dataset. In this
paper, the method of rotation, flipping and cutting is adopted. Each image will be flipped
horizontally, vertically, mirror-image and rotated 180°. In addition, each image is also
randomly selected from the upper left corner, upper right corner, lower left corner, lower
right corner and middle of the original image to intercept images of 256 * 256 size. After
the interception is completed, the final data set is 10 times the size of the original data
set.

2.2 Method

The experimental method in this paper adopts hierarchical and progressive training base
on Fine-Grained Visual Classification (FGVC), and divides the whole training network
into N levels for training. The low-level network is trained first, and then the high-level
network is trained [1]. The advantage of using progressive network training is that the
representation ability at the lower level of the network is very limited, which forces
the lower stage of the network to learn the discriminating local features. Compared
with multi-granularity training when the whole network is trained, progressive training
enables the network to gradually learn the feature information from the local to the
global.
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The model can use different network models as the backbone, Let’s take vgg16 as an
example,Wewill split vgg16 into five convolution blocks for training, each convolutional
block consists of 2 convolutional layers and a maximum pooling layer, we will freeze
the i + 1th to nth convolution blocks when we training the i + 1th convolution block.
Only train the output of one of the convolutional blocks at each step, for each training,
the output will be directly sent to the classifier, which is composed of 3 fully connected
layers, and iteratively update the obtained loss value, so that the current convolution
block can learn the feature information of the granularity of this layer (Fig. 2).

Fig. 2. Progressive training method

In each iteration training of the deeper network, the iteration parameters of the pre-
viously trained network are gradually reduced by simulated annealing method. Finally,
each convolution block is connected in series to obtain a network model capable of feel-
ing different granularity. It should be clear that the reason why the previously trained
convolution blocks are constantly updated here is that for input data of different granu-
larity, even though the shallow network may have been updated in the previous step, it
still helps the model work together.

In this paper, the training data are processed in progressive training, the re-enhanced
data were used formulti-batch training, the data adopted for the shallow network training
is the recombination data obtained after the sliced jigsaw puzzle. The calculationmethod
for the number of slices is 2n−i, where i represents the ith layer network and n represents
the total number of global network layers. It means that when the network level is
shallower, the resulting slice puzzle size is smaller, which forces the shallow network to
be more focused on learning the local features in the data. As the training network level
deepens, this incremental property allows the model to locate the different information
from the local details to the global structure, and these features are gradually sent to
higher stages, rather than learning all the simultaneous granularity [14, 15] (Fig. 3).

2.3 Loss Function

We adopt the progressive training method of training the shallow network first and
then the deep network. In this way, rather than training the entire network directly, this
incremental nature allows the model to localize differentiated information from local
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Fig. 3. Data slicing and jigsaw

details to global structures as these features are progressively carried to higher stages.
In the process of progressive training, each layer of network will eventually predict the
result through the full connection layer. We calculate the loss function and update the
convolution block parameters of the current layer after the full connection block.

In this paper, cross entropy loss function is used to calculate the loss, for each layer
of network output. The loss between the ground truth y and the predicted probability
distribution is calculated as:

L(y, ytruth) = −
T∑

j=1

yj × log yj

3 Architecture

In this paper, the training of the input data is after slicing reassemble the 256 * 256
pixels image data, is aimed at different stages for different granularity of data input, each
original plant leaf image was cut into 2k pieces by slicing method in the experimental
process, where k represented the hyperparameter. The segmented slice data will be
shuffled and recombined, so that for each training process, more attention will be paid
to the finer-grained information during training [12, 14].

For the slice recombination operation, it is necessary to ensure that the slice size of
the deep network is larger than that of the shallow network, because in this way the deep
network can capture more macroscopic information in a wider field of view.

The simulated annealing method will be adopted to gradually reduce the updating
step size of the parameters of the shallow network after the training of the shallow
network is completed. The purpose is to combine the progressive training method and
enable the deep network to make use of the fine-grained information obtained from
the shallow layer to better help the network to identify the region blocks with large
differentiated information within and between classes.

The network structure in this paper is shown in the Fig. 4. Here, 4 convolution
blocks are taken as an example. Each convolution block contains 2 convolution layers
and a maximum pooling layer. The entire training process is divided into four steps,
respectively corresponding to four different grained slicing puzzles data, corresponding
to each of these steps will training level of convolution, will eventually get the results
of the input to the three full connection layer and a softmax function of classifier, the
classification forecast the output of the cross entropy loss function is used to calculate the
loss value, update the current levels of network parameters. The maximum granularity
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Fig. 4. The architecture of our method

of the complete image data is entered in the level-final, the parameters of the previous
trained shallow network will also affect the training of the next layer.

With the help of all previously trained network layers, the last layer of network can
perceive the information features of different granularity, and the training model finally
obtained can perceive the information results after different granularity.

4 Experiment

In this section, we will evaluate the performance of the proposed approach on the ICL
dataset and compare the performance of some other models in general. The experimental
details will be introduced in Sect. 4.1. Section 4.2 will introduce the different classifi-
cation results obtained by different models, and we will discuss the method proposed in
this paper according to the results.

4.1 Implementation Details

We perform all experiments using PyTorch, the training phase of the experiment were
completed on two Nvidia Tesla K80 graphics cards, and the memory of each graphics
card was 24G.

For the proposed method, VGG16 and Resnet50 are used as the backbone network.
The input image size is 256 * 256. In order to avoid gradient explosion, we use gradient
clamping. Adam was used to minimize the loss function and the hyperparameters were
set to beta1 = 0.9, beta2 = 0.999, epsilon = 1e−8.

Using the progressive training method, we need to initialize the learning speed of
the newly added convolutional layer and full connection layer to be inconsistent with
the already trained learning rate, and set the learning rate of the newly added network
layer to 0.003. The learning rate for the already trained layers is reduced by following
simulated annealing during training. For all the above models, we trained them with 300
epochs and set the batch size to 16.
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4.2 Result

In this paper, the traditional VGG16 and Resnet50 networks are used as the backbone
network to carry out experiments. The experiments were compared with the networks
using the proposed Fine-Grained Visual Classification (FGVC) method and those not
using the proposed FGVC.

It can be seen from the experimental results that the final classification accuracy of
the training strategy using the basic VGG16 and Resnet50 network is far lower than that
using the FGVC method to train VGG16 and Resnet50 (Table 1).

Table 1. Experimental results on the ICL dataset

Model Top1 (%) Top3 (%)

VGG16 86.44 89.23

ResNet50 87.78 90.03

VGG16 + FGVC 89.03 92.39

ResNet50 + FGVC 90.33 91.84

The traditional VGG16 and Resnet50 can achieve better results when classifying
the data with large distance between classes. For the characteristics of small inter-class
spacing and large intra-class spacing in plant leaf images, the training method based on
progressive training based on FGVC can make the network model pay more attention
to feature information of different granularity. Compared with the multi-granularity
training when the whole network is trained, the progressive training based on FGVC
makes the network gradually learn the feature information from the local to the global,
and achieves a good classification effect.

5 Conclusion

We propose a new fine-grained classification method for processing plant leaf datasets
with small inter-class spacing and large intra-class spacing. Through the progressive
training and data slice jigsaw based on FGVC, the model can fuse the characteristic
information of different granularity obtained from different layers of network. Experi-
mental results show that the progressive trainingmethod enables the network to gradually
learn the feature information from local to global, compared with the multi-granularity
training when the whole network training is carried out simultaneously. This also proves
that the fine-grained image classification method can effectively solve the problem that
the feature distance in plant leaves is small and the feature distance of different categories
is large.
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Anomaly Detection Based on Video Prediction
and Latent Space Constraints

Shuanggen Fan(B) and Yanxiang Chen

Hefei University of Technology, Hefei, China

Abstract. Anomaly detection has wide applicability in areas such as security,
deception detection, and video surveillance. For video, anomaly detection usually
refers to the discovery of events outside the expected behavior. Most existing
anomaly detection methods are implemented using reconstruction errors, but they
cannot ensure that abnormal events have sufficient reconstruction errors. To avoid
these problems, this article proposes a new anomaly detection model based on
video prediction that adopts dual autoencoder structure, including a discriminator
and generator. The use of the same structure in the discriminator and generator
can effectively prevent instability in generative adversarial network training. Use
optical flow to extract the time information of the video, and use latent space
constraints, gradient constraints, and intensity constraints to improve the quality
of the generated prediction frames. In addition, group normalizationwas employed
for further optimization of the overall model performance. Excellent experimental
results were achieved using the Chinese University of Hong Kong, University of
California—San Diego, Shanghai-Tech, and UCF_Crime100 datasets.

Keywords: Anomaly detection · Deep learning · Generative adversarial
network · Prediction frame

1 Introduction

Although significant progress has beenmade in computer vision, this technology usually
relies heavily on large-scale labeled datasets, limiting its applicability in certain fields.
As anomalies are widely distributed and not fixed and the amount of abnormal data is
much smaller than that of normal data, it is difficult to collect existing abnormal data
and classify them as a traditional means of learning normal data distributions. To solve
these problems, one-class [1] theory has been proposed. one-class uses only one type
of data during training, learn distribution of such data, and does not consider the actual
category of the data. A generative model based on this logic emerged, and only normal
data were used during training.

Based on the characteristics of generative adversarial network (GAN) [2], which can
learn data distributions, GAN models have become new tools for anomaly detection.
GANomaly [3] combined a GAN with anomaly detection for the first time and could
effectively improve the performance of anomaly detection models. In the detection of
anomalies in video data, many studies have focused on reconstruction-based methods
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[4–6], which typically use single video frames for training, but didn’t use the associated
information between the video frames. Themotion between video frames can be captured
by rapidly changing the parameters of each frame over time, which is called optical flow
[7, 8]. Liu et al. [9] were the first to introduce optical flow into video anomaly detection.
Other researchers have noted the potential of learning features from videos [10–12]. In
addition, abnormal events in videos are usually accompanied by blurred video frames,
color distortion, and sudden changes in optical flow. Therefore, video prediction based
on previous frames is a more reasonable anomaly detection method than reconstruction.
However, the imbalance between the generator and discriminator in the above model can
easily lead to training instability, which limits the ability of GANs to generate prediction
frames.

This paper proposes a GAN-based dual autoencoder model framework that uses con-
ventional gradients, intensity [13], and optical flow [8, 14] to limit the appearance and
temporal information of the predicted frame. Unlike the previous anomaly model based
on video prediction, this framework uses latent space constraints and group normaliza-
tion. Inspired by VAEGAN [15], constraining the latent variables of normal data to a
Gaussian distribution helps to generate reasonable and clear data. In addition, due to this
characteristic and the fact that most video frames are large and the batch size is small,
we used the group normalization method proposed by Wu and He [16] to replace the
traditional batch normalization method to optimize the anomaly detection performance.

The proposed model makes the following contributions:

1. It can make the generation of predicted frames more stable than is possible using
the existing models by employing a dual autoencoder framework.

2. Construct latent space constraints to improve the generation effect of predicted
frames.

3. It employs group normalization instead of traditional batch normalization to achieve
optimal performance and exhibits better performance than existing models when
applied to multiple public datasets.

2 Related Work

2.1 Traditional Anomaly Detection Methods

Traditional anomaly detection methods are based on Euclidean distance and use clus-
tering or the nearest field for evaluation. For example, support vector machines [17] and
one-class neural networks [1] learn the boundaries of normal data as the main starting
point. k-means clustering [18] can also be used to establish the boundary of normal data.
However, these methods often do not perform well when processing high-dimensional
and complex data.

2.2 Reconstruction-Based Methods

Reconstruction-based methods are widely used in image anomaly detection and have
often been adapted for video anomaly detection. Jolliffe [19] used principal compo-
nent analysis (PCA) to learn a representation of the normal model, but the limited
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features resulted in insufficient performance. Kim and Grauman [7] used probabilis-
tic PCA to model the optical flow features. Subsequently, Zhao et al. [20] proposed a
three-dimensional convolution to fit a normal frame. Mahadevan et al. [21] combined
a dynamic texture mixture model with a Gaussian model. Further, Chong and Chong
[10] and Luo et al. [22] proposed deep learning methods to use space and time informa-
tion simultaneously. In addition, recurrent neural networks (RNNs) and long short-term
memory variants have been widely used for sequential data modeling. Lu et al. [5] and
Zhao et al. [23] reformulated the traditional sparse coding method and superimposed the
RNN for anomaly detection. Based on the later fusion strategy to combine motion and
appearance features to process the video abnormal event detection framework Unmask-
ing [24], but it is very difficult to find suitable fusion motion and appearance features.
Morais et al. [25] proposed a combination of orbit prediction and anomaly reconstruc-
tion. For video anomaly detection, these reconstruction-basedmethods cannot guarantee
that the difference in reconstruction of abnormal events is large enough, and with the
improvement of fraudulent techniques, normal data and abnormal data are more similar,
which makes reconstruction-based methods encounter bottlenecks.

2.3 Video Prediction-Based Methods

Predictive learning has attracted increasing attention in video anomaly detection. Video
prediction requires comparing the prediction frame I

′
and real frame I to identify differ-

ences. When the difference is small, the real frame is assumed to be normal; otherwise,
it is assumed to be anomalous. Lotter et al. [26] designed a predictive neural network in
which each layer makes local predictions and forwards the deviations of these predic-
tions to subsequent networks. Their approach captures the key aspects of self-centered
and object motions in a video and learns the representation of the estimated steering
angle. Thus, the authors demonstrated the feasibility of utilizing predictive learning as a
framework. Mathieu et al. [13] proposed a network with adversarial training to generate
more natural predictions of future video frames, which they applied to rain prediction.
Use video-level weak tags to learn anomalous Real-world model [27], but it shows poor
performance in the face of unknown and novel anomalous data. Ravanbakhsh et al. [28]
used a GAN to learn the normal distribution, and Liu et al. [9] developed a generative
model-based U-net for video prediction, which introduced time information to ensure
the consistency of normal data. Our model is constrained not only at the input level,
but also at the latent space level. In addition, in conventional GAN architecture, the
generator and discriminator compete with each other, it will produce the imbalance of
capability between two subnetworks, leading to an unstable training process. We use
dual autoencoders for better balance.

3 Proposed Model

The objective of this study was to train the predictor model to predict the normal frames
accurately. During training, the first few frames are used as model inputs for prediction,
so that the predictor can predict future frames of normal video data. During the test,
event X was fed into the predictor. If the generated frame is consistent with the expected
performance, the event is likely to be normal; otherwise, it may be abnormal.
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For video, we divided the video dataset into training and test sets. The training set
M = {m1, ...,mα} contained α normal events. The test set N = {n1, ..., nβ, ..., nβ+γ }
contained β normal and γ abnormal events. Each video event X contains t frames X =
{x1, ..., xt}, X ∈ M ∪N , and xi represents the i-th frame of video X . XT = {x1, ..., xt−1}
is the input to the predictive model, and xt is a real frame of video X .

3.1 Network Architecture

The entire network model uses a GAN as the basic architecture, as shown in Fig. 1. Use
optical flow to capture time information between video frames, the generator produces a
prediction frame that needs to be trained with the discriminator as the opponent. To use
time information effectively in the video. Calculate the optical flow f (xt−1, xt ′) between
prediction frame xt ′ and previous frame xt−1 as well as the optical flow f (xt−1, xt)
between real frame xt and previous frame xt−1 to obtain the corresponding optical flow
loss. In addition, (xt

′, xt) is the discriminator input. A GAN was adopted as the overall
network, the generator produces a prediction frame that needs to be trained with the
discriminator as an adversary. To use the time information in the video effectively, the
optical flows between prediction frame x′

t and previous frame xt−1 and between real
frame xt and previous frame xt−1 are calculated as ft ′ and ft , respectively, to obtain the
optical flow loss. The discriminator is autoencoder. xt and x′

t are the discriminator inputs,
and the output is x′′

t or x′′′
t .

Fig. 1. The flow chart of the proposed model

Generator Network
Figure 2 shows the generator, including the encoder GE and decoder GD. The deep
convolutional network is used to build the model framework and to standardize the
dimensions of the original input video frame as 256×256. XT = {x1, ..., xt−1}was used
as the input into GE . Only normal data is used for training, in the latent space, inspired
by VAEGAN [15], we use latent space constraints to make the latent variables of normal
data tend to Gaussian distribution and improve the effect of normal data generation. The
output of GE is the mean μ and the variance σ 2, and then randomly sampled from the
Gaussian distribution to obtain the latent variable of the previous t − 1 frame as the
input of the decoder GD. The decoder GD corresponding to the encoder GE uses skip
connection and other methods to obtain the detailed features of the encoder GE , which
is very helpful for generating the final prediction frame. Finally, to stabilize the overall
GAN training, the proposed model uses the activation function of the last output layer
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Fig. 2. Detailed structure diagram of the proposed model

of the decoder. In addition, use intensity constraints and gradient constraints to further
improve the quality of the prediction frame generation in appearance.

Discriminator Network
The instability of most GANs is caused by an imbalance between the generator and
discriminator. To ensure that the model is trained, the discriminator and generator have
the same structure to obtain a better balance during training. The discriminator aims
to achieve a discrimination effect on xt and xt ′. The final training goal of the model is
xt = GD(GE(x1, ..., xt−1)).

3.2 Loss Function

The GAN in the model developed in this study obtains XT = {x1, ..., xt−1} and its latent
variables z through the encoder GE , generates the video prediction frames xt ′ from the
latent variables through the decoderGD, and sends the generated prediction frames x

′
t and

real video frames xt to the discriminator for discrimination. To realize the minimax game
min
G

max
D

V (D,G) between the generator and discriminator to achieve Nash equilibrium,

the following definition is used:

V (D,G) = Ext∼pM

[
logD(xt)

] − EXT∼pM [log(D(G(XT )))] (1)

Traditional discriminator leads to an imbalance between the capabilities of the generator
and discriminator network, which can easily lead to instability in model training and
hinder the ability of the GAN to generate predicted frames, Inspired by Vu [29], the
discriminator is the same as the generator, both using autoencoder.

Discriminator Loss
The objective of the discriminator is to reconstruct the real video frame xt instead of
reconstructing the generated prediction frame xt ′, as shown below:

lD = Ext∼pxt ||xt − D(xt)||2 − ||G(xt) − D(G(xt))||2 (2)
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Intensity Loss
The strength loss reduces the distance between the prediction frame x′

t and real frame xt .
The intensity loss increases the similarity of all pixels in the RGB space. In addition, the
generator hopes that the produced prediction frame can fool the discriminator as much
as possible, which can be optimized for learning the input data and is represented as
follows:

lcon = Ext∼pxt ||xt − G(xt)||2 + ||G(xt) − D(G(xt))||2 (3)

Gradient Loss
The gradient loss is used to sharpen the generated image:

lgdl =
∑

i,j
|||x′

t(i, j) − x′
t(i − 1, j)| − |xt(i, j) − xt(i − 1, j)|||1

+ |||x′
t(i, j) − x′

t(i, j − 1)| − |xt(i, j) − xt(i, j − 1)|||1 (4)

where xt(i, j) represents the spatial position (i, j) in the video frame xt .

Optical Flow Loss
To use time information, we used FlowNet [30] to estimate the optical flow. The optical
flow loss is given by

lfl = Ext−1,xt∼pM x′
t∼px′t

||f (xt−1, xt) − f (xt−1, x
′
t)||1 (5)

where f represents FlowNet [30].

Latent Space Loss
To obtain more obvious features of the video frames, the latent space of the normal
and anomalous video frames can be increased. We imposed certain constraints on the
latent space such that its distribution tended to a normal distribution. μ and σ 2 repre-
sent the mean and variance, respectively. KL (Kullback-Leibler) distance calculates the
difference between two distributions, which is defined as follows:

lkl = KL(N (μ, σ 2)||N (0, 1)) = 1

2
(−lgσ 2 + μ2 + σ 2 − 1) (6)

Where z = μ + σ ∗ ε; ε follows a standard normal distribution with a mean of 0 and
variance of 1.

When D is being trained, lD is used; when G is being trained, only normal samples
are available. Thus, the generator learns only the distributions of the prediction frames
and input features. The above losses can be used to derive the total loss function of the
proposed generator:

lG = λcon ∗ lcon + λgdl ∗ lgdl + λfl ∗ lfl + λkl ∗ lkl (7)

Among these losses, λgdl, λcon, λfl , λkl, andλz are the weight parameters. In the actual
experiment, the following values were set: λgdl = 1, λcon = 1, λfl = 2, and λkl = 0.4.
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3.3 Choice of Anomaly Score

In the testing phase, the anomaly score is usually selected based on the difference between
the predicted and actual frames. The most commonly used method is to calculate the
Euclidean distance between the predicted and actual frames, as shown in Eq. (8):

MSE(X ) = 1

mn

∑m−1

i=0

∑n−1

j=0
[xt(i, j) − x′

t(i, j)]2 (8)

where m, n represents the size of video frame xt , xt(i, j) represents the spatial position
of video frame xt , and X represents the corresponding video event. However, a paper
study by Mathieu et al. [12] indicated that the PSNR (Peak Signal to Noise Ratio) is a
better image quality evaluation index and that its final evaluation result is often more
accurate than that achievable by human vision. Therefore, we chose the PSNR indicator
for abnormality assessment. The anomaly score of the test video event was calculated
as follows:

PSNR(X ) = 10log10
max[x′

t]2
MSE(X )

(9)

Among max[x′
t]2 is the maximum possible pixel value of generated prediction video

frame x
′
t . From Eqs. (8) and (9), it can be seen that the closer the generated prediction

frame is to the original real frame, the lower the MSE and the higher its PSNR, which
means the higher the quality of the generation. We can obtain the final set of abnormal
scores PSNR = {PSNR(X ),X ∈ N }. Subsequently, we can normalize PSNR(X ) in each
test video to obtain Eq. (10):

A(X ) = PSNR(X ) − min(PSNR)

max(PSNR) − min(PSNR)
(10)

Finally, an appropriate threshold τ is selected according to the abnormal score set to
distinguish between abnormal and normal events, which can be expressed as:

y(X ) =
{
0 A(X ) > τ

1 A(X ) ≤ τ
(11)

When y = 0 and 1, representative event X is a normal and abnormal event, respectively.

3.4 Datasets

To evaluate the effectiveness of the proposed model for different datasets, we applied it
to the Chinese University of Hong Kong (CUHK), University of California—San Diego
(UCSD), ShanghaiTech, and UCF_Crime100 datasets.

In the CUHK dataset, the size of the people in the videos may change because of the
shooting location and angle. This dataset contains 16 training videos and 21 test videos
with 47 anomalies, including people throwing objects, wandering, and running.

The UCSD dataset consists of pedestrian videos captured by cameras at two observa-
tion points. The anomalous conditions were related to passing vehicles, such as bicycles
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and cars. The dataset was divided into two subsets, denoted as ped1 and ped2. ped1
included 34 training videos and 36 test videos, whereas ped2 contained 16 training
videos and 12 test videos.

ShanghaiTech is a new large-scale dataset taken from the streets of Shanghai. It con-
tains 330 training videos and 107 tests, including 130 anomalies. There are 13 scenarios
and various types of anomalies.

UCF_Crime100 contains 1900 actual surveillance videos, including 950 normal
videos and 950 anomalous videos. In the experiment, we selected the area under the
receiver operating characteristic (ROC) curve (AUC) to evaluate the results.

3.5 Ablation Experiment

The effects of certain constraints on the final experimental results must be considered.
Thus, some of the constraints used in this study were examined separately: skip connec-
tion, loss of latent space, intensity constraint, and gradient constraint. We also noticed
that the training batch was small, so we chose the group normalization method and
performed ablation experiments on the UCSD dataset. Table 1 presents the results.

√
indicates that the corresponding constraint was selected, and a blank space means that
it was not selected.

Table 1. Constraint selection based on the AUC results for the UCSD datasets.

Condition selection

Skip connection
√ √ √ √ √

Latent space
√ √ √ √ √

Intensity constraint
√ √ √ √ √

Gradient constraint
√ √ √ √ √

Group normalization
√ √ √ √ √

ped2 AUC 0.7764 0.8750 0.8424 0.9486 0.9352 0.9549

ped1 AUC 0.7263 0.7898 0.7639 0.8097 0.8134 0.8421

For the group normalization constraint,
√

indicates that the group normalization
methodwas adopted, and a blank space indicates that the batch normalizationmethodwas
adopted.

The effect of each constraint on the generation of the predicted frames was eval-
uated. Skip connections significantly improved the quality of the generated prediction
frames, and the loss of latent space helped artificially amplify the differences between
the normal and anomalous data. Thus, these constraints were feasible. Group normal-
ization also improved the effectiveness of the proposed model, which indicates that it is
more conducive to model optimization than batch normalization for small batches. The
experimental results of UCSD ped1 and UCSD ped2 demonstrate the effectiveness of
the various constraints considered in this study.
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3.6 Comparison of Experimental Results

Table 2 compares the performance of the proposed method with those of the existing
mainstream methods, where the proposed method exhibits better performance than the
existing methods. However, the experimental results show that the accuracy decreases
as the complexity of the dataset increases.

Table 2. Anomaly scores of each model with different datasets.

CUHK UCSD ped1 UCSD ped2 ShanghaiTech UCF_Crime100

Stacked RNN [11] 0.8171 / 0.9220 / /

New baseline [9] 0.8085 0.8213 0.9148 0.7187 /

Unmasking [24] 0.8060 0.6840 0.8220 / /

Real world [27] / / / / 0.7541

Event detection [28] / 0.7030 0.9350 / /

Proposed method 0.8210 0.8421 0.9549 0.7543 0.7816

For practical applications, an appropriate threshold must be selected to distin-
guish between normal and anomalous data. Therefore, the test results were visualized.
The experimental results were all obtained at the same learning rate as Ubuntu16.04,
tensorflow-gpu1.4, Python 3.5, and cuda9.0, using an NVIDIA GeForce GTX 1080
series.

3.7 Experimental Results Visualization and Analysis

Prediction Model
In the UCSD dataset, normal events are ordinary pedestrians, and bicycles or other
vehicles are anomalies. The first row in Fig. 3 shows the generation of predicted frames
under normal events, and the second row in Fig. 3 shows the generation of predicted
frames under abnormal events. Obviously, it can be found that for normal events, the
difference between the predicted frame and the fact frame is small; but in abnormal
situations, compared with the fact frame, the predicted frame will be obviously blurred
in the abnormal area, as shown by the red box in the figure.

Frequency Histogram and Kernel Density Estimation
We used the UCSD ped2 dataset as an example to obtain the normalized PSNR (i.e.,
anomaly score) in intervals of 0.01 in the range [0, 1]. The normal and anomaly scores
were counted in each interval to obtain the frequency histogram and the corresponding
kernel-density estimation shown in Fig. 4. The intersection between the kernel density
estimations of the normal and anomalous data can be used as the threshold. FromEqs. (8)
and (9), the smaller the difference between the generated predicted frame and the real
frame, the higher the PSNR, that is, the higher the anomaly score. If the anomaly score
exceeds this threshold, an event can be considered a normal; otherwise, it is anomaly.
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Fig. 3. Generation of prediction frames in UCSD data set

Fig. 4. Frequency histogram and kernel density estimation.

4 Conclusions

We developed a model based on two autoencoders to ensure the stable generation of
predicted frames and used implicit space constraints to limit the distribution of nor-
mal data, thereby improving the generation effect of predicted frames. In addition, we
used group normalization and other methods to optimize the anomaly detection model
further. This model will have broad applications in elevator design, bank self-service
systems, traffic, and other monitoring fields. The experiments showed that the proposed
model performs better than the existing methods in video anomaly detection. Despite its
numerous advantages, the proposed method has some limitations. Owing to the continu-
ous improvement of fraud technology, abnormal and normal data have become increas-
ingly similar. In future work, we will not only pay attention to the successful prediction
of normal events, but also make some punitive losses in response to abnormal events,
attempting to solve the problem of excessive similarity between abnormal and normal
data.
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Abstract. The level set is a classical image segmentation method, but during
the evolution of the level set, it can produce evolutionary problems such as local
spikes and deep valleys, or overly flat regions, making the iterative process of final
segmentation unstable and segmentation results inaccurate. In order to ensure the
stability and validity of the level set evolution during the evolution process, the
level set functionmust be periodically initialized so that the level set is always kept
as a signed distance function.We construct a new distance regularization potential
function based on logarithmic and power function and give a specific analysis.
During the evolution process, the level set function always approximates the signed
distance function, which is stable and efficient for level set image segmentation.
Experimental analyses are conducted to compare the segmentation performance
of various distance regularization potential functions when combining with the
classical Chan Vese model.

Keywords: Image segmentation · Level set · Double well potential function ·
Distance regularization energy term · Diffusion rate

1 Introduction

The applications of computer vision can be found in almost all areas of human activities.
Computer vision is an interdisciplinary scientificfield of artificial intelligence(AI),which
deals with how computers can be made to gain high-level understanding from digital
images or videos. Image segmentation is a fundamental and key problem in image
processing and computer vision [1]. As a preprocessing stage, the goal of segmentation
is to divide an image into different regions according to a certain consistency [2]. Over the
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past several decades, thousands of image segmentation methods have attracted scholars’
attentions [3]. In recent years, active contour models (ACMs) have become the most
promising frameworks and effective methods for traditional image segmentation. The
level setmethods (LSMs) are one kind of themost popularly and important active contour
image segmentation methods over the last two decades [2].

For deriving better segment performance, it is necessary to periodically re-initialize
the level set φ in the process of level set function evolution, so that the level set can be
kept as a signed distance function (SDF) |∇φ| = 1 near the zero-level set [4]. However,
this process is complicated and faces the problem of how and when to initialize it. In
order to avoid this complicated process, many researchers have done a lot of research
and improvement works. There are three mainstream methods to avoid reinitialization,
adding double-well potential function [5], using the Gaussian function to do a single
convolution with the evolutionary function after each iteration [6], adding the diffusion
energy term [7]. In studying the level set evolution equation, Li et al. [4] found that the
properties of the SDF can be maintained when the gradient modulus of the evolutionary
curve is equal to 1. Therefore, Li et al. [5] constructed a double-well potential function
energy penalty term such that the gradient modulus of the level set is equal to 1, thus
preserving the SDF properties of the level set near the zero-level set. This distance
regularization term makes the corresponding computation time much shorter, but when
|∇φ| < 0.5, it makes the |∇φ| drop down to 0, it does not solve the problem of φ drastic
shock when |∇φ| → 0. This case contradicts our expectation that the zero-level set
function is always approximated as an SDF.

Many scholars constructed somenewdistance regularization energy terms for obtain-
ing better segment performance. Li et al. [8] constructed a backward and forward dif-
fusion of the distance regularized term based on the logarithmic and polynomial func-
tions, the diffusion is forward for the steep shape region of the level set function, which
keeps decreasing the gradient magnitude until it approaches 1. Otherwise, the diffu-
sion becomes backward and increases the gradient magnitude back to 1. Sun et al. [9]
reconstructed a new distance regularization term to maintain the level set function as
an SDF. Wang et al. [10] presented a double-well potential penalty energy term based
on a polynomial function, which can maintain the signed distance property of the level
set near the zero-level set. The distance penalty energy term P(s) in the paper [10] is a
six-order polynomial, Zou et al. [11] used the four-order polynomial to construct dis-
tance regularized terms and avoid high order instability of polynomial functions. Cai
et al. [12] constructed a distance regularization energy terms using cubic polynomi-
als. Yu et al. [13] constructed a new six-order polynomial distance regularization term.
Sun et al. [14] constructed a V-potential well function for distance regularization based
on polynomial and logarithmic functions. Inspired by the idea of Li et al. [5], Wang
et al. [15] constructed a new double-well potential function by logarithmic and poly-
nomial functions to effectively solve the initialization problem of the level set. Weng
et al. [16] constructed a distance regularization term based on trigonometric, polynomial
and exponential functions. All these distance regularization energy terms can avoid the
time-consuming reinitialization step, but they have different effectiveness. In view of
the most mainstream research to avoid reinitialization methods are all improvements on
the double-well potential function of Li et al. [5]. However, not all regularized terms
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are good at maintaining the stability of the evolutionary process and the signed distance
function property of the level set function. Based on the analysis of the various types
of distance regularization potential functions, we present a new distance regularization
term based on the logarithmic and power function, and compare it with five typical
distance regularized terms.

The remainder of this paper is organized as follows. Section 2 provides classical
distance regularization energy term and discusses the analysis of potential function
energy term and its diffusion rate function. We develop a novel distance regularization
termbasedon the logarithmic andpower functions, andgive theoretical proof and specific
analysis in Sect. 3. Experimental analyses are provided in Sect. 4. Section 5 concludes
the paper.

2 Classical Distance Regularization Term

Li et al. showed [11] that level setφ which satisfies |∇φ| = 1 requires the signed distance
function plus a constant. Li et al. expressed the deviation between the level set function
and the signed distance function by means of the following energy functional.

Rp(φ) =
∫

�

pLi1(|∇φx(x)|)dx (1)

where pLi1 (s) is the potential function, we use pLi1(s) to denote the regularized term
constructed by Li

pLi1(s) = 1

2
(s − 1)2 (2)

From Eq. (2), it can be seen that the potential function pLi1(s) obtains the minimum
value at |∇φ| = 1. Therefore, when minimizing the energy functional, the level set
function approximately the signed distance function, and the segmentation result is
stable.

Using the variational method and the steepest descent method, we obtain the gradient
flow equation corresponding to the energy functional (1).

∂φ

∂t
= −∂Rp(φ)

∂φ
= div(dpLi1(|∇φ(x)|)∇φ(x)) (3)

where

dpLi1 = p′
Li1(s)

s
= 1 − 1

s
(4)

In Eq. (3), div is the divergence operator and dpLi1(s) is the diffusion rate function
of the level set in the evolution process.

From the gradient flow equation and the diffusion rate function, we can see that when
|∇φ| > 1, dpLi1 > 0, then the diffusion is carried forward, and then the value |∇φ| is
reduced; when |∇φ| < 1, dpLi1 < 0, then the diffusion is carried backward, and then the
value |∇φ| is increased; when |∇φ| = 1, dpLi1 = 0, then the diffusion is stopped. In the
region where the level set function is relatively flat, i.e. |∇φ| → 0, dpLi1 → −∞, the
diffusion will diffuse backward at a great speed, |∇φ| will change drastically and make
the level set function produce spikes or deep valleys in the flat region, and then the level
set segmentation result is unstable.
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3 A Novel Logarithmic and Power Function Based Distance
Regularization Potential Function

To prevent violent oscillations as well as too flat regions, we propose a novel distance
regularization energy terms based on logarithmic and power functions,

pNew(s)= 2s+4Ln(s0.5 + 1) + s2

2
− 4s0.5 − 4s1.5

3
+ c (5)

where c = 17
6 − 4Ln2. The diffusion ratio equation for the gradient flow function is

obtained through the potential function as shown in Eq. (6).

dpNew(s) = p′
New(s)

s
= 1 − 2

s0.5+1
(6)

Theorem 1: Let � ⊂ �2 be the two-dimensional image domain, φ : � ⊂ R2 → R
is the level set function, if |∇φ| = 1, the energy functional defined by the potential
function pNew(s) is minimized.

Proof: The derivative of the potential function pNew(s) is

p′
New(s) = s − 2s

s0.5 + 1
= s

(
s0.5 − 1

s0.5 + 1

)
(7)

Let p′
New(s) > 0, we can get the monotonically increasing interval of the potential

function pNew(s) is s ∈ (1,+∞). Let p′
New(s) < 0, we can get the monotonically

decreasing interval of the potential function pNew(s) is s ∈ (0, 1), so the function pNew(s)
obtain its minimum value at s = 1, that is, the potential function pNew(s) obtain the
minimum value when |∇φ| = 1.

Theorem 1 illustrates that when |∇φ| = 1, the energy functional is minimized. It
shows that optimizing the energy functional defined by Eq. (5) can correct the deviation
of the level set function from the signed distance function, thus ensuring the stability of
the level set evolution.

Theorem 2: For s ∈ (0,+∞), diffusion rate function dpNew(s) satisfies |dpNew(s)| < 1.

Proof: The derivative of the potential function dpNew(s) is

dp′
New(s) = d

ds
(1 − 2

s0.5+1
) = 1

(s0.5+1)2s0.5
(8)

Because dp′
New(s) is a decreasing function, lim

s→∞ dp′
New(s) = lim

s→∞( 1
(s0.5+1)2s0.5

) = 0,

so for arbitrary s ∈ (0,+∞), dp′
New(s) > 0 is always true, so dpNew(s) is an increasing

function in its domain.
Because

lim
s→∞ dpNew(s) = lim

s→∞(1 − 2

s0.5+1
) = 1 (9)
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lim
s→0

dpNew(s) = lim
s→0

(1 − 2

s0.5+1
) = −1 (10)

So we have |dpNew(s)| < 1.
Theorem 2 illustrates that the proposed distance regularization term is stable, which

avoids drastically changes in speed and ensures the stability of the level set evolution.
We use the gradient flow equation of the energy functional to analyze the evolution

of the proposed distance regularization term.
If |∇φ| > 1, dpNew(s) > 0, the effect of the energy penalty term is positive diffusion,

the level set function ∇φ remains smooth, and the level set will diffuse forward and
decrease |∇φ| to 1;

If 0 ≤ |∇φ| < 1, dpNew(s) < 0, the effect of the energy penalty term in this case is
equivalent to reverse diffusion, and it will slowly diffuse backward and increase |∇φ| to
1.

If |∇φ| = 1, dpNew(s) = 0, the gradient flow equation of the energy functional stops
diffusion. That is, it is determined that the level set function always approximates the
signed distance function.

In order to better analyze and compare the specific effects of different potential
functions and diffusion rate functions in the evolution of level sets, we choose four
potential functions and five diffusion rate functions for comparison. We choose the
distance regularization term Li et al. [4] and the distance regularized potential function
by Zou et al. [11], the double well potential function Li et al. [5], the logarithmic and
polynomial-based distance regularized potential function Li et al. [8], and the diffusion
rate function by Xie [17]. For the convenience, we abbreviate them as pLi1(s), pZou(s),
pLi2(s) and pLi3(s), the corresponding diffusion ratio functions are dpLi1(s), dpZou(s),
dpLi2(s) and dpLi3(s) respectively. The diffusion rate function by Xie is abbreviated as
dpXie(s).

Fig. 1. Picture of the five different distance regularized potential functions
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Fig. 2. Picture of the six diffusion rate functions

Figure 1 depicts the trend of the potential functions of the five different methods, we
can see from Fig. 1 that the selected five distance potential functions take the minimum
value at s = 1. pZou(s) and pLi2(s) have two minimal value points, s = 0, s = 1 respec-
tively. Figure 2 shows the trend of the six diffusion rate function, and it is clear that
the main difference between the six models is at |∇φ| < 1. When |∇φ| < 1, dpLi1(s)
decreases rapidly, then the corresponding diffusion ratio function will diffuse backward
at a very fast speed, which will cause the level set function to change dramatically dur-
ing the evolution. The diffusion rate dpLi2, dpZou are negative when 1/2< |∇φ| < 1,
the diffusion rate |∇φ| will increase backward to 1. The diffusion rate dpLi2, dpZou are
positive when |∇φ| < 0.5, the level set will diffuse forward and decrease |∇φ| to zero,
which is not the desired situation in the evolution of the level set. When |∇φ| < 1, dpXie
still is positive, there have not dpX ie(s) = 0. In other words, when the zero-level set
reaches the boundary, the level set function is still not satisfy signed distance function
(SDF) property, that is |∇φ| 
= 1, it will continue to evolute forward and reduce |∇φ| to
zero, and eventually causing edge leakage problem, which is not what we expect in the
evolution of level set. Only dpLi3(s) and dpNew(s) diffuse at a relatively slow speed and
do not produce a drastic evolutionary situation. When |∇φ| < 1, backward diffusion is
performed, gradually increasing the value of |∇φ| until |∇φ| = 1. This evolution will
neither carry out drastic changes with fast speed changes nor form too flat regions. We
can see that when |∇φ| < 1, the proposed diffusion rate function dpNew(s) ≥ −1, the
equation diffuses backward, this process increases |∇φ| to 1, avoiding the case of |∇φ|
dropping to zero, so there is no flat region. When |∇φ| = 1, the diffusion ratio dpNew(s)
is zero, the evolutionary equation stops diffusing. This property ensures that the final
steady state of the proposed potential function together with the level set model energy
functional. Therefore, the stable state of the evolution equation determined by the pro-
posed distance regularization potential function based on the logarithmic and polynomial
functions is |∇φ| = 1, i.e., the level set function always remains as a signed distance
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function. In addition, the proposed diffusion rate function is a continuous function, it is
not a piecewise function, this accelerates the evolution to some extent. Therefore, the
proposed distance regularization potential function can satisfy the characteristics of the
zero-level set always remains as a signed distance function.We can see from the potential
function and the diffusion rate function that the proposed distance regularization term
in this paper is slightly better than Li3, with a more stable variation, always with a slow
diffusion rate |∇φ| < 1.

As described inmany level setmethods, the distance regularization termwe construct
in this paper can be applied to regional and edge-based level set model to improve the
image segmentation performance. In this paper, we apply it to the classical Chan Vese
model, the total energy functional is

E(c1, c2, φ) = λ1

∫
�

|I(x) − c1|2H (φ(x))dx + λ2

∫
�

|I(x) − c1|2(1 − H (φ(x)))dx

+ μ

∫
�

δ(φ(x))|∇φ(x)|dx

+ ν

∫
�

(2φ(x)+4Ln(φ(x)0.5 + 1) + φ(x)2

2
− 4φ(x)0.5 − 4φ(x)1.5

3
+ c)dx

(11)

whereH (z) and δ(z) denote the Heaviside function and Dirac function, respectively.

H (φ) = 1

2

[
1 + 2

π
arctan

(
φ

ε

)]
(12)

δ(φ) = 1

π
· ε

ε2 + φ2 (13)

By minimizing the energy functional through the difference and the gradient descent
methods, we can obtain

∂φ

∂t
= δ(φ)[−λ1(I − c1)

2 + λ2(I − c2)
2

+μdiv(
∇φ

|∇φ| ) + div((1 − 2

|∇φ|0.5+1
)|∇φ|]

(14)

where c1 and c2 are themeans of evolution in the classical ChanVese (CV)model, which
are calculated by the following equation,

c1(φ) =
∫
�
I(x)H (φ(x))dx∫
�
H (φ(x))dx

(15)

c2(φ) =
∫
�
I(x)(1 − H (φ(x)))dx∫
�

(1 − H (φ(x)))dx
(16)
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4 Experimental Results

In order to better compare the six types of diffusion rate functions in Sect. 3, we carry out
experiments based on the classical region-based Chan Vese level set image segmentation
model with six different diffusion rate functions, and carry out experiments on two types
of images: noisy and inhomogeneity. The experimental platform operating system is
windows 10, the program is written based on matlab2018b. The parameters of the model
are as follows: ε = 1, λ1 = λ2 = 1, ν = 0, 
t = 0.1.r = 20.

Figure 3 andFig. 4 show the segmentation results and the correspondingfinal level set
function when the image reaches steady state under six different distance regularization
terms. Figure 3 andFig. 4 show the segmentation effect of theCVmodelwith six different
distance regularization term on the noisy image and the intensity inhomogeneity image.
Figure 3 shows the segmentation of the noisy image, and there are tiny difference between
all the segmentation results and the corresponding level set function. The experimental
results show that the Chan Vese model with six different distance regularization term can
segment noisy images and intensity inhomogeneity images, indicating that the distance
regularization term can make the level set function approximate the signed distance
function, which is robust to the target segmentation of intensity inhomogeneity images.
The segmentation results of (a), (c), (e), (g), (i), and (k) in Fig. 4 are almost the same, but
the changes of the corresponding level set functions of (b), (d), and (f) are oscillating,
and the level set changes of (h), (j) and (I) are smoother, indicating that the distance

Fig. 3. ThefinalCVmodel segmentation results on noise imagewith the six diffusion rate function
and the corresponding level set functions.
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Fig. 4. The final CV model segmentation results on inhomogeneity image with the six diffusion
rate function and the corresponding level set functions.

regularization term approximates the signed distance function better. The number of
iterations and time for the proposed distance regularization term to reach the steady
state are smaller than other types of distance regularization terms by combining the CV
model.

5 Conclusion

In order to avoid more complex re-initialization in the evolution of the level set, we
propose a novel distance regularization potential function based on the logarithmic and
power functions. The proposed distance regularization potential function and its diffu-
sion rate function can guarantee the signed distance function property of the level set
function, making the level set functions calculate accurately and ensure the validity and
stability of the level set evolution. Experiments are presented to compare the novel dis-
tance regularization term with five other distance regularized terms to demonstrate the
effectiveness of the proposed regularization term based on Chan Vese model for image
segmentation.
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Abstract. The sensor-based human activity recognition is a key technology for
modern intelligent sports. However, the complexity of sport activities and lacking
of large-scale dataset give rise to the challenges on training effective deep neural
networks for it. On image/video-based computer vision tasks, deep learning mod-
els can be pretrained on large-scale datasets which are semantically similar with
specific tasks. However, we cannot pretrain deep learningmodels for sensor-based
human activity recognition due to lacking public large-scale datasets. To get rid of
this problem, we propose a similarity-based graph network for the sensor-based
human activity recognition. Specifically, it is a Convolutional Neural Network
(CNN) being enhanced with an embedded Graph Neural Network (GNN) for
learning the label relationship in terms of two proposed similarity measures. The
experimental results on BSS-V2 dataset demonstrate that our proposed network
outperforms prior state-of-the-art work by 10.3% in accuracy and 13.3% better
than backbone CNN model.

Keywords: Badminton activity recognition · Sensor-based data · Convolutional
neural network · Graph neural network · Similarity

1 Introduction

Human activity recognition is very popular in recent years with wide applications. It
can be divided into two main categories: video-based human activity recognition and
sensor-based human activity recognition. Recognition of human activity based on sensor
data is often more effective because sensor data is less computationally expensive than
video data and could do better in privacy protecting than video data.

There are mainly the following two problems in sensor-based human activity recog-
nition. Firstly, due to insufficient sample size, the model is easy to overfit. In the task
of human activity recognition, it is generally difficult to obtain a large number of sam-
ples, and usually deep learning algorithms need enough sample size, otherwise it would
cause the phenomenon of overfitting. Only when the sample size is large enough can
the algorithm well model the specific contribution behind the data, rather than the ran-
dom interfering features. Secondly, some prior works with human knowledge inserted,
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like HMC [10], rely heavily on prior knowledge. Formally, the sensor-based badminton
activity recognition task is divided into two stages in HMC algorithm. In the first stage,
the input sensor-based data is roughly classified into one of the major classes. Then in
the second stage, the input data is further predicted for the specific category. We need to
determine the main-classes of badminton activities in the first stage according to appro-
priate prior information. If the prior knowledge is not reasonable or suitable for the task,
it will certainly affect the identification of specific categories of badminton activities in
the second stage. Only if the classification of the major categories is correct and effective
can the subsequent detailed sub-classifiers get satisfactory results. So prior information
is very important but hard to be designed in the HMC.

In this context, we propose a novel graph-based CNNmodel, called Similarity Graph
BasedNetwork (SGNet) to alleviate the human design bias. It employs aGNN to enhance
the extraction of CNN feature with label correlation inserted. We also propose a novel
method to construct the adjacency matrix used in GNN with little human prior and
extra computation but having dramatic performance bonus, which is demonstrated by
sufficient experimental results.

2 Related Work

Classification task is an important research field in machine learning that has attracted
a lot of attention and investment, and has been widely applied. In the context of the
rapid development of deep learning, various new ideas have emerged for the solution of
classification tasks.

In many literatures, various methods have been proposed to describe the relationship
between labels. A novel network framework called NeXtVLAD [4, 12] in decomposed
the high dimensional eigenvectors into a set of low dimensional vectors before applying
NetVLAD aggregation. Similarly, a multi-layer network structure was proposed [2, 11].
In this network structure, a cyclic memory module was included, which was composed
of spatial transformation layer and LSTM sub-network alternately. This kind of module
had two excellent characteristics: one was its strong interpretability, which was superior
to many traditional deep learning studies; the other was the ability to classify multi-label
images using up and down culture. A GCN-CNN based convolution network called
KSSNet [9] was proposed to solve the label relationship of multi-label image/video
classification. In this work, based on the prior information on label correlation, the rela-
tionship between labels was modeled by superimposing label graphs. After that, the
multi-layer convolution network was used to get the final graph, so as to get the label
embedding. However, the graph used in KSSNet is composed of statistical graph and
knowledge graph. The former is not available in single label classification task and the
latter usually lacks exact information of certain labels, making its generalization to bad-
minton activity recognition task unsatisfactory. To model the label relationship in single
label classification, a framework called Hierarchical Multi-Classification (HMC) was
proposed [10], which could well describe the relationship between different categories
of badminton activities. Nevertheless, the computation overhead of HMC was several
times of backbone classifier and the mapping frommain-classes and sub-classes heavily
depended on designed manually, making it hard to search for an optimal mapping.
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GraphNeural Network (GNN) has been proved to be very effective inmodeling label
structure. A dual flow graph convolution network (TS-GCN) composed of classifiers and
concrete examples was designed to effectively maximize the effect of knowledge graph
[1]. Semi-supervised learning method was presented [7] based on the data structure
and could be extended to many tasks. The method was based on the variation form
of CNN which directly performed the related operations on the graphs. A new multi-
label deep learning network structure ML-ZSL [3] could predict the samples of each
inputmodel, and the prediction result wasmore than one invisible label. Themodel could
automatically learn a rule of information propagation according to semantic information,
and then be used to model the association between visible labels and invisible labels. A
dynamic neural network model, called Spatial Temporal Graph Convolutional Networks
(ST-GCN),was proposed [13]. It was different from conventionalGCNmethods. It could
automatically mine temporal and spatial rules from samples.

3 Methodology

To alleviate the dependency on large-scale training dataset and inspired by KSSNet [9],
we propose a novel similarity-based graph embedded deep learning framework, Name
SimilarityGraphbasedNetwork (SGNet). It utilizes aCNNmodelwith automatic feature
extractor (AFEB) to extract the deep CNN feature and a graph neural network for human
prior information.

In the following part, we introduce in detail how to construct a graph to embody the
label relationship from two terms of similarity: label name similarity and label feature
similarity.

Graph Neural Network (GNN) is one of the most powerful technology for non-
euclidean tasks, especially for embedding label relationship. One of the key factors on
GNN performance is the adjacency matrix among the nodes in a graph. As a typical
single class activity recognition, the badminton activity recognition task lacks essential
information to calculate the statistical adjacency matrix, which results in the difficulty
to build an effective graph on this task. To this end, we propose a novel similarity-based
adjacency matrix, which combines two kinds of similarity of labels: the name similarity
and overall feature similarity. Next, we would present the construction of our proposed
similarity graph.

Construction of Adjacency Matrix. Adjacencymatrix is a core component of a GNN.
It explains the human priors about which objects are the most essential for specific
tasks and how they are correlative about each other. Generally according to information
resources, there are two kinds of adjacency matrices in GNN: 1) statistical adjacency
matrix which is constructed from the statistical information e.g. label co-occurrence [9].
2) knowledge adjacency matrix which is built through knowledge graph such as Con-
ceptNet [6]. Statistical adjacency matrix derives from specific training dataset and could
be quite effective for corresponding tasks. However, the calculation of label relationship
relies on the statistical information such as label co-occurrence. It is not available for
single label tasks like badminton activity recognition. Knowledge graph sources from
human prior knowledge about some objects. Commonly it is large enough and cov-
ers most of daily objects we meet, nevertheless it suffers from two drawbacks: 1) the
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weights of the edges between two nodes are determined by specific designed games
or expert knowledge, both of which ignore the characteristics of certain tasks, in deed
they are tradeoff values for all tasks. However, the edge weights should meet the need
of specific tasks in practice. For example, the edge weight between “Washing Hand”
and “Cooking” in a kitchen is intuitively more significant than that in a toilet. 2) The
node set of knowledge graph could hardly contains all objects in the world. For the task
of badminton activity recognition, one of the classical knowledge graphs, called Con-
ceptNet [6], does not contain any badminton activities in Table 1. KSSNet [9] utilizes
a tradeoff method to create the edge with unknown nodes. Specifically, it first splits
the label phrases into individual words, then averages the weights of all edges between
single words and replaces the edge weights between two primitive label phrases with
the average weights of all single words.

In this part, instead of statistical and knowledge adjacency matrix, we utilize two
kinds of prior information to generate the adjacencymatrix for badminton activity recog-
nition. Formally, denote the graph as G = {V ,E,A} with node (category in this task)
set V = {vi}Ki=1, edge set E and adjacency matrix A ∈ RK×K .

Label Name Similarity. Assuming the phrases of all labels are
{
Wi

}K
i=1, where Wi is

the phrase of the i-th label, such as “Forehand Net Shot”, it is composited of several

consecutive words, denoted asWi =
(
wi
1, · · · ,wi

Li

)
. Li is the length of the i-th phrase,

such as “Forehand”, “Net” and “Shot” in “Forehand Net Shot”. We use the Intersection
over Union (IoU) of two labels vi and vj to construct the edge weight:

Aij = Wi ∩ Wj

W i ∪ Wj
(1)

“|·|” presents the cardinality of the corresponding set. Figure 1 illustrates a sample of
label name similarity between “Forehand Net Shot” and “Backhand Net Shot”. Equa-
tion 1 employs the IoU of two labels vi and vj for the similarity in terms of their names.
It does not need any more expert prior or suffer from human bias, therefore it is robust
for the calculation of the name-based adjacency matrix.

Fig. 1. Label name similarity between “Forehand Net Shot” and “Backhand Net Shot”.

Feature Similarity Based Similarity. Except for the similarity in terms of label names,
the feature similarity is also significant for the label relationship. Feature extraction of
training samples is one of themost important procedures for calculating feature similarity
of different labels. Due to the common problem “dislocation” in sensor-based badminton
activity recognition, it is hard to utilize conventionalmachine learningmethods to extract
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expressive features. Taking it into account, we use a CNN based shallow network AFEB-
MobileNet [8] for feature extraction. Usually, features in shallow layers present shallow
semantic information which are general for various tasks, such as image texture, colors
and shapes. Features in deep layers are closely relative to specific tasks. Besides, they are
also majorly determined by the backbone models, meaning that the feature similarity in
one model is not confidently similar with that from another model. Thereby, we utilize
the middle layers of backbone AFEB-MobileNet for computing feature similarity.

Assuming a well-trained AFEB-MobileNet model to be a composite function
F(X ) = f1◦f2(K),X is the input sensor-based sample. f2(·) is the composition of shallow
and middle layers of backbone CNNmodel, f1(·) is the deep and sofmax layers of back-
bone model. The training of AFEB-MobileNet is guided by a common cross-entropy
loss:

l = − 1

N

∑N

i=1

∑K

j=1
yij log σ(F(Xi)) (2)

yi is the ground-truth one-hot label of input sample Xi, and yij = 1 if Xi belongs to the
j-th category, and vice versa. “σ(·)” is the Softmax function, formally:

σ(z) =
(

ez1∑K
j=1 e

zj
, · · · , ezi∑K

j=1 e
zj
, · · · , ezK∑K

j=1 e
zj

)
(3)

where z = (z1, z2, · · · , zK ).
We extract the feature in middle layers, that is f2(X ), as the presentative feature of

input sample X for label feature similarity. Detailedly, we first employ global average
pooling to transform the 2D hidden CNN feature f2(X ) into a 1D feature,

Ẑ = PC(Z) (4)

Where Z ∈ RC×H×W , and C,H ,W are the channel, height and weight of middle hidden
CNN feature. PC is the global average pooling function among height and weight axes
and the footnote denotes the shape of the output feature. Then, the mean of all training
samples in each category is computed, assuming the results are {Mi}Ki=1. After that, the
Mahalanobis distance between two labels is calculated for better robustness on different
dimensional magnitude and variation.

DM
(
vi, vj

)√(
Mi − Mj

)T
�−1

(
Mi − Mj

)
(5)

whereMj andMj are the average of all samples in categories vi and vj.� is the covariance
matrix of axes:

� =

⎡

⎢⎢
⎣

cov(a1, a1)cov(a1, a2) . . . cov(a1, aC)

cov(a2, a1)cov(a2, a2) . . . cov(a2, aC)

. . . . . .

cov(aC , a1)cov(aC , a2) . . . cov(aC , aC)

⎤

⎥⎥
⎦ (6)

Here conv(·, ·) is the covariance of two statistics, ai is the output statistic of the i-th axes.
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The feature similarity is then formulated as:

SF
(
vi, vj

) = 1

1 + DM
(
vi, vj

) (7)

Figure 2 presents the construction of label feature similarity between “Forehand Net
Shot” and “Backhand Net Shot”.

Fig. 2. Label feature similarity between “Forehand Net Shot” and “Backhand Net Shot”.

Similarity Based Adjacency Matrix. The label name similarity-based graph is perceived
through specific training datasets, it sources fromhuman prior on label names, the prior is
simple enough such that the human bias could be slight sufficiently. Meanwhile it would
not be influenced by the lacking training samples. However, its computation is entirely
from the human prior, therefore it is weak to reflect the real data distribution, which
further limits its performance. Graphs based on feature similarity is a supplementary
of the label name-based graph. To this end, the final graph of the proposed SGNet is
constructed by superimposing label name similarity with feature similarity.

Assuming the label name-based graph is GN = (V ,EN ,AN ), feature similarity-
based graph is GS = (V ,ES ,AS), where AN and AS are adjacency matrices obtained
through label name similarity and feature similarity, respectively.

Denote A
′
S and A

′
K as the normalized versions of AS and AK

A
′
N = D−1/2

N AND
−1/2
N (8)

A
′
S = D−1/2

S ASD
−1/2
S (9)

where DN and DS are diagonal and [DN ]ii = ∑
j[AN ]ij, [DS ]ii = ∑

j[AS ]ij.Weighted

average ofA
′
S andA

′
K is used to superimpose the name similarity based graph into feature

similarity based graph.

A = λA
′
N + (1 − λ)A′

S (10)

λ ∈ [0, 1] is a weight coefficient.
Meanwhile, as the elements of A

′
S and A

′
K are non-negative, A would have more

nonzero elements than AS and AK , meaning that the graph constructed from A has more
redundant edges than those from GS or GN . To suppress the redundant edges, we use a
threshold τ ∈ R to filter the elements of A

[Aτ ]ij =
{

0, if Aij < τ

Aij, if Aij ≥ τ
(11)
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Inspired by KSSNet [9], the performance of models drops as the number of GCN
layers increases in some tasks due to the over-smoothing of deeper GCN layers. There-
fore, we further use the strategy in [9], which adjusts the entries in the adjacency matrix
of the superimposed graph to obtain the final adjacency matrix:

A
∧

= ηAτ + (1 − η)I (12)

I is the identity matrix.
At last, in order to enhance the robustness of built graph on the neighbor numbers,

we re-normalize the adjacency matrix Â as

Ã = D
∧−1/2

ÂD̂−1/2 (13)

where D̂ is the diagonal matrix and
[
D̂

]

ii
= ∑

j

[
AN

∧]

ij
.

With the adjacency matrix Ã, we construct the set of edges as

E =
{(
vi, vj

)|Ãij �= 0, and 0 ≤ i, j ≤ K
}

(14)

and the final graph we propose is defined as G =
{
V ,E, Ã

}
, which is called similarity

graph.

4 Experiments

In this section, we first describe the experimental details in Sect. 4.1, then detail the
comparisons and analysis against the previous state-of-the-art works on the BSS-V2
[10] benchmark and show the superiority of our proposed method in Sect. 4.2. Finally,
in Sect. 4.3 we conduct a series of controlled ablation studies and more comprehensive
analysis to verify the remarkable performance gain is essentially derived from the core
architecture design of our work.

4.1 Experimental Setup

BSS-V2. BSS-V2 is a large-scale dataset for the badminton activity recognition. It uses
a specific device to record the status of human daily activities in badminton sport. Specif-
ically, the recording device is assembled with four units: 1) a common badminton racket
as backbone, 2) a small sensor looking like a coin to record the three-dimensional accel-
eration vectors and spatial attitude angles (roll, pitch and yaw) of badminton activities,
3) a LED to mark the beginning and ending points of each activity, 4) a controller for
the power switching. the signal frequency of the sensor is 200 Hz meaning that 200 tem-
poral frames (called records) would be recorded every second. Totally, it has 37 major
badminton activities covering almost all daily activities in badminton sport and each
activity contains about 215 samples on average. The difficulty of the activity recognition
in this dataset is that some badminton activities are relatively similar with each other,
for example, “Forehand Net Kill” and “Backhand Net Kill”, “Backhand High Clear”
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and “Backhand Clear”. However, the limitation of lacking sufficient samples makes it
hard to train an expressive deep model. Following HMC [10], we use the same random
segmentation strategy where 80% of BSS-V2 is Taken as the training set, its rest as the
test set.

Data Preprocessing. Per AFEB-AlexNet [8] and HMC [10], firstly we employ the
low-pass ButterWorth filter to deal with sensor noise. Then, we remove the redundant
temporal frames (records) based on SlidingWindow and Bottom-up (SWAB) algorithm.
After that, the croppeddata are resized into 300 records using linear interpolation or linear
compression along the temporal axis. The models without automatic feature extractor
(AFEB) rely on manually extracted features. Following [8, 10], we calculate the mean
value, standard deviation, skewness and kurtosis of each attribute as well as the raw
attributes (three-dimensional acceleration and three-dimensional spatial attitude angles)
as model inputs. LSTM based models employ sliding windows to compress the original
2D input data into 1D vectors. The width of windows is fixed to 30 records with a
overlap of 15 records. As for AFEB based models, only raw attributes are taken as input.
The feature embedding of feature similarity is extracted from the fourth bottleneck of
MobileNetv2 [5].

Model Training. For fair comparison, we utilize the same training details with HMC
[10]. In detail, The Adaptive Moment Estimation (Adam) is utilized as the optimizer
with a momentum of 0.9 and a weight decay of 1e 4. The training batch size is taken as
64. All mentioned models are trained for 500 epochs in total with an initial learning rate
1e 3. The CNN based models are all pretrained on ImageNet.

Model Evaluation. Following HMC [10], the 5-folds cross evaluation is conducted for
model evaluation. Speaking in detail, we randomly split the original BSS-V2 dataset into
five pairs of training and test sets, then the models in Table 2 are trained and evaluated
in each pair and the average accuracies are reported as the final scores.

4.2 Comparison with Baselines

We compare the performance of the proposed SGNet with commonly used models
like LSTM, MobileNet, ResNet, AFEB based CNN and previous state-of-the-art model
HMC. HMC follows the best setting in [10], where the mapping from Task 1 to Task2
is shown in Table 1. The experimental results are presented in Table 2.

It is shown that the proposed similarity graph architecture achieves obvious perfor-
mance gain over HMC, which shares the same backbone models. Besides, in terms of
efficiency, the proposed SGNet employs lightweight GCN with four layers. Demon-
strated in [9], the computation overhead is so small that it keeps as efficient as backbone
CNN model. While the computation of previous state-of-the-art model HMC relies on
the number of subclasses, especially, it is several times of the backbone computation.

4.3 Ablations and Analysis

In this section, we perform controlled ablation studies to evaluate the core resource of the
performance gain by SGNet and evaluate the influence of label graph to the recognition
accuracy.
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Table 1. The optimal mapping from Task1 and Task2 in HMC [10].

Task 1 M1 M2 M3

Task 2 Forehand High Serve Forehand Net Lift Forehand High Clear

Backhand High Clear Backhand Net Lift Overhead High Clear

Backhand Clear Forehand Intercept Forehand Clear

hand Serve Backhand Intercept Overhead Clear

Backhand Serve Forehand Intercept
Drive

Forehand Smash

Forehand Net Shot Backhand Intercept
Drive

Overhead Smash

Backhand Net Shot Forehand Intercept
Straight

Midfield Forehand Smash

Forehand Hook Diagonal Backhand Intercept
Straight

Midfield Backhand Smash

Backhand Hook Diagonal Forehand Intercept
Diagonal

Forehand Drop Shot

Hand Net Backhand Intercept
Diagonal

Overhead Drop Shot

Hand Net - Forehand Full Strike

Forehand Net Kill - Overhead Full Strike

Backhand Net Kill - -

Forehand Return - -

Backhand Return - -

Label Graph of SGNet. We implement four counterparts of SGNet, all of which share
the same backbones AFEB-ResNet50 with labels embedded through four layers GCN.
The difference is that each of them has its own adjacency matrix. Table 3 summarizes
the experimental results of SGNet (Knowledge Graph), SGNet (Name Similarity Graph,
SGNet (Feature Similarity Graph) and SGNet (Similarity Graph). The proposed Simi-
larity Graph is demonstrated to outperform the others by large margins. Additionally, it
is also shown that the adjacency matrix makes the key influence on the model perfor-
mance. Particularly, Knowledge Graph based version even drops the accuracy by 0.4%
compared with backbone AFEB-MobileNet. The reason is probably the lacking infor-
mation of entire badminton activities in ConceptNet. Both Name Similarity Graph and
Feature Similarity Graph show obvious performance gains over backbone models, and
superimposing label name similarity and feature similarity could further achieve better
accuracy.
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Table 2. Quantitative results of baselines and SGNet. We report the average accuracies of five
test datasets with 5-folds cross validation.

Method Backbone Pretrain Accuracy

LSTM LSTM - 68.4%

MobileNet mobilenetv2 ImageNet 80.0%

ResNet50 ResNet50 ImageNet 79.5%

ResNet101 ResNet101 ImageNet 79.4%

AFEB-MobileNet mobilenetv2 ImageNet 82.2%

AFEB-ResNet50 ResNet50 ImageNet 82.0%

AFEB-ResNet101 ResNet101 ImageNet 81.7%

HMC-MobileNet AFEB-MobileNetv2, AFEB-MobileNetv2 ImageNet 83.9%

HMC-ResNet50 AFEB-ResNet50, AFEB-ResNet50 ImageNet 83.6%

HMC-ResNet101 AFEB-ResNet101, AFEB-ResNet101 ImageNet 82.4%

SGNet AFEB-MobileNetv2 ImageNet 89.2%

SGNet AFEB-ResNet50 ImageNet 91.4%

SGNet AFEB-ResNet101 ImageNet 92.7%

Table 3. Performance comparisons of different label graphs onBSS-V2 dataset. The “Knowledge
graph” is built fromConceptNet [6] and “SimilarityGraph” is the composition of “NameSimilarity
Graph” and “Feature Similarity Graph”.

Method Backbone Pretrain Accuracy

Baseline ResNet50 ImageNet 79.5%

SGNet (Knowledge Graph) AFEB-ResNet50 ImageNet 81.6%

SGNet (Name Similarity Graph) AFEB-ResNet50 ImageNet 89.2%

SGNet (Feature Similarity Graph) AFEB-ResNet50 ImageNet 90.5%

SGNet (Similarity Graph) AFEB-ResNet50 ImageNet 91.4%

5 Conclusion

The conflict between lacking large-scale training datasets and numerous parameters in
deep learning models makes the sensor based human activity recognition very diffi-
cult. To this end, we have proposed a novel similarity graph based architecture SGNet
to enhance the performance of backbone CNN models. The adjacency matrix of the
proposed SGNet is composed of two complementary priors: label name similarity and
feature similarity. The former embeds the overall relationship among labels by label
names. It is robust for various data noise. The latter is based on the training dataset and
could better reflect the real-world sample feature similarity of specific labels. Injecting
these two priors, our SGNet surpasses the backbone CNN models through extra human
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prior embedded. It is demonstrated by the experimental results on BSS-V2 dataset that
our proposed SGNet surpasses the previous state-of-the-art model by a considerable
margin.
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MITT: Musical Instrument Timbre Transfer
Based on the Multichannel Attention-Guided

Mechanism
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Abstract. Research on neural style transfer and domain translation has clearly
demonstrated the ability of deep learning algorithms to manipulate images based
on their artistic style. The idea of image translation has been applied to the task
of music-style transfer and to the timbre transfer of musical instrument record-
ings; however, the results have not been ideal. Generally, the task of instrument
timbre transfer depends on the ability to extract a separated manipulable instru-
ment timbre feature. However, as the distinction between a musical note and its
timbre is often not sufficiently clear, generated samples by current timbre transfer
models usually contain irrelevant waveforms. Here, we propose a method of tim-
bre transfer, for musical instrument sounds, capable of converting one instrument
sound to another while preserving note information (duration, pitch, rhythm, etc.).
The multichannel attention-guided mechanism is used to enable timbre transfer
between spectrograms, enhancing the ability of the model guidance generator to
capture the most distinguishable components (harmonic components) in the pro-
cess. The proposed model uses a Markov discriminator to optimize the generator,
enabling it to accurately learn a spectrogram’s higher-order feature. Experimental
results demonstrate that the proposed instrument timbre transfer model effectively
captures the harmonic components in the target domain and produces explicit
high-frequency details.

Keywords: Musical instrument timbre transfer · Spectrogram · Timbre ·
Generative adversarial network

1 Introduction

Driven by musical style transfer and image translation, musical instrument timbre trans-
fer is increasingly attracting researcher attention. Musical instrument timbre transfer
is the conversion of one instrument sound to another, while preserving note informa-
tion, such as duration, pitch, and rhythm. The timbre is a perceptual characteristic, and
the difference in timbre appears as a difference in harmonic distribution on the spec-
trogram. Although the idea of image style transfer can directly be applied to the raw
audio wave’s time-frequency representation, the effectiveness of doing so depends on
whether independent and controllable instrument timbre features can be extracted cor-
rectly. Recently, researchers have proposed several models for implementing musical
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instrument timbre and music style transfer learning. For example, Mor et al. [1] directed
raw audio wave modeling and using a shared WaveNet [2] encoder, and independent
decoders, for multiple instruments to implement timbre transfer. However, WaveNet is
a conventional, autoregressive model. Audio samples generated by it are required to
be generated sequentially, which makes the speed of this method unsuitable for real-
time applications. Timbretron [3] proposed a method that uses constant-Q transform [4]
(CQT) spectrograms as the raw audio wave representation and CycleGAN [5] as the
timbre transfer model. However, this model does not address the problem of musical
note and timbral entanglement, which causes generated samples to contain irrelevant
waveforms. Bitton et al. [6] proposed the embedding of instrument category and pitch
labels into their model to achieve a many-to-many timbre transfer among instruments.
Although their approach solved the one-to-one problem of timbre transfer, they did not
propose a clear solution to the quality problem of spectrogram generation.

The use of spectrograms as transfer media is a common method for processing raw
audiowave.However,many of the current proposedmodels have difficulties in extracting
musical instrument timbre features and distinguishing between timbre and note informa-
tion. These difficulties are attributed to the very subtle differences in the spectrograms of
different instruments, whichmakes it difficult for the generator to perceive the difference
in harmonics between the source and target domains, so that unwanted parts are likely
to be generated in the samples. In 2020, Jain et al. introduced a single-channel attention-
guided mechanism into the generator in ATT [7], which makes the generator can capture
the most distinguishable part between the source and the target domain, realizing the
separation of music note information and timbre information. ATT is the first attempt
to use the attention-guided mechanism in the timbre transfer of musical instruments
task. However, generative space for it is limited due to the single attention mask and
the single content mask generated by the generator. In this study, we propose a musical
instrument timbre transfermodel based on themultichannel attention-guidedmechanism
[8]. Applying the multichannel attention-guided mechanism enhances the model guide
generator’s ability to capture the most discriminating components (harmonic compo-
nents) of a spectrogram. Accordingly, the generator reduces the generation of unwanted
factors. Additionally, the proposed method uses a Markov discriminator [9] to optimize
the generator so that it can capture a higher-order spectrogram feature. Experimental
results demonstrate that the proposed timbre transfer method effectively captures dis-
tinctions between timbre and note information, generates high-quality spectrograms,
and successfully achieves timbre transfer learning.

This study’s contribution is summarized as follow:

1. We propose the use of the multichannel attention-guided mechanism to guide timbre
transfer. The use of the multichannel attention-guided mechanism enhances the abil-
ity of the model guidance generator to capture the most distinguishable components
(i.e., harmonic components) of spectrograms.

2. To optimize the generator structure for fusing local and overall spectrogram features,
the discriminator uses a superimposed convolutional layer to output an N×Nmatrix
in which each patch is judged separately.

3. The proposed method applies the idea of image translation to musical instrument
timbre transfer. CQT spectrograms are used as the medium for musical instrument
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spectrogram-to-spectrogram transfer, and the converted spectrograms are classified
with an accuracy of up to 96.97%.

2 Related Work

2.1 Generative Adversarial Networks (GANs)

Generative Adversarial Nets (GAN) [10] is one of the most significant model in deep
learning. Since 2014, when Goodfellow proposed the GAN, its powerful generation
capabilities have achieved significant results in field of image and audio generation [11,
12], image translation [13], and audio conversion [14].

2.2 Time-Frequency Representation

In many cases, time-frequency representation is an effective way to represent raw audio
wave. By using filters with different center frequencies the signal can be separated (e.g.
short-time Fourier transform) and the information carried by the signal can be made
more clear. Short-time Fourier transform (STFT) is a commonly used signal processing
method, however, its linear frequency bin spacing is known to be inadequate to some
degree for analyzing and processing music signals [15]. To address this problem, we
compute the constant-Q transform (CQT) [4] of a time-domain signal. CQT has the
same frequency distribution as a twelve-tone scale and has a high frequency resolution
at low frequencies and a high time resolution at high frequencies. The CQT of the
finite-length sequence x(n) is expressed as:

xcq(k) = 1

Nk

∑Nk−1

n=0
x(n)wNk (n)e

−j 2πQNk
n

(1)

In formula (1), Nk is the window length corresponding to the calculation of the CQ
transformation of the k-th frequency fk ,wNk is the window function of lengthNk , Q is the
constant factor in the CQ transformation, and k is the sequence CQ spectrum Frequency
subscript.

By calculating the CQT spectrum of a music signal, the amplitude value at each
note frequency can be directly obtained, which is useful in recovering the fine timing of
rhythms.

2.3 Image-To-Image Translation

Deep learning and GAN development has led to the rapid advancement of image trans-
lation. Examples of successful classical models include the pix2pix [9], CycleGAN
[5], and UNIT [16]. These models achieved translation from source-to target-domain
images, but usually only to a single target domain. With the development of StarGAN
[17],MUNIT [18] andUGATIT [19], translation from sources tomultiple target domains
was further realized. However, these models often generated unwanted factors and could
not focus on the most distinguishable components. Therefore, Tang et al. [8, 20] pro-
posed using attention-guided mechanism to capture the most discriminative component



MITT: Musical Instrument Timbre Transfer 571

of the image target domain and minimize variation in the background. The model’s
effectiveness is demonstrated experimentally. This paper draws on the idea of image
translation and introduces the multichannel attention-guided mechanism into the timbre
transfer of musical instruments to achieve more accurate modeling of the timbre of the
target spectrogram.

3 Method

3.1 Spectrogram-To-Spectrogram Timbre Transfer

Fig. 1. MITT: musical instrument timbre transfer based on the multichannel attention-guided
mechanism.

The proposed timbre transfer method aims at realizing spectrogram-to-spectrogram
timbre transfer by using CQT spectrograms to represent raw audio data, and the diagram
of this model is shown in Fig. 1. Inspired by the dual-learning mechanism, the proposed
model uses two generators (Gx→y, Gy→x) and two discriminators (Dx, Dy) to form
a ring network.Gx→y, Gy→x represent timbre transfer from instruments X to Y and
from Y to X respectively. In order to improve the ability of distinguishing timbre and
music note information, the multichannel attention-guided mechanism is applied to
the generator to achieve context-aware timbre transfer for instrument. Each generator
consists of a parameter-sharing encoderGE , an attention mask networkGA and a content
mask network GC . The discriminators are used to distinguish fake data from real data
through punishing its corresponding generator when it produces unsatisfactory results.
Otherwise, the proposed model uses Markov discriminators to optimize generators to
accurately learn a spectrogram feature at higher order level. We show one mapping in
this figure, i.e., x → Gx→y(x) → Gy→x(Gx→y(x)) ≈ x. We also have other mapping,
i.e.,y → Gy→x(y) → Gx→y(Gy→x(y)) ≈ y. The proposed model is constrained by the
cycle-consistency loss and trained in an end-to-end fashion. It is also an unsupervised
timbre transfer model with essentially no pairwise matching datasets and no ground
truth for comparison. Xt and Yt and represent a random sample of spectrogram in the X
domain and Y domain respectively.
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3.2 Multichannel Attention-Guided Mechanism

The musical instrument timbre transfer task is designed to achieve context-aware instru-
ment timbre transfer by capturing the relationship between instrument timbre and notes,
and automatically discerning which parts should be changed, and which should be left
behind during the spectrum translation process. Generally, conventional instrument tim-
bre transfer methods conduct the transference of semantic information with a primary
focus on the differences between the source and target domains and cannot preservemusi-
cal note information. To achieve perceptual timbre transfer, the generator must focus
on specific components (harmonics) of the spectrogram and retain those components
that need not be changed. Figure 2 illustrates Framework of the proposed multichannel
attention-guided generation.

Fig. 2. Framework of the proposed multichannel attention-guided generation. We show the
process of spectrogram x through generator Gx→y timbre transfer to generate y′ in this figure.

The input spectrogram of generator Gx→y is x ∈ RH×W×C , where H is the height
of spectrogram, where W is the width spectrogram, where C is the number of channels.
Generator Gx→y consists of three parts, GE , GA, GC .GE is the encoder network, GC is
the content mask network, and GA is the attention mask network. Firstly, spectrogram x
is encoded by GE . And GE outputs feature f . Then, the content masks Cy ∈ RH×W×C

and attention masks Ay ∈ {0, . . . , 1}H×W can be obtained by sending f to the content
mask network GC and the attention mask network GA respectively. Because GC and
GA have their own parameters, they do not affect each other. Network GA outputs n−1

foreground attention masks
{
At
y

}n−1

t=1
and a background attention mask Ab

y ; at the same

GC outputs n-1 content masks {Ct
y}n−1

t=1 .This way, the network can simultaneously learn
the novel foreground spectrogram while retaining the input spectrogram’s background.

The output result Gx→y(x) is obtained by fusing
{
At
y

}n−1

t=1
, Ab

y , {Ct
y}n−1

t=1 , and the input
spectrogram x as:

Gx→y(x) =
∑n−1

t=1
(Ct

y ∗ At
y) + x ∗ Ab

y (2)
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In this manner, the background content x ∗ Ab
y of the input spectrogram x is retained

while a novel foreground content
∑n−1

t=1 (Ct
y ∗ At

y) is generated, which can then be com-
bined to obtain the output spectrogramGx→y(x). The formulation of generatorGy→x(y)
and input spectrogram y can be expressed asGy→x(y) = ∑n−1

t=1 (Ct
x ∗At

x)+y∗Ab
x , where

n attention masks
{
At
x

}n−1
t=1 , A

b
x are also produced by a channel-wise Softmax activation

function for normalization.

3.3 Markov Discriminator Guidance of Higher-Order Spectrogram Feature
Capture

Generally, images are locally correlated, that is, neighboring pixels are more likely
to have the same color and brightness. In the spectrogram, there are more harmonic
correlations. The correlation is reflected in the entire frequency axis. Therefore, how to
effectively learn harmonic correlation of the spectrogram is very important. The proposed
model uses L1 loss to capture the lower-order spectrogram information; however, L1 has
difficulties in capturing higher-order information. Accordingly, the performance of the
discriminator is measured by the accurate capture of a higher-order spectrogram feature.
To obtain the feature details of a higher-order spectrogram, the proposed model uses a
Markov discriminator that penalizes on the spectrum patch scale. By judging individual
patches rather than overall spectrum, the generator can be optimized to better focus
on detail generation. In effect, the Markov discriminator models the spectrogram as a
Markov random field in which each feature is described in terms of local spectrogram
blocks around each pixel value. TheMarkov discriminator output can be understood as a
measure of similarity between texture styles. Figure 3 shows theMarkov discriminator’s
structure used here.

Fig. 3. Markov discriminator diagram.

3.4 Loss Function

Adversarial loss: To stabilize the model training, we use the least squares loss instead of
the CrossEntropy loss. Therefore, the objective function of discriminatorDx is expressed
as:
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min
Dx

V
(
Gy→x,Dx

) = 1

2
Ex∼pdata(x)

[
(Dx(x) − 1)2

]
+ 1

2
Ey∼pdata(y)[Dx(Gy→x(y))

2] (3)

The objective function of generator Gy→x is expressed as:

min
Gy→x

V (Gy→x) = 1

2
Ey∼pdata(y)[Dx(Gy→x(y) − 1)2] (4)

Generator Gy→x and discriminator Dx are updated alternately, and LxGAN is Gy→x, Dx

GAN loss. Similarly, LyGAN is generator Gx→y and discriminator Dy GAN loss.
Cyclic consistency loss: Theoretically, an output result x′′ obtained after implement-

ingGy→x(Gx→y(x)) should be approximately equal to the original input x, and the output
result y′′ obtained after implementing Gx→y(Gy→x(y)) should be approximately equal
to the original input y. To strengthen the overall consistency, cyclic consistency can be
applied to reduce the possible set of mappings that the networks can learn and force
Gx→y andGy→x to perform opposite conversions. The cyclic consistency loss is defined
as

Lcycle = Ex∼pdata(x)

[‖Gy→x(Gx→y(x) − x‖1
]

+Ey∼pdata(y)

[‖Gx→y(Gy→x(y) − y‖1
]

(5)

Identity loss: Identity loss can assist the generator in preserving music content, which,
empirically, yields better audio quality. The identity loss Lidentity is defined as:

Lidentity = Ey∼pdata(y)

[‖y − Gx→y(y)‖1
] + Ex∼pdata(x)

[‖x − Gy→x(x)‖1
]

(6)

The final objective function can then be defined as:

L = LxGAN + LyGAN + λcycLcycle + λid Lidentity (7)

Where LxGAN , L
y
GAN , Lcycle, Lidentity are generator Gy→x and discriminatorDx GAN loss,

generator Gx→y and discriminator Dy GAN loss, cycle-consistency loss, identity loss,
respectively. λcyc, λid are parameters controlling the relative relation of each term. The
cyclic consistency and identity loss parameter were set to λcyc= 10 and λid= 0.7.

4 Experiments

4.1 Experimental Setup

We trained the musical instrument timbre transfer model on the Nsynth dataset [21],
which contains many annotated notes collected from instruments with various pitches
and rates. To validate the effectiveness of our approach, we pre-processed the raw audio
data properly. Specifically, we select 9300 samples for each instrument and extracted
the corresponding acoustic components. In addition, we remove the silent part and then
compute the constant-Q transform (CQT) for the 1s raw audio signals in time-domain.
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For generating spectrograms, we used 512 samples between successive frames and FFT
window of length 2048. The resolution of each spectrogram was [84*84*3]. Figure 4
shows parts of the CQT spectrogram sample. We collect the CQT spectrum into a new
dataset and divide it into training, testing, and validation sets with a ratio of 7:1:2. Based
on this dataset, the two-way timbre transfer experiments can be carried out using an
Adam optimizer with an initialized learning rate of 0.0002, and the other parameters
are: α = 0.5, β = 0.999. We train the proposed model for 200 epochs with a batch size
of 32.

Fig. 4. Real sample of CQT spectrogram. For a spectrogram, the horizontal axis represents time
and the vertical axis represents logarithmic frequency.

4.2 Evaluation Mechanism

In this paper, we propose a timbre transfer method for musical instruments in which
raw audio wave are expressed as CQT spectrogram. To evaluate the reconstruction
performance, several evaluation metrics are used to measure the difference between
input spectrogram x and reconstructed output spectrogram x′′. It includes the root-mean-
square error (RMSE), the peak signal-to-noise ratio (PSNR) and the Fréchet inception
distance (FID) metrics.

The root mean square error is defined as:

RMSE =
√√√√ 1

m

m∑

i=1

(
xi − x′′

i

)2 (8)

For this formula, xi represent the real sample on the verification set, and x′′
i is the

reconstructed sample. RMSE calculates the root mean square error of xi and x′′
i . The

smaller the value of it, the better results can get.
The peak signal-to-noise ratio is defined as:

PSNR = 10 ∗ log10

(
MAX 2

I

MSE

)
(9)
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MSE represents the mean square error between the generated image and the real image,
whereMAX 2

I is themaximumpixel value of the image. Peak signal-to-noise ratio is often
used as a measurement method of signal reconstruction quality in image compression
and other fields. Therefore, we use it to evaluate the quality of data reconstruction. Larger
PSNR value indicates a higher generation quality.

The Fréchet inception distance is defined as:

FID = ‖μr − μg‖22 + Tr(�r + �g − 2
(
�r�g

)1/2
) (10)

In FID, r represents the real image, g represents the generated image, μ represents the
mean value of the data feature,

∑
represents the covariance matrix of the data feature,

and Tr represents the sum of the elements on the diagonal of the matrix. The smaller
value of FID, the closer the distribution between the generated data and the real data.

To assess the transfer quality, each spectrogram on the validation set is classified
after timbre transfer. The transfer effect also was evaluated using the kernel inception
distance (KID) and the Fréchet inception distance metrics, which measure the distance
between the real spectrogram domain and the generated spectrogram domain.

(a) Timbre transfer from brass spectrogram to guitar spectrogram . 

(b) Timbre transfer from guitar spectrogram to brass spectrogram . 

Fig. 5. The effect of timbre transfer based on spectrogram by MITT. For a spectrogram, the
horizontal axis represents time and the vertical axis represents logarithmic frequency. The proposed
model in this paper is an unsupervised timbre transfer model with essentially no pairwisematching
datasets and no ground truth for comparison. Therefore, no ground truth samples are shown in
this figure.
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4.3 Musical Instrument Timbre Transfer Experiment

The musical instrument timbre transfer model is designed to maximize the distinction
between timbre and musical note information while ensuring the quality of spectro-
gram generation, and then realize timbre transfer. To assess the converted spectrograms
produced by the proposedmethod,we qualitatively and quantitatively analyzed and com-
pared its output to that produced by recent methods. The compared model CycleGAN
[5] is a classical model, and AGGAN [20] is a single-channel attention-guided model.
Additionally, frame structure-dependent ablation experiments were conducted.

4.3.1 Qualitative and Quantitative Studies

Qualitative analysis
In spectrograms of music audio signals, differences in instrument timbre are primarily
reflected as differences in the number and shape of harmonic distributions, which in turn
can be represented as horizontal texture information on the spectrogram. From Fig. 5,
we find that the harmonic distribution of the brass spectrogram generated from the guitar
spectrogram through MITT timbre transfer has increased significantly.

In addition, we find that the attention mask generated by the model effectively grasps
the nonlinear harmonic distribution of the spectrograms.

Fig. 6. Samples generated by different timbre transfer under different models. For a spectrogram,
the horizontal axis represents time and the vertical axis represents logarithmic frequency.

In performing timbre transfer, it is important to generate clear texture information
while reducing the creation of unwanted factor. We qualitatively compared samples gen-
erated by the transformation process of the proposed method with those produced using
AGGAN and CycleGAN under the same experimental settings (see Fig. 6). Figure 6
shows the converted CQT spectrograms produced by different models, with time and
frequency indicated on the horizontal and vertical axes. A comparison of the generated
samples reveals that AGGAN and CycleGAN generate gray unidentified texture infor-
mation in the high-frequency parts of their respective CQT spectrograms (The texture of
the spectrum as shown in the red box in the figure). Additionally, several artifacts appear
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in the spectrogram following AGGAN timbre transfer (The texture of the spectrum as
shown in the white box in the figure). Conversely, the proposed model’s spectrogram
generates a clearer texture and higher spectrogram quality.

Quantitative Analysis:

Table 1. Results of the quantitative evaluation of model transfer and generation effects.

Instruments Reconstruction Transfer

RMSE ↓ PSNR ↑ FID ↓ FID ↓
brass ↔ guitar 0.0121 30.7510 47.15 22.29

guitar ↔ reed 0.0115 30.6799 47.89 19.87

brass ↔ reed 0.0079 32.4662 20.67 16.72

brass ↔ mallet 0.1025 27.3228 50.04 22.08

To assess the quality of spectrograms generated by timbre transfer, we calculate
the average RMSE, PSNR, and FID between target domain samples and the samples
generated by the MITT timbre transfer in the validation set to analyze the reconstruction
and transfer. Table 1 shows that the proposed timbre transfer method performs quite well
in reconstructing spectrograms and transferring timbre. We found that the RMSE, FID
values of the MITT reconstructed generated samples were small and the PSNR values
of MITT reconstructed generated samples were large. So that we inferred that the model
reconstructed generated spectrograms had clear texture and small distance from the real
sample data distribution. In addition, we found that the distance FID between the sample
generated by the timbre transfer and the target domain sample is also very small. It can
be inferred that the converted spectrogram is similar to the target domain spectrogram
data distribution.

4.3.2 Comparison with the State-of-the-Art

Further, we evaluated the effect of timbre transfer and the proposed model’s contribu-
tion. After pretraining the Timbre_Encoder model to classify the spectrograms of four
instruments, we performed timbre transfer on the validation set and then used the Tim-
bre_Encoder to classify the generated samples. Figure 7(a) shows a comparison between
the results produced by the proposed model, CyleGAN, and AGGAN. Among the three
assessed models, MITT produced the best results in terms of timbre-transformed spec-
trogram classification, with an average classification accuracy of 96.97%. In order to
visualize the classification effect, we extracted the classified features for PCA dimen-
sionality reduction visualization, and the result is shown in Fig. 7(b). Figure 7(b) shows
the data distributions of the brass, mallet, guitar, and reed results on the validation set
(T0, T1, T2, and T3) and the sample distributions generated by the timbre transformation
model (F0, F1, F2, and F3).
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(a) Comparison of classification results.   (b)  MITT classification visualization.

Fig. 7. Post-timbre transfer spectrum classification diagram.

In order to verify the validity and advancement of the proposedmodel, in the compar-
ative experimental study, we conducted a comparison of the FID distances of different
models, and the comparison results are shown in Table 2. We found that relative to
CycleGAN, AGGAN, the distance FID values between spectrograms generated by the
MITT model and the target domain spectrograms are the smallest. In other words, the
samples generated by the MITT model are closer to the target domain spectrogram data
distribution.

Table 2. Comparison of the FID values produced by different models for different instruments.

FID brass ↔ guitar guitar ↔ reed brass ↔ reed brass ↔ mallet

CycleGAN 38.51 36.30 38.51 47.40

AGGAN 55.28 56.51 16.70 80.82

MITT 22.29 19.87 16.72 22.08

4.3.3 Ablation Study

To quantitatively assess the effects of applying the multichannel attention-guided mech-
anism and Markov discriminator on MITT, we performed ablation experiments on the
proposed model. To perform ablation experiments on the brass → guitar timbre trans-
fer we removed each component sequentially while maintaining the other conditions
unchanged. Among them, Baseline* is the basic model, which is composed of Cyle-
GAN and pixel discriminator. The experimental results are shown in Table 3. It can
be seen from the table that when only the multichannel attention-guided mechanism is
removed, the KID increases to about 10, and the FID increases to about 38.51, that is, the
quality of the generation is degraded. When only the Markov discriminator is removed,
the KID value increases to about 83, and the FID value increases to about 116, which
indicates that the quality of the spectrogram generation is rapidly degraded. Therefore, it
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can be inferred that both the multichannel attention-guided mechanism and the Markov
discriminator model played a key role in improving the model’s performance in terms
of instrument timbre transfer.

Table 3. Ablation analysis results of the effects of the multichannel attention-guided mechanism
(MAG) and Markov discriminator (MK) on timbre transfer.

KID ↓ FID ↓
Baseline* 226.77 ±3.20 183.20

Baseline + MAG 83.15 ±1.73 115.53

Baseline + MK 10.64 ± 0.47 38.51

MITT 5.03 ±0.46 22.29

5 Summary

This paper mainly introduces the combination of generative adversarial networks and
musical instrument timbre transfer tasks under the current booming development of deep
learning and image translation, and the realization of timbre transfer based on the idea
of image translation. We propose a musical instrument timbre transfer system that uses
the multichannel attention-guided mechanism to learn the timbre differences between
instruments and achieve the transfer of a given instrument’s sound to an exception
sound while retaining its basic note information. Guided by the multichannel attention-
guided mechanism, the model generator effectively captures the harmonic distributions
in the spectrograms produced by individual instruments. The Markov discriminator
is used to optimize the generator to accurately capture the higher-order spectrogram
feature, improving the quality of spectrogram generation. Experimental results reveal
that the musical instrument timbre transfer system proposed is effective at achieving
timbre transfer between instruments and significantly improves the quality of converted
spectrograms, achieving a classification accuracy of 96.97%. The method proposed here
can effectively capture the distinctions between timbre and musical note information,
generating high-quality spectrograms to successfully achieve timbre transfer learning.
Based on the existing work, we will follow up on the timbre transfer of singing, and the
many-to-many instrument timbre transfer for research and discussion.
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Abstract. Lung cancer is one of the most common cancers in the world, and the
detection and classification of benign-malignant lung nodules are critical during
the diagnosis and treatment for lung cancer. In this paper, a multi-view improved
dense convolutional network is proposed for the classification of benign-malignant
pulmonary nodules, where more information of input multi-scale features can be
extracted from 2D views of nine different directions. The improved dense block
and other layers are linked by shortcuts, which optimizes the feature extraction.
The proposed network model is trained in the LIDC-IDRI dataset, and the results
show that the average classification accuracy and AUC are 86.52% and 97.23%
respectively, which means that the network model has significantly improved the
performance of benign-malignant pulmonary nodules classification.

Keywords: Lung cancer · Dense convolution · Multi-scale features · Shortcut
links

1 Introduction

Lung cancer is one of the most common cancers, which results in the highest fatal rate in
the world [1]. The reason for the low survival rate is that the clinical symptoms of lung
cancer usually appear in the advanced stage of lung cancer [2], so conducting an early
diagnosis generally improves survival rate and provides the best chance for successful
treatment. Pulmonary nodules are one of the most important early symptoms of lung
cancer, which appear as irregular small structures with different sizes in CT images
[3]. Pulmonary nodules can be categorized into benign and malignant: benign nodules
usually have no clinical symptoms and no risk of spreading; malignant nodules can
spread quickly and endanger the life of patient. If the pulmonary nodules can be found
and the benign and malignant types of pulmonary nodules can be identified accurately in
time through computerized tomography (CT) [4], it will greatly reduce the misdiagnosis
rate of lung cancer.
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Currently, computer-aided diagnosis (CAD) system has greatly improved its iden-
tification efficiency and has become an important auxiliary means to ease the work of
doctors, and it also assists radiologists in the rapid diagnosis of pulmonary nodules
[5]. Generally, diagnosis of pulmonary nodules has two steps: candidate area of pul-
monary nodule detection and pulmonary nodule benign-malignant classification [6].
In the process of candidate pulmonary nodule area detection, it is required to find all
suspicious nodules as much as possible, which inevitably contains a large number of
benign pulmonary nodules in results. It is well-known from multiple research data that
less than 5% of the diagnosed pulmonary nodules are finally confirmed as malignant
nodules. Therefore, benign-malignant pulmonary nodule classification is vital to the
automatic diagnosis system of pulmonary nodules and is also the research target of this
article. Recently, deep learning has made extensive and in-depth developments in med-
ical image applications, and the advancement of medical image has also benefited from
this trend. Various nodule classifiers of nodule characteristics have been proposed, such
as Histogram of Oriented Gradient (HOG) [7], Local Binary Pattern (LBP) [8], Scale
Invariant Feature Transform (SIFT) [9] and other local feature classifiers. A large number
of methods have also been applied in medical image processing, such as Convolutional
Neural Networks (CNN), DeepGenerativeModels (DGM), Generative Adversarial Net-
works (GAN), supervised learning, unsupervised learning, etc. Ronneberger et al. [10]
proposed a Fully Convolution Network (FCN)U-Net for biological image segmenta-
tion, which has a good performance in fusing network hierarchical and local semantic
features. Hua et al. [11] respectively applied Deep Neural Network (DCNN) and Deep
Belief Network (DBN) to the benign-malignant pulmonary nodule classification, which
revealed that deep learning is good enough for such tasks. ELBAZ et al. [12] used a
two-step labeling method to accurately observe the volume changes between the corre-
sponding nodules, which can effectively identify benign-malignant pulmonary nodules,
but it takes a lot of time to observe and track the changes of nodules. Pulmonary nodules
are quite different in morphological scale. Benign nodules are generally smooth and
sharp. A few of benign nodules have visible notches and long burrs, which are diversi-
fied in shape and diffusely distributed, while malignant nodules with short burrs around
them, are eccentrically distributed.Although current convolutional networks have unique
advantages in image recognition, their layers has gradually increased as performance
required. For example, VGG network has reached 19 layers. With the increasing of the
number of network layers, some issues are beginning to emerge, such as model over-
fitting, gradient disappearance, gradient explosion, and insignificant extracted feature
effects. The above problems lead to the insignificant improvements in the classification
of benign-malignant pulmonary nodules in various models.

In order to solve the problems, a multi-view improved dense convolutional network
is proposed in this paper to deal with the benign-malignant pulmonary nodule classi-
fication. The study revealed that when 3D model is trained, the process is extremely
complicated and requires much more training data. Currently, insufficient datasets are
available, and there are obviously fewer malignant pulmonary nodules in training sam-
ples. Nevertheless, when pulmonary nodules are predicted, high robustness to malignant
nodules is required. We find that different sections of pulmonary nodules show differ-
ent subtle features, so we cut the 3D model of each nodule in a 2D view from various
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symmetrical angles to obtain 9 cross-sectional views, as a result, more subtle features
for each nodule can be obtained. From the previous introduction of pulmonary nodules,
it is known that fixed-size filters will cause information loss and insignificant extraction
effects during features extraction for pulmonary nodules of different sizes and shapes.
Therefore, three parallel improved dense network structures with the same structure but
different convolution kernel sizes are proposed in this paper, which have better perfor-
mance in pulmonary nodules feature capture, and then the pulmonary nodule types of
each 2D cross-sectional view are predicted by Softmax classifier, finally the results of
each 2D view are weighted and fused to derive the final prediction result. This design
innovatively uses the 2D view of the 3Dpulmonary nodules, so that the model can learn
3D features, and secondly, through its 2D view, more subtle features can be extracted,
which improves the utilization of pulmonary nodule features and also enhances the
power of nodules processing and the generalization ability of the network. The exper-
imental results show that the performance of the model proposed in this paper for the
benign-malignant pulmonary nodules classification has improved significantly.

2 Dataset

The dataset used in the experiment is based on the public database LIDC-IDRI, which is
composed of chest medical images and independent annotation opinions of four expe-
rienced radiologists. The LIDC-IDRI dataset is mainly used for early cancer detection
in high-risk populations and was initiated by the National Cancer Institute. This dataset
contains a total of 1018 CT scan examples, and the diagnosis and the labeling need to be
carried out in two stages. In the first stage, each radiologist diagnoses and reviews the
CT images independently, marks the location of the lesion and implements three clas-
sifications: ≥ 3mm nodules, ≤ 3mm nodules, and ≥ 3mm non-nodules. In the second
stage, each radiologist reviews the anonymous annotations of the other three radiologists
independently to give a final diagnosis. According to records, only≥ 3mm nodules have
malignant annotations, 1375 benign nodules and 930 malignant nodules were selected
in our experiment, and all the uncertain 1386 pulmonary nodules were excluded. The
number of nodules with different malignant tumor ratings in the dataset is shown in
Fig. 1 below.

Fig. 1. The number of nodules with different malignant tumor ratings in the dataset
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Pulmonary nodules are various in morphology, which also show different impacts on
the final classification performance of the network. Figure 2 below shows four different
types of pulmonary nodules.

Fig. 2. Pictures of four different types of pulmonary nodules

3 Method

The multi-view improved dense convolutional network based benign-malignant pul-
monary nodules classification method proposed in this paper has the following con-
tributions. First, the 3D view of pulmonary nodule is cut in multi-direction to obtain
more detailed 2D views with its features, and then taking into account the various sizes
and shapes of pulmonary nodules, a multi-layer parallel network structure based on
DenseNet is designed with different sizes of convolution kernels in each layer. In order
to better share the information of each layer, layers are linked by shortcuts to achieve the
purpose of cross-information sharing. Each view is processed by the residual network
we designed, and the derived results are weighted and fused, and the Softmax classifier is
used for the pulmonary nodules classification. Figure 3 shows the classification process
of benign-malignant pulmonary nodules.

3.1 View Extraction

In consideration of reducing the search space and improving the accuracy of the network
model, we performed lung parenchyma segmentation before extracting the view. The
size of the extracted cube is 64×64×64. each cube contains pulmonary nodule, and the
pulmonary nodule is located in the center. Then Each cube is cut in multiple directions
to extract the 2D view of 9 directions we need.

3.2 Multi-layer CrossDenseNet

In thefield of computer vision, convolutional neural network is currently themost popular
networkmodel in research.Many improvements have beenmade to convolutional neural
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Fig. 3. Classification process of benign-malignant pulmonary nodules

networks in previous studies, and the proposal of the ResNet makes convolutional neural
networks flourish. The ResNet can train a deep convolutional neural network, and the
deeper and previous layers can share information through shortcut links, so that the
gradient in the training process can be back-propagated. The improved DenseNet which
uses denser shortcut links to reproduce features in this paper is also based on the idea of
the ResNet, and it can achieve better performance than the ResNet with fewer parameters
and computational costs. Considering that the size and shape of different malignant
pulmonary nodules are various, if a large filter is used to extract features for small size
pulmonary nodules, after multiple down-samplings, the acquired feature map will only
contain fewer features information, and there will even be extreme situations such as no
feature information, thereby reducing the classification accuracy. The same is true for
pulmonary nodules with large size. When a smaller filter is used to extract features, due
to the small acceptance field, the overall information of the nodule cannot be captured,
resulting in low classification accuracy. Due to the uncertainty of the size of pulmonary
nodules, it is obvious that the above-mentioned problems cannot be solved if a filter of
a single size is used. Therefore, a multi-layer structure to extract features of different
scales is designed in this paper, and the filters of different sizes in each layer are used to
extract feature information of different scales. Each view is processed by 3 convolutional
layers, 4 pooling layers, and 2DenseNetwork layers in themodel we designed. The input
of each time is nine 2D views with a size of 64 × 64, and each view is processed by
the multi-layer cross DenseNet, and the prediction results of 2D views are weighted
and fused to obtain the final classification result. The multi-layer cross DenseNet has
three layers with the same structure but different convolution kernel sizes, and the sizes
of the convolution kernels which are used to extract the input multi-scale features are
3 × 3, 5 × 5, and 7 × 7 respectively. The size of the max-pooling kernel is the same
as convolution kernel of each layer. Through the first convolution part, 64 feature maps
with a size of 64×64 are obtained. Through the max-pooling part, 64 feature maps with
a size of 32 × 32 are obtained. Through the dense block, 64 feature maps with a size of
32×32 are obtained. Through the second convolution part, 128 feature maps with a size
of 32 × 32 are obtained. Throughthe max-poolingpart, 128 feature maps with a size of
16×16 are obtained.Through the dense block and the last convolutionmax-pooling part,
256 feature maps with a size of 8 × 8 are obtained. The three-layer output is combined
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through the cascade layer, and then the prediction classification result is obtained through
the global average pooling layer and Softmax, and finally the prediction results of all
the 9 2D views are weighted and fused to derive the final classification result.

3.3 Dense Residual Block

When the network performs convolution operations, the extracted features are not com-
plete feature maps, so the correlation between the feature maps is uncertain, which
affects the performance of the network to a considerable extent. Therefore, the dense
residual block we designed has 3 layers, the sizes of the convolution kernels are 1 × 1
and 3× 3. Taking into account the computational cost, no shortcut links are set between
the convolution kernels inside a kernels group. Inside a layer, the results of the previous
kernels group are linked with all subsequent groups. Between layers, the upper layer
also links the residuals with the next layer, and the residuals of the last layer are linked
with the first layer. Figure 4 shows the details of the dense residual block.

Fig. 4. Dense residual block

Assuming that the input of each layer is xij, where i represents the layer, j represents
the input position of the layer, and the output is defined as yi, then the output of each
layer is as formula (1)

yi = Hi([xi1, xi2, . . . , xij−1, xi+11]) (1)

where Hi is a non-linear transformation, and [xi1, xi2, . . . , xij−1, xi+11] is the agreed
input sequence for each layer.

3.4 Fusion Algorithm

In order to get the final results, the prediction results obtained from nine 2D views need
to be fused. The final classification results of pulmonary nodules are shown in formula
(2):

P =
∑v

v=0
ωvpv (2)
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where pv represents the prediction result of the v th view, andωv represents the weight of
the v th view.Due to the imbalance of the dataset, themodel evaluation indexAUC is used
to determine the weight value. In the training process, each view is trained separately
without fusion, to obtain the appropriate weight value of each view, and then the training
result of each view is fused with the weight value to get the final prediction result.

3.5 Training

The experiments were carried out in the python 3.7 environment and the experimental
parameters are as follows. The training epoch and batch size are 300 and 200, respec-
tively. The dropout is set to 0.5 to avoid overfitting. The initial learning rate is 1× 10−3,
and it is set to 1 × 10−4 after half an epoch, and the learning rate in the last quarter of
the epoch is 5 × 10−5. Cross entropy is used as the loss function in training. Accuracy,
Sensitivity, Specificity and AUC are used to evaluate the performance of model, where
Accuracy, Sensitivity and Specificity are defined as formulas (3), (4) and (5) respectively.

Accuracy = (TP + TN )/(TP + FP + FN + TN ) (3)

Sensitivity = TP/(TP + FN ) (4)

Specificity = TN/(TN + FP) (5)

where TP represents true positive, FN represents false negative, TN represents true
negative, and FP represents false positive.

The training process is as follows.

Table 1. Network model algorithm steps

4 Experiment

Several experiments are carried out to test the network structure and network perfor-
mance in this paper, then the optimal network structure and corresponding parameters
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are obtained through comparative experiments, so that the best classification result of
pulmonary nodules types can be achieved. A comparison with other sophisticated net-
works is also discussed in this paper to illustrate the significant improvements of our
network model.

4.1 Exploration of Network Structural Hierarchy

For the exploration of the multi-layer parallel structure in the network, we adopt the
network with different layers of parallel structure to compare the performance of the
three-layer parallel structure network proposed in this paper. All networks have same
structures and parameters except the number of parallel layers. Comparative experiments
are carried out for 1 to 5 layers of parallel structure. The size of the three-layer parallel
convolution kernel proposed in this paper is 3 × 3, 5 × 5, and 7 × 7 respectively. In
the comparative experiment, for the sizes of single-layer convolution kernel is one of
above three sizes, for the size of double-layer convolution kernel are two of above three
sizes; for the four-layer convolution kernel, an extra size of 9 × 9 is included; for the
five-layer convolution kernel, an extra size of 11 × 11 is included. The accuracies of
parallel structure network with various number of layers are shown in Table 2 below. For
the single-layer structure, the networkwith a filter size of 7 has the best performance, and
the network with a filter size of 3 gets the worst. For the two-layer parallel structure, the
kernel size combination 3_7 has the best performance, and the combination 3_5 gets the
worst. It is worth noting that the three-layer parallel structure has the best performance
among all the control groups. The accuracy of the network from the single-layer to the
three-layer increases successively, reaching the highest at the three-layer structure, and
the accuracy of the network from four-layer to five-layer is gradually decreasing. As the
matter of fact, increasing the number of network layers after the three-layer structure not
only reduces the performance, but also increases the complexity and computational cost
of the model. Compared with single-layer and two-layer parallel structure, the three-
layer structure uses more feature information in multi-scale to make the network have
better generalization. Therefore, the three-layer parallel structure network with filter
sizes of 3 × 3, 5 × 5, and 7 × 7 designed in this paper has the best performance.

Table 2. Accuracies of parallel structure network with various number of layers

Layer Kernel size Accuracy (%)

1 3/5/7 80.75/83.65/84.25

2 3_5/3_7/5_7 83.75/84.75/84.65

3 3_5_7 86.52

4 3_5_7_9 84.78

5 3_5_7_9_11 84.29
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4.2 Exploration of the Number Of Dense Block

In order to get the best model accuracy of the multi-layer Dense Block while avoiding
additional redundancy, we conduct comparative experiments to determine the number
of dense blocks. The experimental evaluation indicators include Flops, Params, model
memory and experimental error rate. The experiment is based on a three-layer dense
network, and the number of dense block convolution kernel group is set to three. The
experimental results are shown in Fig. 5 below. In the comparative experiment, when the
number of dense blocks in the network was gradually increased from 1 to 6, the Flops,
Params, andmemory usage increased significantly, but the experimental error rate did not
continuously and effectively decrease. It is obvious that an appropriate number of dense
blocks has a significant impact on balancing model overhead and result accuracy. It can
be known from the experiment that the overhead and the classification accuracy of the
model are optimal when the number of dense blocks is between 1 and 3. In detail, when
the number of dense blocks increased from 1 to 2, the experimental error rate decreased
from 11.1% to 10.6%, and memory usage increased slightly. When the number of dense
blocks increased from 2 to 3, the experimental error rate increased by 0.2% and memory
usage has also risen. Therefore, the multi-layer improved dense network model with 2
dense blocks used in this paper can get both high accuracy and relatively low model
memory usage.

Fig. 5. Indicator values of model with various number of dense blocks

4.3 Network Evaluation

The 10-fold cross validation is used to evaluate the stability and efficiency of the net-
work model proposed in this paper. The dataset is divided into 10 groups, 20% of the
data in each group is used as the test set, and the rest are used as the training set. The
average classification accuracy of our network model reaches 86.52%, and the stability
of the network is evaluated by calculating the standard deviation of the 10-fold cross-
validation results, then 86.52%± 1.12× 10−2 is obtained as the final result. Compared
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with the ResNet network and its variants, the performance of the network we designed
has improved significantly. When extracting features, the transmission of features has
been significantly strengthened, and the feature information of pulmonary nodules can
be fully utilized to make the network have better generalization. Relatively speaking, our
network reduces the usage of parameters to a certain extent, making the network more
efficient in training. The highest average accuracy of ResNet and its variants for benign-
malignant pulmonary nodules classification is 85.88%, and our networkmodel improves
on this by about 0.64%.Even compared with the DenseNet network and its variants, the
network model we designed is also outstanding in all aspects of evaluation indicators.
It can be seen that the network model proposed in this paper is currently the best in the
classification of pulmonary nodules. In addition, we also test the classification accuracy
of our model for each type of pulmonary nodules, and the results are shown in Table 3
below. Our network model has a classification accuracy of 87.12% for malignant pul-
monary nodules, which is 0.6% higher than the average classification accuracy. It shows
that our network has the best classification performance for malignant pulmonary nod-
ules. The network we designed also has an impressive performance in the classification
of benign pulmonary nodules, with an accuracy of 85.92%. As mentioned in Sect. 1,
malignant and benign pulmonary nodules are quite different in morphological scale,
indeed malignant pulmonary nodules get more features for extraction, so malignant pul-
monary nodules have a better classification performance than benign pulmonary nodules.
In summary, the network model proposed in this paper makes significant improvements
for the benign-malignant pulmonary nodules classification and has the best performance.

Table 3. Accuracy of specific pulmonary nodules type

Pulmonary nodules type Accuracy (%)

Benign 85.92

Malignant 87.12

Average 86.52

We compared the method proposed for the LIDC-IDRI dataset in the last 5 years
with our pulmonary nodules classifier, and the results are shown in Table 4 below.
To ensure the fairness of the results, all methods have been evaluated in exactly the
same experimental conditions. All methods are tested by 10-fold cross-validation on the
LIDC-IDRI dataset, and sensitivity, specificity, and AUC are used as evaluation indices.
Sensitivity indicates the proportion of malignant nodules that are correctly detected.
Specificity indicates the proportion of benign nodules that are correctly detected. AUC
describes the classification performance of benign-malignant pulmonary nodules, which
can be calculated by summing the area under the ROC curve. The sensitivity and AUC of
our networkmodel are 92.31%and 97.23% respectively, which are the highest among the
5methods, and the specificity of our network model is 91.85%. For the method proposed
byXie et al. [13], they obtain nine 2Dviews from the pulmonary nodules cube, and design
a knowledge-based collaborationmodel for each view, and train a ResNet-50 network for
features extraction. Their model achieves an AUC of 94.04% and a sensitivity of 89.67%
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on LIDC-IDRI dataset. In comparison, our network model has great improvements
in both AUC and sensitivity. For the multi-view convolutional network proposed by
DEY et al. [14], the factors of multi-view input are mainly considered to strengthen the
extraction and utilization of features by the network. In comparison, what we consider
is to strengthen the multi-scale features extraction and utilization of the input network.
Experiments prove that our network has stronger generalization and higher accuracy.

Table 4. Evaluation results of network models in 3 indices

Model Sensitivity (%) Specificity (%) AUC (%)

3D CNNS [15] 90.37 88.27 90.48

3D DenseNet [16] 85.71 93.10 89.40

MoDenseNet [14] 90.40 90.47 95.48

Multi-view CNN [17] 89.90 85.26 94.85

Ours 92.31 91.85 97.23

5 Conclusion

The benign-malignant pulmonary nodules classification method proposed in this paper
is based on a multi-view improved dense convolutional network, using nine2D views
of pulmonary nodules in different directions to learn the 3D features. The improved
dense convolutional network is used to extract more multi-scale features, so that it
reduces the number of parameters and network over-fitting degree while optimizing
feature extraction and utilization. Our network model has significantly improved the
performance of benign-malignant pulmonary nodules classifier, but there are still some
researches can be done on network structure, loss function and even clinical applications.
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Abstract. The mine environmental monitoring system captures the photos of the
head and the tail of the vehicle, and sometimes the system can not accurately
distinct whether it is the head or the tail of the vehicle. When there are two trucks
in the view of the surveillance camera, the captured image contains the head of
one truck and the tail of another truck. What needs to be recognized is the head
license plate number or the tail license plate number. However, because the system
cannot distinguish the head and tail of the truck, it will cause more false alarms. In
order to solve this problem, this paper proposes an end-to-end feature extraction
and recognition model based on deep convolution neural network (Deep CNN).
The Deep CNN model contains five stage CNN layer and each layer contains
different kernel size to extract the features. The data set is provided by Huaibei
Siyuan Technology Co., Ltd., which includes normal capture, escape and false
alarm images of the trucks. The final prediction rate is 85% on the testing set,
which occupied twenty percent of the whole image set. The prediction rate of our
model has been higher than the prediction rate base on right-out-left-in principle,
which is used in the mine environmental monitoring system. Finally, our model
will be applied in the mine environmental monitoring system.

Keywords: Head and tail recognition · Deep learning · Convolution neural
network · Mine environment monitoring system

1 Introduction

China is rich in mineral resources, many of which play an important role in the econ-
omy and provide important support for the sustainable and healthy development of
local national economy. With the continuous expansion of the mining scale of min-
eral resources, the effective supervision of mine resources development has become an
increasingly important issue. In recent years, the state has issued a series of laws, regu-
lations and policies on the management of mineral resources [1], which has promoted
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the healthy development of mining industry, and also promoted the improvement of the
level of grass-roots Mining Administration. However, it is difficult to put an end to vio-
lations of laws and regulations in the development of mineral resources [2]. There are
still a series of problems, such as unlicensed mining, illegal mining, destructive mining,
mining not according to the approved development and utilization plan, low resource
utilization rate, concealed production, environmental pollution, safety and geological
hazards. It is very difficult to rely on the personnel supervision, and the cost of human,
material and financial resources is also very large, and the effect is not ideal. How to
achieve accurate supervision has become an urgent problem to be solved.

In recent years, vehicle identification technology is widely used in mine supervision,
traffic control and other fields, and has been widely valued and concerned by researchers
[3]. Therefore, the fine identification of the license plate, head and tail of the transport
vehicle and the shape of the minerals truck load in the mining area is not only of great
significance for the effectivemanagement ofmine resources, but also can avoid the illegal
behavior of tax evasion [4]. In the mining environment, there are many kinds of vehicles
in and out. In addition to transport vehicles, there are trucks, SUVs, buses and other
types of vehicles. In addition, there are also waste resources such as ballast. Therefore, it
is of great significance for the construction of mine comprehensive supervision platform
to effectively identify the transport vehicles and the goods they trucker and eliminate
the interference of other types of vehicles.

When the mine environmental supervision system captures the photos of the head
and tail of the truck, it is impossible to give the impact of tax evasion caused by the
problem of the head and tail of the truck distinction. The purpose of this paper is to
solve the problem that the head and tail of the mine transportation vehicle could not
be identified accurately. The comparison between the head and tail images is shown in
Fig. 1.

Fig. 1. Vehicles’ head and tail.

The research method of mining vehicle head and tail recognition based on deep con-
volution neural network proposed in this paper has the following contributions: First,
the head and tail pictures are sorted, and the data that is difficult for people to distinguish
between the head and the tail is deleted. Second, for the head and the tail have different
size, the model uses different convolution kernel size, Third, The structure of the con-
volution tail is changed from the 1000 classes to the 2 classes that is the truck’s head or
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tail, and then the Softmax activation function is used, and finally the Adam optimizer
is used to update the parameters. Figure 2 shows the structure of proposed Deep CNN
model.

The organizational structure of this paper is as follows: in the introduction part, it
introduces the problems in mining management and the shortcomings of the previous
solutions, and puts forward our research on vehicle head and tail recognition based on
deep learning. The related work parts introduces the previous work of vehicle recogni-
tion, including vehicle license plate recognition, vehicle logo recognition and vehicle
head and tail recognition, two patents and one article are introduced as the reference of
ourwork. The third partmethod part, mainly introduces the principle of deep convolution
neural network, the basic network framework, the network hierarchy and loss function
settings used in this paper. In the experiment parts, it mainly introduces the database, the
parameters set in this experiment and the comparison of the experimental results under
the corresponding settings. The last part is the summary and future work. The final part
is the part of acknowledgement, which mainly lists the items that support the work.

2 Related Work

The visual recognition of vehicles mainly includes license plate recognition, logo recog-
nition, head and tail recognition, etc. License plate recognition is an early research area
in vehicle recognition. The main processes of license plate recognition include image
preprocessing, license plate location, character segmentation and character recognition.
The preprocessing mainly includes graying, contrast enhancement, binarization, filter-
ing, smoothing and correction of the vehicle image taken by the camera. The typical
methods in license plate location include color feature based [6–8], edge feature based
[9–11], morphological feature based [12, 13], support vector machine based [14], clus-
tering method, neural network based, genetic algorithm based, hybrid feature based.
The problem of character segmentation in license plate location is that the representa-
tive methods are Unicom segmentation, projection segmentation, and static boundary
method. The last step is character recognition. The commonmethods are templatematch-
ing, support vector machine, neural network. License plate recognition is a relatively
mature recognition technology internationally recognized that the recognition rate of all
vehicle models is over 85–95%, and the recognition time is within 200 ms.

Vehicle logo recognition is a more refined requirement for license plate recognition.
This paper proposes a fast identification method for vehicle signs, which is mainly
based on the filtering processing based on the characteristics of energy concentration
in vertical direction of the position of the vehicle sign, and the accurate position of the
vehicle sign by template matching in the rough positioning rectangle frame. According
to the characteristics of high energy and concentration of the vehicle sign in the vertical
direction, a new method of positioning the vehicle sign with high speed and robustness
is proposed. Firstly, image filtering is truckried out by energy enhancement and adaptive
morphological filtering, and then the candidate areas of the vehicle mark are segmented
by adaptive threshold, Then, the vehicle logo is accurately positioned according to the
characteristics of the vehicle and its relationship with the vehicle. In this paper, a fast
identification method of vehicle signs based on edge histogram is proposed. The main
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technology is to identify the head signs by using correlation method and edge histogram
based on template matching positioning.

There are not a lot of literature on vehicle head and tail identification. At present,
the research on the recognition of the head and tail of large-scale transport vehicles
is involved in a patent method of feature recognition of the residue truck based on
convolution neural network. The patent mainly uses the deep convolution neural network
to identify the head and tail of the residue truck to judge separately, If it is the tail
information, it will be input into the trained traffic violation model to judge whether it
violates the traffic law. The main basis is whether the tail cover of the muck truck is
covered. If it is illegal to judge through the algorithm, the vehicle warning information
will be notified to the supervisor. In the patent video-based accurate identificationmethod
for high-speedmobile vehicle logo, the pre-processing operation involves the positioning
of the vehicle’s head and tail, inwhich the image noise removal and contrast enhancement
are mainly applied to the head, and homomorphic filtering technology is required for
the tail image. In addition, vehicle logo recognition mainly uses the idea of relatively
concentrated edge texture. This paper proposes that the vehicle is automatically identified
by image segmentation and clustering technology in the camera assisted driving. The
paper shows that this method has good recognition effect in foggy and rainy days. To
sum up, it can be found in the current research that vehicle head and tail recognition is a
processing link in the case that vehicle head and tail need to be distinguished in license
plate recognition, and the research goal of this paper is to clearly distinguish the head and
tail of the vehicle, let the surveillance camera capture the picture, and distinguish the head
and tail of the vehicle through our algorithm, so as to solve the problem of background
analysis. For this reason, our method is based on the deep convolution neural network
(CNN) to extract features, while using the cross entropy loss function (binary entropy
loss function) To measure the effect of classification.

3 Method

Themethod ofmining vehicle head and tail recognition based on deep convolution neural
network proposed in this paper, which has the following procedures: firstly, the pictures
of the head and tail are sorted out, and the data that people can hardly distinguish the
head and tail are filtered out. Secondly, considering the size and shape of the head and
tail, the method contains total of 5 stages, each stage contains one convolution layer and
one pooling layer in the experiment. Thirdly, two full connection layers and a prediction
layer are used to process the convolution tail, and the softmax loss function is used
to classify the head and tail of vehicles. Finally, the parameters are updated by Adam
optimizer. Figure 2 shows the training process of the model.

3.1 Image Processing

In order to reduce the search space and improve the accuracy of the network model, we
normalized the input pictures before training. The size of all the input image is resized
as 50 × 50, and each image contains the head or tail of the vehicle and its located in the
center. Then, all the images are grayed before input in our designed deep CNN model.
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Fig. 2. The structure of the Deep CNN model.

3.2 Deep CNN

In this paper, considering the different sizes and shapes of the head and tail of the vehicle,
if the large filter is used to extract the features of the head and tail of the small size vehicle,
after multiple down sampling, the obtained feature map will only contain less feature
information, even in extreme cases, reducing the classification accuracy. The same is
true for the head and tail of large size vehicles. When using smaller filters to extract
features, the overall information of the head and tail of vehicles could not be captured
due to the smaller receiving area, resulting in low classification accuracy. Due to the
uncertainty size of the head and tail of the vehicle, while a single size filter is used, the
above problem will not be solved. Therefore, this paper designs a deep CNN to extract
features of different scales. Each batch contains 32 pictures and with the picture size is
50× 50. The final classification result is obtained by weighting and fusing the prediction
results of 2D images. Deep CNN has three layers with the same structure but different
convolution kernel sizes, and the convolution kernel sizes are 3 × 3, 5 × 5 and 7 × 7.
These convolution kernels are used to extract input features. The size of Max pooling
kernel is the same as that of convolution kernel in each layer. Finally, the output of the
three layers is combined, and then the global average pooling layer and softmax are used
to obtain the prediction classification results, and finally the prediction is made.

3.3 Algorithm Equations

The formula for calculating the output feature map size is as follows:

outwidth = Inputwidth + 2 ∗ Padding − Kernelwidth
Stridewidth

+ 1 (1)

outlength = Inputlength + 2 ∗ Padding − Kernellength
Stridelength

+ 1 (2)

In Eqs. (1) and (2), out length and out width are the length and width of the output
feature map respectively; Input length and Input width are the length and width of the
input feature map; Padding is the number of edge filling pixels; Kernel length and Kernel
width are convolution The size of the core; Stride length and Stride width are the step
size.
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After the convolution operation of the convolution layer, the result needs to be
processed with a non-linear activation function. The entire process expression is as
follows:

S(i, j) = σ((I ∗ K)(i, j)) = σ(
∑

m

∑
n
I(i + m, j + n)K(m, n)) (3)

In Eq. (3), I represents the two-dimensional image tensor data; K represents the con-
volution kernel; m and n are the length and width of the convolution kernel respectively,
usually 3× 3 or 7× 7; i and j are the values of horizontal and vertical coordinates respec-
tively, and “*” represents multiplication; σ is the activation function, in the convolution
neural network The ReLU activation function is commonly used, which can make the
network sparse, facilitate the extraction of network features, and reduce the over-fitting
phenomenon in the network training process. The calculation formula is formula (4),
and the schematic diagram is shown in Fig. 3.

σ(x) = max(0, x) =
{
x, x > 0
0, x ≤ 0

(4)

Fig. 3. ReLU activation function.

The output layer of the convolution neural network is the Softmax layer, which is
connected to the last fully connected layer in Fig. 2. Softmax regression is a multi-
classification algorithm, which belongs to supervised learning, which converts multiple
outputs into probabilistic forms through normalization operations. For an n classification
problem, given the input x belongs to an original metric h(x, yi) of the i-th category
(yi), which the original metric is the input samples original class metric, the calculated
probability is shown in Eq. (5).

P(x|y) = eh(x,yi)
∑n

j e
h(x,yj)

(5)

The loss function of Softmax regression is shown in Eq. (6). The optimization of the
Loss function is achieved by iterative solution of the gradient descent method.

Jθ = − 1

m

[
∑m

i=1

∑k

j
1
{
y(i) = j

}
log

eh(x,yi)
∑k

j=1 e
h(x,yj)

]
(6)

And the θ in Eq. (6) means the parameter of the model.
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3.4 Algorithm Flow

CNN back propagation algorithm flow.

4 Experiment

This article tested the network structure and network performance through several exper-
iments, and determined the best network structure and corresponding methods. These
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parameters are obtained through comparative experiments, so that the best truck head
and truck tail classification results can be obtained. This article also discusses the com-
parison with other complex networks such as VGG16 and ResNet34 to illustrate the
significant improvement of our network model.

4.1 Data Source and Composition

The data set used in the experiment is provided by the database of Huaibei Siyuan
Technology Co., Ltd., who is responsible for regularly providing experimental data for
our project. The data set is mainly based on image types, including 20,000 examples of
the head and tail of the truck, and the division and preprocessing of the data set need
to be in two stages. In the first stage, we randomly selected 16,000 pictures for training
and another 4,000 pictures for testing. The rate of training set and test set is 4:1, and
we manually mark the pictures in the training set as the head of the truck and the tail of
the truck. In the second stage, we need to filter out non-jpg format pictures, unify the
picture size and the grayscale of the picture, and finally scramble the picture. Figure 4
below shows the distribution of the number of training sets and test sets in the data set.

Fig. 4. The distribution of training sets and testing sets.

4.2 Parameters Setting

The vehicle head and tail algorithm designed in this paper is implemented based on the
structure of deep convolution neural networks. The training of deep convolution neural
networks requires a lot of calculations. In order to speed up the network training speed
and parameter tuning and optimization process, this paper first compares the configu-
ration The high workstation, namely the PC, completes the network training, and then
transplants it to the server platform. The specific experimental operating environment is
shown in Table 1:

The hyper parameter settings during the network training process are shown in
Table 2:

A larger learning rate will accelerate network learning in the early stage of training,
making it easier for the model to converge to the optimal solution. However, there will be
large fluctuations in the later stage, and even the value of the loss function may fluctuate
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Table 1. Network model training environment.

CPU: i7-7700HQ OS: Window10

GPU: Nvidia Geforce 1050 Deep Learning Framework: TensorFlow1.8

Memory: 16G Cuda: 9.1

Python: 3.6 Cudnn: 7.4

OpenCV: 4.4 TFlearn: 0.3

Compiler: vs 2017 GeForce Graphics Grive: 457.51

Table 2. Network training parameters.

Category Set value

batch_size 32

learning_rate_begin 0.001

img_size 50

epoch_n 40

max_iter 20000

around the minimum value. The fluctuation is large and it is always difficult to reach the
optimum. Therefore, this chapter uses the learning rate decay method for training. At the
beginning of training, a larger learning rate is used to speed up the convergence of the
network. As the number of training increases, the learning rate will gradually decrease
to ensure that the model will not fluctuate too much in the later stage of training, thus
getting closer optimal solution. Specifically, the learning rate is attenuated by manual
setting, that is, when the number of training steps reaches the set value, the learning rate
is multiplied by the attenuation coefficient to obtain the new learning rate. The learning
rate set in the pre-training stage and the fine-tuning training stage is 0.01, 0.005, 0.001.

After setting up the training environment on the PC side and setting the parameters,
perform network training. The accuracy change curve during the training process is
shown in Fig. 5. The figure on the left is the accuracy change curve in the pre-training
stage. When the number of iterations reaches 30, the training accuracy curve basically
converges to about 0.95. It can be seen that the network model has room for further
convergence. The figure on the right is the loss change curve in the fine-tuning training
stage. Since the fine-tuning training is performed on the basis of the model obtained
by the pre-training, the loss value at the beginning of the training is also small. It can
be seen from the figure that the error jumps during the training process. In the end, the
error of the entire model converges to about 0.1, which basically meets the convergence
requirements of the network.
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(Left) Accuracy curve of training process. (Right) Loss curve of training process. 

Fig. 5. CNN Accuracy rate and error loss change curve during training.

4.3 Comparison of Results

In order to explore the performance of the network, we use different patches and epochs
to train the network to obtain the best performance of the network. From the parameter
comparison Table 3, it can be seen that when the values of patch and epoch are too large
or too small, the accuracy of prediction is about 0.7, so when we fine-tune these two
parameters, we find that the accuracy of prediction is gradually increasing. According
to Table 3, we finally receive the conclusion that when the patch is 32 and the epoch is
30, the performance of the network is the best 85.26%. The patch and epoch parameter
fine-tuning comparison is shown in Table 3:

Table 3. Comparison of patch and epoch parameter.

Patch Epoch Val_accuracy

16 5/10/30 70.23/76.35/79.12

32 10/30/40 82.43/85.26/84.35

64 15/30/50 79.65/82.56/80.82

128 30/50/80 70.32/75.65/72.36

4.4 Compare with VGG16 and ResNet34

In Fig. 6, the figure on the left is the curve of accuracy in the pre training stage, and the
curve of training accuracy basically converges to about 0.77. The figure on the right is
the loss curve in the training stage. It can be seen from the figure that with the increase
of training times, the value of loss function is gradually decreasing, and the error of the
whole model finally converges to about 0.45.

In Fig. 7, the left figure is the curve of accuracy change in the pre training stage,
and the accuracy curve of training is almost converging to about 0.81. The right figure
is the curve of loss change in the training stage. It can be seen from the figure that with
the increase of training times, the value of loss function is gradually decreasing, and the
error of the whole model converges to about 0.40.
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Table 4. Comparison with VGG16 and ResNet34.

Methods Val_accuracy

VGG16 77.36

ResNet34 81.03

DeepCNN (ours) 85.26

(Left) Accuracy curve of training process. (Right) Loss curve of training process. 

Fig. 6. VGG16 Accuracy rate and error loss changing curve during training.

(Left) Accuracy curve of training process.   (Right) Loss curve of training process. 

Fig. 7. ResNet34 Accuracy rate and error loss changing curve during training.

5 Summary and Future Work

In this paper, we proposed a method of mine vehicle head and tail recognition based
on deep convolution neural network is proposed. The accuracy rate in the training set
is more than 0.95, and the accuracy rate in the test set is about 0.85, which can better
classify the head and tail. In the following work, we want to further improve the existing
network based on the idea of attention module and knowledge distillation, hoping it can
have better performance.
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Abstract. Finite-state transducers are suitable for compact representation of pro-
nunciation dictionaries, which are an important component of speech synthesis
systems. In this paper, we first revise and analyse several properties of finite state
transducers regarding their size minimization, which can be achieved by their
determinization andminimisation. In scope of a novel experiment, we demonstrate
that for highly inflected languages, their minimum size starts to decrease when
the number of words in the presented pronunciation dictionary reaches a certain
threshold. This phenomenon motivated us to introduce a new type of finite-state
transducers, called finite-state super transducers, which allow the representation of
pronunciation dictionaries with a smaller number of states and transitions using
the existing determinization and minimization algorithms. A finite-state super
transducer can accept and convert words that are not in the original represented
pronunciation dictionary. The resulting phonetic transcriptions of these words
may be incorrect, but we demonstrate on new data that the error rates are compa-
rable to the performance of the state-of-the-art grapheme-to-phoneme conversion
methods.

Keywords: Speech synthesis · Pronunciation dictionaries · Finite-state super
transducers · Automatic grapheme-to-phoneme conversion

1 Introduction

Consistent and accurate pronunciation of words is crucial for the success of many
speech technologies. To achieve the highest possible accuracy, the process of converting
graphemic representation of words into their phonemic representation usually consists
of two steps. First, a lookup into the available pronunciation dictionary is performed
for a given word, and this typically provides its most accurate grapheme-to-phoneme
conversion. However,manywordsmay not be included in the available dictionary, as lan-
guages are constantly evolving, and newwords are emerging at a high rate. The phonetic
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transcription for such non-dictionary words needs to be determined by not necessarily
accurate automatic grapheme-to-phoneme conversion methods, such as rule-based [15,
16] or machine learning [17, 18] methods.

Both pronunciation dictionary lookup and in particular machine learning methods
can be extremely memory consuming, especially for highly inflected languages, where
pronunciation dictionaries often contain more than a million words. In some systems
with limited memory resources, e.g. multilingual speech engines for embedded systems,
the use of large pronunciation lexicon and direct lookup methods is not appropriate. To
overcome this limitation,memory-efficient representations of pronunciation dictionaries
are needed.

Themost efficientmethods for compact representations of pronunciation dictionaries
include numbered automata [1, 2], tries [3] and finite-state transducers (FSTs) [4, 5, 6].
In this paper, a new type of finite-state transducers, called finite-state super transducers,
is presented and discussed. The concept of finite-state super transducers (FSSTs) was
first introduced in [7] and [11]. Finite-state super transducers enable more compact rep-
resentations of pronunciation dictionaries, and also grapheme-to-phoneme conversions
of words that are not contained in the original dictionary [7]. We prove this with novel
experiments on extended language resources.

2 Language Resources

Pronunciation dictionaries of three languages from three different language groups were
used to experiment with different representations of pronunciation dictionaries. For
the Slavic language group, the Slovenian SI-PRON pronunciation dictionary [8] with
1,239,410 lexical entries was used. It has been augmented with the initial version of the
OptiLEX pronunciation dictionary [19] comprising 57.000 lexical entries, whereby all
the duplicates had been eliminated. For the Germanic language group, we used the freely
available CMU-US pronunciation dictionary for North American English consisting of
133,720 lexical entries. For the Romance language group, the Italian pronunciation
dictionary FST-IT from the Festival TTS toolkit [14] with 402,962 lexical entries was
used. Although the size of the three dictionaries seems to be very different, the number
of lemmas is comparable, as the Slovenian and the Italian language are more inflected
than the English language.

3 FST Representations of Pronunciation Dictionaries

An FST can be built to accept all the words from a given dictionary and to output
their corresponding phonetic transcriptions. To ensure fast dictionary lookups and small
size, the FST can be converted to a minimal deterministic FST (MDFST) using efficient
determinization andminimization algorithms [9]. The resultingMDFST has the smallest
number of states and transitions among all equivalent FSTs [10]. Figure 1 depicts an
MDFST for a simple example pronunciation dictionary containing 9 two-letter words
aa, ab, ac, ba, bb, bc, ca, cb, and cc. The simple example words are represented by all
possible pairs of letters from an alphabet A, containing three letters (graphemes), A =
{a, b, c}. For the sake of simplicity, the corresponding phonetic symbols (allophones)
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are the same as the graphemes from the alphabet A, and all the phonetic transcriptions
of the nine words are identical to their graphemic representations.

Fig. 1. MDFST representing a simple example dictionary with 9 two-letter lexical entries.

As it can be noticed from Fig. 1, the nine lexical entries can be represented with
an MDFST containing three states and six transitions. We can now consider another
case where the cc:cc entry is removed from the example dictionary. To represent such a
dictionary, a more complexMDFSTwithmore states and transitions is needed, as shown
in Fig. 2.

Fig. 2. MDFST representing the dictionary from Fig. 1 without the lexical entry cc:cc.

From the above examples, it can be deduced that in some cases pronunciation
dictionaries containing more words can be represented by smaller and simplerMDFSTs.

In order to test the dependency between the size of the MDFST and the size of the
corresponding pronunciation dictionaries, 11 sub-dictionaries of different sizes were
created for each of the three pronunciation dictionaries introduced in Sect. 2. The lexical
entries of the sub-dictionaries were randomly selected from the original dictionaries. An
MDFST was then constructed for each sub-dictionary. Figure 3 shows the number of
states for all the resulting MDFSTs in relation to the number of states of the MDFST
representing the original entire dictionaries.

The MDFSTs with the highest number of states were expected to correspond to the
original dictionaries containing all the lexical entries. Interestingly, this is not the case for
all the three languages (Fig. 3), which confirms the initial observations reported in [7].
For Slovene and Italian, which are both heavily inflected, the size of the corresponding
MDFST is up to 160% larger for smaller dictionaries, and it reaches the maximum
number of states for dictionaries covering approximately 60% of the lexical entries
from the original dictionary. Similar results for a highly inflected Portuguese language
dictionary were reported in [1].

On the other hand, the size of the MDFST representing the English language dictio-
nary is almost linearly dependent on the size of the dictionary. This phenomenon seems
to strongly correlate with the number of inflected word forms. A possible explanation
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could be that inflection rules in the highly inflected languages follow a similar pattern
with few exceptions, so inflected forms can often be represented by a similar FST sub-
structure for many different lemmas. If an inflected form is missing for a particular
lemma, the remaining forms have to be represented by a different FST substructure,
which may result in a larger final MDFST size.
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Fig. 3. Number of states of the created MDFSTs representing dictionaries for three different
languages. For each language, 11 sub-dictionaries with different sizes were used, whereby their
lexical entries were randomly chosen from the original dictionaries.

To further test this hypothesis, we repeated the experiment with the augmented SI-
PRON pronunciation dictionary, where the sub-dictionaries were created by randomly
selecting only lemmas, and then all the corresponding inflected forms were added to the
created dictionary from the original dictionary. The results are presented in Fig. 4 and
confirm the results initially reported in [7].
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Fig. 4. The number of MDFST states representing sub-dictionaries for Slovenian with different
sizes, where first only lemmas were chosen randomly from the original dictionary, and later all
the corresponding inflected forms were added.
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As it can be seen from Fig. 4, the size of theMDFSTs representing the augmented SI-
PRON sub-dictionaries for Slovenian, which were created as described, increases mono-
tonically. It can be thus concluded that the missing inflected word forms significantly
increase the complexity of the MDFST representing the dictionary.

4 Finite-State Super Transducers

In the previous section it has been demonstrated that missing inflected forms are actually
increasing the size of MDFSTs representing corresponding dictionaries. Therefore, it
is beneficial for reducing the size of an MDFST to include all the possible inflected
forms for all the lemmas that are in the corresponding dictionary represented by the
MDFST, even if they are very rare or not needed in a particular pronunciation dictionary
implementation.

In the endeavor forminimizing aMDFSTdictionary representation, another question
arises. Can an MDFST representing a pronunciation dictionary be even smaller if it
accepts also other words that are not part of the original source dictionary? We have
found that this can be achieved by defining several specific rules for merging FST states.
By analogy to supersets, we refer to the resulting FST as a finite-state super transducer
(FSST), as initially proposed in [7].

It should be noted that when new words are represented by such an extended FST,
information about which words or lexical entries belong to the original dictionary and
which have been added as the result of such an extension is lost.

4.1 Construction of FSSTs

The main idea behind the construction of FSSTs is to find new relevant words or strings
that would allow additional merging of states. Instead of searching for such words,
which is a very complex task, the problem can be solved by searching for relevant
non/equivalent states that can be merged. For example, in the FST presented in Fig. 2,
state 1 and 2 could intuitively be merged. All input and output transitions of both states
are part of a new merged state, only repetitions of identical output transitions need to be
omitted. The resulting FST is an FSST, presented in Fig. 1, which accepts the additional
word cc.

We need to determine which states of a given MDFST are the best candidates to
be merged. It is important to note that not all states can be merged, as certain merges
could result in transforming the given MDFST into a nondeterministic FST, which is
not desirable because such transducers can be slow and ambiguous in translating input
words. After studying various options and limitations in transforming a MDFST into a
FSST, we determined several rules for merging states that preserve the determinism of
the obtained transducer. Two states, which satisfy these rules, are denoted as mergeable
states. The rules for merging states are the same as initially proposed in [7]:

• Mergeable states do not have output transitions with the same input symbols and
different output symbols.
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• Mergeable states do not have output transitionswith the same input and output symbols
and different target states.

• If one of the two mergeable states is final, both states do not have output transitions
with input symbol that is an empty character ε.

The above rules are stricter than necessary to preserve the determinism of the final
FSST and are also very easy to be verified as well. The goal of this paper is not to aim
at building the smallest possible FSST, but to demonstrate a potential of FSSTs.

To build an FSST from anMDFST, we defined an algorithm that searches for merge-
able states by checking all possible combinations of two states of the inputMDFST. Each
time a pair of mergeable states is found, they are merged into a single state. Since merg-
ing affects the other states that have already been verified against the rules mentioned
above, several iterations are normally needed until no new mergeable states have been
found.

In our experiments, whichwe repeated on the extended language resources described
in Sect. 2, we observed that the final size of an FSST depends on the order of state
merging. The implementation size or memory footprint of an FST mostly depends on
the number of transitions and less on the number of states [11].We experimentally proved
the findings in [7] that the smallest final number of transitions is obtained if only the
states with the highest number of identical transitions are merged in the first iterations,
since the repetitions of all the identical transitions can be immediately removed from
the transducer. In order to lower the number of the additional words that are accepted by
the resulting FSST, those mergeable states whose merging did not decrease the number
of transitions are not merged.

4.2 Experimental Results

The experiments were conducted using the methodology proposed in [7]. Initially, two
MDFSTs were built for each available pronunciation dictionary, using the open-source
toolkit OpenFST [12]. For the second type of MDFSTs, denoted as MDFST-2, the
output strings of transitions were constrained to the length 1 (in contrast to the first type
denoted asMDFST-1, which does not have this restriction). The second type ofMDFSTs
normally hasmore states and transitions than the first type. However, it exhibits a simpler
implementation structure, which results in a smaller implementation size.

Table 1. A comparison of the number of states and transitions between MDFSTs and FSSTs
obtained with the first type of FSTs.

MDFST-1 MDFST-1 FSST FSST

Dictionary States Transitions States Transitions

ALP-SI 69.524 239.852 56.120 210.665

CMU-US 76.035 184.232 60.477 164.235

FST-IT 57.323 172.210 44.563 148.657
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FSSTs were then built from all the MDFSTs using the rules presented in Sect. 4.1.
The results are presented in Table 1 and Table 2.

Table 2. A comparison of the number of states and transitions between MDFSTs and FSSTs
obtained with the second type of FSTs.

MDFST-2 MDFST-2 FSST FSST

Dictionary States Transitions States Transitions

ALP-SI 224.123 533.561 170.832 426.225

CMU-US 185.053 307.027 153.746 269.677

FST-IT 157.379 318.805 124.717 260.447

5 Non-dictionary Words

A system for converting graphemes to phonemes usually consists of two parts. First, it
checks whether the input word is contained in the considered pronunciation dictionary. If
not, a phonetic transcription of the input word is determined using appropriate statistical
or machine learning methods. On the other hand, if an FSST is used to represent a
pronunciation dictionary and it accepts the input word, then it is not possible to determine
whether the output phonemic transcription is correct, since FSSTmay also accept words
that are not part of the original dictionary, and these non-dictionary words may have
incorrect phonemic transcriptions.

In order to evaluate this error, the augmented Slovenian pronunciation dictionary
described in Sect. 2 was divided into a training and a test set. The training set contained
about 90% of the lexical entries from the original dictionary, which were randomly
selected. The remaining entries represented the test set. AnMDFST-2 and an FSSTwere
then created from the training set. The results for the number of states and transitions
are presented in Table 3.

Table 3: MDFST and FSST sizes for the training set.

MDFST-2 FSST Reduction

1 output symbol States 246.262 186.476 24.3%

Transitions 556.723 441.234 20.7%

The results in Table 3 show that the reduction of the number of FSST states and
transition is much higher when not all inflected forms are contained in the dictionary.
The number of states and transitions of the obtained FSST is even lower than that of the
MDFST representing all the inflected forms.

https://doi.org/10.1007/978-3-030-84522-3_1
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When the FSST was built from the training set, words from the test set, which
represented non-dictionary words, were used as its input. Accepted and rejected words
were then enumerated and counted, and the correctness of the phonetic transcriptions
were checked on the output. The results of the experiment are shown in Fig. 5.

8,2%

86,0%

5,8%

Rejected words

Accepted words

Accepted incorrect

Fig. 5. Results for non-dictionary words used as the input to the FSST.

Interestingly, similarly to [7], only 8.24% of non-dictionary words were not accepted
by the FSST and for only 5.83% of the accepted words the output phonetic transcrip-
tion was incorrect. For the Slovenian language, one of the commonly used grapheme-
to-phoneme conversion system that is based on machine learning methods correctly
determine phonetic transcription for up to 83% of the words [13].

57,67%
35,81%

6,52%

Rejected words

Accepted words

Accepted incorrect

Fig. 6. Results for the non-dictionary test words as input to the FSST; only lemmaswere randomly
chosen.

Nevertheless, it should be noted that since test entrieswere chosen randomly from the
original dictionary, the inflected forms that belong to the same lemma could be present
both in the training as well as in the test dictionary. In this way, both dictionaries were
partly similar, even though the word forms were different. Therefore, we repeated the
experiment by first choosing randomly lemmas and then all the corresponding inflected
forms were added to the training dictionary.
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Figure 6 shows the final results. In this experiment only 42.33% of the words were
accepted by the FSST. Among the accepted words the phonetic transcriptions were still
correct for 84,59% of the words, which is similar to the accuracy of state-of-the-art
methods for grapheme-to-phoneme transcription for Slovenian, which in any case need
to be used to process the words rejected by the FSST.

6 Discussion

The implementation size of FSTs representing pronunciation dictionaries depends
mainly on the number of transitions, as these carry most of the information. The number
of transitions is also usually several times larger than the number of states.

The results in Tables 1, 2 and 3 show that using the proposed FSSTs, their size in
terms of the number of states and transitions can be reduced up to 40%, which confirms
the initial findings of a previous study [7]. The experiments were conducted language
resources in three languages each belonging to a different language group. The highest
reduction rate was observed for the highly inflected Slovenian language when some
inflected forms were missing in the original dictionary. As can be seen in Fig. 3, non-
included or missing inflected forms can significantly increase the size of an MDFST.
If missing inflected forms are not added to the dictionary, an FSST can always be built
from an MDFST. In this way, most of the inflected forms are automatically added to the
pronunciations dictionary represented by an FSST.

The proportion of the accepted non-dictionarywords with correct phonetic transcrip-
tions is surprisingly high for FSSTs. For rejected words the phonetic transcription can
always be determined using other grapheme-to-phoneme approaches. This is particu-
larly important when there is a high probability that the input word will be rejected by
an FSST. This happens mostly when a word belongs to a new lemma for which inflected
forms are not represented in the pronunciation dictionary.

7 Conclusions

The presented results, obtained on an augmented data set confirm that by using FSSTs
as initially introduced in [7], their size in terms of number of states and transitions
can be reduced up to 40%. The highest reduction rate was observed for the highly
inflected Slovenian language when some inflected forms were missing from the original
dictionary. Missing inflected forms can significantly increase the size of an MDFST.
When missing inflected forms are not added to the dictionary, an FSST can always
be built from an MDFST, and in this way, most of the missing inflected forms are
automatically represented by an FSST.

FSSTs can be thus used as very compact andmemory efficient computational models
for grapheme-to-allophone transcriptions. Compared to MDFSTs, their implementation
size can be reduced by up to 20%. The reduction seems to be much higher for highly
inflected languages, when not all the inflected forms are originally contained in the
represented dictionary.
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An important finding of this study is that a large proportion of the out-of-dictionary
words that are accepted by an FSST are also correctly converted to their phonetic tran-
scriptions. For the words rejected by an FSST, the phonetic transcription can always
be determined using other grapheme-to-phoneme conversion methods. In our experi-
ments, the phonetic transcriptions of the accepted non-dictionary words were correctly
determined for up to 86% of the words. This is particularly useful in systems with
limited memory resources, where no other or only rather basic grapheme-to-phoneme
transcription methods can be used.

Acknowledgements. The work presented in this paper was partially supported by the applied
research project L7-9406 OptiLEX, and by the national research program P2-0250(C) Metrology
and Biometric Systems.
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19. Žganec-Gros J., Golob, Ž., Dobrišek, S.: Učinkovita predstavitev slovarskih jezikovnih virov
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Abstract. In this paper, an improved slimemould optimization algorithm (iSMA)
is proposed to solve global optimization problems. The iSMA adopts a dominant-
non-dominant swarm partitioning strategy and introduces a Gauss-Cauchy hybrid
mutation mechanism, which helps iSMA find a balance in exploration and
exploitation by using the different perturbation capabilities of the Gauss mutation
operator and the Cauchy mutation operator. Finally, the 13 benchmark test func-
tions are selected for qualitative and quantitative analysis of iSMA and compared
with several state-of-the-art algorithms proposed in recent years. The computa-
tional results show that the iSMA algorithm is an effective optimization algorithm
for solving global optimization problems.

Keywords: Global optimization · Swarm partitioning strategies · Slime mould
optimization algorithm · Mutation operators

1 Introduction

Optimization is the process of searching for the best values for the variables of a spe-
cific problem to minimize or maximize the objective function. Optimization problems
exist widely in various research fields. Many optimization problems in the real world
become more and more complex, so it is more challenging to solve these problems
with optimality. Mathematical optimization methods and meta-heuristics are usually
used to solve optimization problems, but the former relies heavily on gradient-based
information of functions to find the best solution. With the increase of computational
scale, mathematical optimization methods tend to fall into local optima and fail to find a
satisfactory solution within a reasonable time [1]. On the contrary, meta-heuristics can
obtain better optimization results because of its simple structure, strong applicability
and strong ability to avoid local optima, so it has been widely used in various opti-
mization fields [2]. Recently, many nature-inspired meta-heuristic algorithms have been
proposed, which can be broadly classified into three groups: evolution-based algorithms,
population-based algorithms and physics-based algorithms [3].

The evolution-based meta-heuristic algorithms are mainly inspired by the concept of
evolution in nature, where the candidate solutions are iteratively improved until the ter-
mination condition is satisfied, so that the whole evolution process will increase the pos-
sibility of obtaining better results near the global optima, such as evolutionary strategies
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(ES) [4], biogeography-based optimization (BBO) [5], etc. The physics-based algorithms
are imitating physics principles, such as the black hole algorithm (BHA) [6] which sim-
ulates the phenomenon of black holes, the lightning search algorithm (LSA) [7] inspired
by the natural phenomenon of lightning. The population-based algorithms, whichmainly
mimic the social behavior of flocks of organisms in nature, consider multiple candidate
solutions and have greater exploratory power, being able to use information from mul-
tiple candidate solutions to explore towards more promising regions. In recent years,
more popular population-based meta-heuristics such as fruit fly optimization algorithm
(FOA) [8] inspired by fruit fly foraging behavior, grasshopper optimization algorithm
(GOA) [9] developed according to the social behavior of grasshoppers, and barnacle
mating optimization algorithm (BMO) [10] mimicking the natural mating behavior of
barnacles.

In 2020, the slime mould algorithm (SMA), a novel meta-heuristic algorithm pro-
posed by Li et al., simulates the behavior of slime mould in foraging [11]. The SMA has
been applied in several fields with its adaptive weightingmethod and excellent optimiza-
tion capability, such as using the SMA to process photovoltaic cell technical parameters
[12], feature selection [13] and image segmentation problem [14].

The SMA, as a meta-heuristic, is essentially a stochastic optimization method, find-
ing a reasonable balance between exploration and exploitation has been a direction
of improvement for meta-heuristics. Therefore, in order to further enhance the search
capability of SMA for global optimization problems, this paper proposes an improved
SMA algorithm (iSMA), which introduces a dominant-non-dominant swarm partition-
ing strategy and a Gauss-Cauchy hybrid mutation mechanism to make full use of the
information of individuals and improve the search efficiency and convergence accuracy
of SMA. Under the effect of the swarm partitioning strategy and the hybrid mutation
mechanism, individuals identify and move away from the local optima and gradually
converge to the global optima.A large number of computational simulations and compar-
isons have verified the effectiveness and superiority of iSMA in solving 13 benchmark
optimization problems.

The rest of the paper is organized as follows. Section 2 introduces the standard SMA
algorithm. Section 3 details the improved SMA,which includes the initializationmethod,
the dominant-non-dominant swarm partitioning strategy and the Gauss-Cauchy hybrid
mutation mechanism. The 13 benchmark test functions and the analysis of experimental
results are listed in Sect. 4. Finally, Sect. 5 gives a summary and outlook.

2 The Standard SMA Algorithm

Recently, Li et al. proposed a new meta-heuristic algorithm called the slime mold algo-
rithm (SMA), which mimics the behavior of slime moulds in foraging, and the mathe-
matical model of SMA can be summarized as the search for food phase, the wrap food
phase, and the oscillation phase [11].

In the search for food stage, the slime moulds use the smell information to approach
the food. According to the specific behavior of the slime mould, it can be formulated as
follows,
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X(t + 1) =
{
Vc · X (t), r ≥ p
Xb(t) + Vb(W · XA(t) − XB(t)), r < p

(1)

Where Vb ∈ [−a, a], Vc decreases linearly from 1 to 0, t is the number of iterations,
c Xb(t) denotes the individual with the best fitness value, X (t) denotes the position of
the slime mould at the current iteration number t, XA and XB are two randomly selected
individuals from population, and W represents the weight of the slime mould. The
parameter p in the Eq. (1) is calculated according to the Eq. (2),

p = tanh|f (i) − DF | (2)

Where i ∈ 1, 2, 3...n, f (i) denotes the current individual fitness value and the
parameter DF is the global optimal fitness value so far, Vb,Vc and W are calculated
as follows,

Vb = [−a, a] (3)

a = arctanh(−(
t

tmax
) + 1) (4)

Vc = 1 − t

tmax
(5)

W (SmellIndexi) =
⎧⎨
⎩
1 + r ∗ log

(
bF−f (i)
bF−wF + 1

)
, condition

1 − r ∗ log
(
bF−f (i)
bF−wF + 1

)
, others

(6)

SmellIndex = sort(f ) (7)

Where r is a random number between 0 and 1, bF and wF are the best and worst
fitness values in the current iteration respectively, SmellIndex denotes the index of the
sorted fitness values, and condition refers to f (i) ranks of the top half of the population.

In the wrapped food phase, Eq. (8) is used to simulate the contraction pattern in the
venous structure of the slime mould, Ub and Lb are the upper and lower bounds of the
problem, z is used to determine the probability of SMA searching near the current best
food source. The parameters rand() and r are random numbers between 0 and 1.

X(t + 1) =
⎧⎨
⎩
rand() · (Ub − Lb) + Lb, rand() < z{
Xb(t) + Vb · (W · XA(t) − XB(t)), r < p
Vc · X (t), r ≥ p

, rand() ≥ z
(8)

During the oscillation phase, the propagating waves generated by the bio-oscillator
are used to alter the cytoplasmic flow in the vein, and make the slime mould move to a
better position. In the oscillation phase,Vb,Vc,W are used to simulate the venous width
variation.Vb oscillates randomly between [-a,a] and gradually approachs 0.Vc oscillates
between [0,1] and eventually decreases to 0 as the number of iteration increases. Finally,
the pseudo code for SMA is shown in Algorithm 1.
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Algorithm 1: The Slime mould algorithm
Input: the size of population N, Maximum iteration
Output: the best solution bX
Initialization, …
While(t< )

Calculate the fitness value )(if for iX
Update the best fitness value and bX
Calculate the weight W // Eq.(4)

for i=1 : N
Update ,p,VV cb

Update positions iX //Eq.(6)
end for
t = t+1

end while

3 The Improved Slime Mould Algorithm (iSMA)

3.1 Initialization

A good initial position may lead to faster convergence of the slime mould to a better
solution. In order to obtain good population positions, one possiblemethod is the random
method, where the initial position of the population is generated randomly. Although
this method ensures the diversity of the population, it affects the algorithm’s search
performance as the randomly generated individuals may be far from the best solution.
Another method is to improve the initial position of the population by checking the
opposite solution of each randomly generated solution, i.e. the opposition-based learning
(OBL) [15]. In the process of evaluating individual Xi, the OBL guesses that the opposite
solution ofXi leads to a better solutionXi

′
, which further reduces the distance betweenXi

and the best solution. By doing so, not only can the quality of the solution be improved,
but also the efficiency of the solution can be enhanced. A simple example is if Xi is -5
and the optimal solution is 10, the opposite solution Xi

′
is 5 and the distance between Xi

and the optimal solution is 15, while the distance between Xi
′
and the optimal solution

is only 5. The opposite solution Xi
′
is closer to the optimal solution.

In the iSMA, we use the OBL method to generate N/2 individuals and select the
best individual. To make full use of this best solution, select it as the N/2 individuals of
the initial population, while the remaining N/2 individuals are generated by the random
method. This initialization method not only ensures the quality of the initial population,
but also takes into account the diversity of the population to a certain extent.

3.2 The Dominant-Non-dominant Swarm Partitioning Strategy

In meta-heuristics, when the population is updated, it cannot make full use of the infor-
mation of the whole population, resulting in an individual being over-exploited, which
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makes the algorithm converge prematurely. It pays average attention to all individuals,
and does not pay enough attention to the dominant individuals, so that the algorithm
cannot converge with high accuracy. Therefore, when the algorithm is improved, it is
necessary to adopt appropriate strategies to treat individuals differently in order to make
rational use of the whole population and improve the optimization performance of the
algorithm.

Therefore, we propose a partitioning strategy to classify individuals, namely the
dominant-non-dominant swarm partitioning strategy, which divides the population into
dominant and non-dominant swarm, it is dynamically adjusting according to the change
of individual fitness values during each iteration (the number of individuals included in
dominant and non-dominant swarms during evolution is non-fixed). During evolution,
we record the fitness values bF and wF for the best and worst individuals, and then
calculated the distance of each individual from bF and wF according to Eq. (7)(8). If
Eq. (9) is satisfied, individual i will be classified to the dominant swarm, otherwise,
individual i will be classified to the non-dominant swarm.

dbi = |f (i) − bF | (9)

dwi = |f (i) − wF | (10)

dbi ≤ e− t
tmax · dwi (11)

Where dbi denotes the distance of the ith individual from the best fitness value, dwi

denotes the distance of the ith individual from the worst fitness value, t is the number of
current iterations and tmax is the maximum number of iterations.

3.3 The Gauss-Cauchy Hybrid Mutation Mechanism

In addition to the problemmentioned in the previous section, meta-heuristics tend to fall
into local optima, especially in the multimodal optimization problem, where there are
usually multiple consecutive local optima. If the algorithm does not have a good jump
ability, there is a great probability of stagnation at local optima.

Considering the mutation operation has two main advantages: on the one hand, it
can speed up the convergence of the algorithm to the optimal solution when it performs
local exploitation; on the other hand, when the diversity of the population decreases and
faces the risk of falling into the local optima, the mutation operation can improve the
diversity of the population and guide the individual away from the current search area
[16].

Therefore, we propose the Gauss-Cauchy hybrid mutation mechanism utilizes two
mutation operations: Gauss mutation and Cauchy mutataion. The former is to apply
a random term conforming to the standard Gauss distribution to the individual [16],
whose μ = 0, σ = 1, the later applies the random term which conforms to the Cauchy
distribution to the individual. The Cauchy distribution is a special distribution function
where neither μ nor σ exists. We can see from Fig. 1 that the random number generated
by Gauss mutation is more likely to be closer to the origin, while the random number



624 H. Guo et al.

generated by Cauchy mutation is more likely to be far away from the origin. There-
fore, Gauss mutation has weaker perturbation and stronger local exploitation ability,
which is suitable for deeper exploitation of the region near the better value [17]; while
Cauchymutation has stronger perturbation ability thanGaussmutation, and has a greater
probability of jumping out of the local optima, so it is suitable for global search [18].
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Fig. 1. Gauss and Cauchy function distributions

In order to make full use of the features of both Gauss mutation operator and Cauchy
mutation operator, theGauss-Cauchy hybridmutationmechanism is introduced in iSMA
to perform Gauss mutation operation on the dominant swarm to go deeper into local
exploitation, and to perform Cauchy mutation operation with a wider range of perturba-
tion on the non-dominant swarm to avoid the interference of local optima. The hybrid
mutation mechanism is applied as follows.

Standard SMA uses random number to determine individual positions randomly in
the search space, which to some extent reduces the quality of solutions and reduces
the efficiency of algorithm optimization. Moreover, the iSMA is improved by using the
Gauss-Cauchy hybrid mutation mechanism to guide individuals through exploitation
and exploration on the basis of the dominant-non-dominant swarm. When the global
best fitness value was not updated four times, performing the Gauss mutation operation
around the optimal value (Xb) at the current iteration for the dominant swarm and per-
forming the Cauchy mutation operation for individuals in the non-dominant swarm. The
hybridmutationmechanismmakes full use of the exploration capabilities of the different
mutation operators and greatly increases the probability of the algorithm jumping out of
the local optima. The pseudo code for the Gauss-Cauchy hybrid mutation mechanism is
shown in Algorithm 2.

Finally, it is worth mentioning that the completely random selection of individuals A
and B in standard SMA has a high degree of uncertainty and affects the performance of
the algorithm. Therefore, the iSMA abandons method of randomly selecting individuals
A and B in the wrapped food stage and instead adopts a method of learning from the best
individuals, in which individual A is randomly selected from the best N/2 individuals,
while individual B is randomly selected from the whole population. The pseudo code
for the iSMA is shown in Algorithm 3.
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Algorithm 2: The Gauss-Cauchy hybrid mutation mechanism
Input:
Output: updated 
for i = 1 : N

if // Whether belongs to the dominant 

else

end if
end for

Algorithm 3: The improved SMA
Input: the size of population N, Maximum iteration 
Output: the best solution 
Initialization, //The OBL method and random method
While t<

Calculate the fitness value f(i) for 
[SmellOrder,SmellIndex] = sort(f)
Update the best fitness value ,calculate W
Population partitioning // Eq. (7-9)
if noImp>4 // Global optimum 4 times not updated

Algorithm 2//Gauss-Cauchy hybrid mutation mechanism
else

for i = 1 : N
Update 
if rand() < p

= (t) + (W (t)- (t))//select randomly from 
//half of the SmellIndex, select randomly from the whole 
//population.

else
=

end if
end for

end if
t=t+1

end while

4 Simulation Experiment and Analysis

In this section we describe the benchmark function problems and analyze the iS-MA
qualitatively and quantitatively through experiments. All experiments are run on an
Inter® i7-6700HQ, 16 GB RAM computer with windows 10 professional operating
system and the programming software is MATLAB R2016a.

4.1 Benchmark Funtions

For verifying the performance of the iSMA, 13 benchmark functions with dimension
equals to 30 are selected for testing, the specific functions are shown in Table 1, where
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functions f1−f7 are unimodal functions, f8−f13 aremultimodal functions. dim represents
the dimension of the function, Range represents the upper and lower bound of the
function, and fmin represents the minimum value of the function. The images of several
typical functions are shown in Fig. 2.

Fig. 2. Typical functions images

4.2 Performance Analysis and Algorithm Comparison

In this section, in order to solve these test function, the relevant parameters are set to:
the number of agents N = 30, dimension set to dim = 30, tmax = 500. To visualise
the search behavior and superiority of iSMA, qualitative and quantitative analyses were
carried out using different performance metrics.

Additionally, we compared the iSMA algorithmwith global optimization algorithms
proposed in recent years, including SMA [11], BMO [10], MFO [3], and SFFO [15].
We obtained the control parameters of the algorithms from the corresponding literature,
z = 0.2 for SMA, pl = 7 for BMO, and P0 = 5

n , λmax = Ub−Lb
2 , λmin = 10−7 for

SFFO.

Qualitative Analysis and Discussion
In this section, in order to observe the behavior and performance of the iSMA qualita-
tively, we take the unimodal function f4 and the multimodal function f10 as examples
to draw the convergence curve, the search history curve (only the first two dimensions,
the red dot indicates the global optimal point), and the trajectory curve of the first slime
mould of the iSMA.

As the search history curve (Fig. 3(a) and Fig. 4(a)) shows that the iSMA tends
to search extensively for promising areas in space and use the best areas for local
exploitation. The dominant-non-dominant swarm partitioning strategy guides individu-
als to move closer to promising areas for local exploitation. In addition, the trajectory
curve in Fig. 3(b) and Fig. 4(b) show that the iSMAmaintains a large range of variation at
the beginning of the iterations, and with the iteration progress, the fluctuations gradually
decrease and converge to an optimal state, which is the result of the action of the Gauss-
Cauchy hybrid mutation mechanism that helps the iSMA to strike a balance between
exploration and exploitation. Finally, the convergence curves (Fig. 3(c) and Fig. 4(c))
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clearly show the descent behavior of both the unimodal andmultimodal functions, which
proves that the iSMA ideally improves the convergence accuracy during the search.

The results discussed above demonstrate that the iSMA can solve function optimiza-
tion problems, but the qualitative results cannot determine how much better the iSMA
is compared to other algorithms, so next we compare iSMA with the state-of-the-art
meta-heuristics of recent years.

Quantitative Analysis and Algorithm Comparison
To better compare the performance of the algorithms, each benchmark function is run
20 times independently to generate statistical results. We use the best value, the average,
the standard deviation, the excellence rate and success rate as quantitative indicators
to evaluate the performance of the algorithm. The best value reflects the convergence
ability of the algorithm, while the average and standard deviation reflect the overall
performance and stability of the algorithm. The excellence rate (defined as E) is the
number of times the best value performs best among all compared algorithms, while the
success rate (defined as S) is the number of times the algorithm successfully searches
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for the global optima, e.g. E(SMA) = 5/13*100 = 38.5%, indicating that the best value
obtained by SMA is 5 among all the comparison algorithms, S(SMA) = 4/13*100 =
30.7% means that the SMA algorithm can successfully search for global optima in 4 out
of all the tested functions. Table 2 shows the optimization results of the iSMA and other
comparative algorithms when solving the 13 benchmark test functions.

As can be seen from Table 2, for the unimodal function f1 − f7, the performance of
iSMA in f1, f2, f3, f4, f5, f7 is the best among the five algorithms, and for the function
f1− f4 iSMA can search the global optima of the function, which indicates that the iSMA
proposed in this paper has good convergence performance. Although for f6, iSMA is not
the best of all the compared algorithms, the results obtained from 20 independent runs
of iSMA are superior to the standard SMA in terms of best value, average and standard
deviation, which demonstrates the effectiveness of the swarm partitioning strategy and
the hybrid mutation mechanism in this paper.

For the multimodal function f8 − f13, due to the existence of multiple local optima
of these functions, it is very likely to mislead the direction of the algorithm to find the
global optima, so that the algorithm eventually stagnates at these local optima. If the
algorithm does not have the ability to identify these local optima and stay away from
them in time, the algorithm’s ability to find the global optima will be greatly reduced,
so the multimodal function is very suitable for testing the ability of the algorithm to
research for the global optima. As can be seen from Table 2, the best values of iSMA
in the multimodal function f8 − f11 are the best in the comparison algorithms, and the
average and standard deviation are better than the other four comparison algorithms.
In particular, for f10, SMA, iSMA and BMO have the same best values, average and
standard deviation and they all converge to the same optimal solution, and they are also
better than MFO and SFFO in terms of convergence effect and stability. For f11 and f13,
although the iSMA is not the best of all algorithms (second only to SFFO), it outperforms
the standard SMA in terms of best value, average and standard deviation.

Besides, the excellent rate and success rate of the iSMA are E(iSMA) = 76.9% and
S(iSMA) = 53.8% respectively, which are much higher than the comparison algorithm,
E(BMO) = 38.5%, S(BMO) = 30.7%, E(MFO) = 0%, S(MFO) = 0%, E(SFFO) =
23.1%, S(SFFO) = 0%, respectively, which also proves that the iSMA proposed in this
paper has good convergence ability and jump ability when facing the local optima.

Finally, in order to further observe the performance of the iSMA, we take two func-
tions f4 and f10 as examples to draw the convergence curve of the algorithm. As shown
in Fig. 5(a), for the unimodal function f4, the convergence curves of iSMA, SMA and
BMO all decrease significantly with the increase of the number of iterations, indicating
that the convergence effect of them significantly better than SFFO and MFO. Although
the BMO shows slightly better performance than the iSMA in the early iterations, iSMA
starts to outperform BMO at 350 iterations and converges to the global minimum at 450
iterations, while BMO eventually fails to converge to the global minimum. Note: the
global minimum of f4 is 0. The Fig. 5(a) does not show the final convergence of iSMA
to the global minimum due to the axis scale. As can be seen from Fig. 5(b), for the mul-
timodal function f10, the iSMA, SMA and BMO eventually converge to the same local
minimumvalue, but iSMA’s convergence speed is obviously faster than other algorithms.
Therefore, on the whole, the proposed iSMA algorithm has the best performance.
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In conclusion, through qualitative and quantitative analysis, the results demonstrate
the superior performance of the iSMA algorithm in solving continuous function opti-
mization compared to other algorithms. The iSMA has great advantages in terms of
solution quality, avoidance of local optima and convergence.

Table 2. Comparison with 5 algorithms on 30-dimensional functions (minimum best are in bold)

SMA iSMA BMO MFO SFFO

f1 Best 0.00E + 00 0.00E + 00 0.00E + 00 7.20E−01 9.53E−13

Average 0.00E + 00 0.00E + 00 0.00E + 00 5.06E + 02 1.70E−12

Std 0.00E + 00 0.00E + 00 0.00E + 00 2.23E + 03 5.30E−13

f2 Best 2.28E−281 0.00E + 00 1.41E−309 1.01E + 01 3.17E−06

Average 1.10E−161 0.00E + 00 2.02E−283 3.36E + 01 4.29E−06

Std 4.92E−161 0.00E + 00 0.00E + 00 2.03E + 01 6.51E−07

f3 Best 0.00E + 00 0.00E + 00 0.00E + 00 2.88E + 03 8.03E + 03

Average 0.00E + 00 0.00E + 00 0.00E + 00 2.07E + 04 1.39E + 04

Std 0.00E + 00 0.00E + 00 0.00E + 00 1.09E + 04 4.51E + 03

f4 Best 3.72E−308 0.00E + 00 6.68E−307 4.57E + 01 2.97E + 01

Average 1.80E−160 0.00E + 00 3.29E−283 6.99E + 01 5.05E + 01

Std 8.05E−160 0.00E + 00 0.00E + 00 1.09E + 01 1.73E + 01

f5 Best 2.81E + 01 5.97E−03 2.72E + 01 2.65E + 02 2.31E + 01

Average 6.45E + 00 2.87E + 01 2.77E + 01 1.57E + 04 5.78E + 02

Std 1.01E + 01 2.87E−01 2.78E−01 3.23E + 04 7.78E + 02

f6 Best 4.66E + 00 1.33E−03 8.94E−02 5.34E−01 1.02E−12

Average 6.09E + 00 5.34E−03 4.00E−01 1.98E + 03 1.95E−12

Std 6.74E−01 3.14E−03 2.72E−01 4.06E + 03 7.35E−13

f7 Best 3.82E−05 8.53E−07 1.93E−06 1.50E−01 1.40E−01

Average 2.12E−04 5.66E−05 4.47E−05 1.73E + 00 2.58E−01

Std 1.87E−04 7.01E−05 5.87E−05 2.67E + 00 9.71E−02

f8 Best −1.29E + 04 −1.26E + 04 −9.34E + 03 −1.05E + 04 −1.01E + 04

Average −5.87E + 04 −1.26E + 04 −7.54E + 03 −8.82E + 03 −9.38E + 03

Std 6.18E + 04 4.26E−01 8.25E + 02 0.24E + 02 4.58E + 02

f9 Best 0.00E + 00 0.00E + 00 0.00E + 00 9.65E + 01 2.98E + 01

Average 4.57E + 01 0.00E + 00 0.00E + 00 1.75E + 02 5.01E + 01

Std 9.61E + 01 0.00E + 00 0.00E + 00 3.60E + 01 1.07E + 01

(continued)
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Table 2. (continued)

SMA iSMA BMO MFO SFFO

f10 Best 8.88E−16 8.88E−16 8.88E−16 1.77E + 00 7.24E−07

Average 8.88E−16 8.88E−16 8.88E−16 1.37E + 01 1.29E−01

Std 1.01E−31 1.01E−31 1.01E−31 7.71E + 00 4.13E−01

f11 Best 0.00E + 00 0.00E + 00 0.00E + 00 5.97E−01 1.13E−13

Average 2.42E−01 0.00E + 00 0.00E + 00 9.92E + 00 6.53E−03

Std 5.02E−01 0.00E + 00 0.00E + 00 2.75E + 01 6.10E−03

f12 Best 6.28E−01 6.25E−06 2.69E−03 2.44E + 00 6.90E−15

Average 8.51E−01 4.91E−03 1.80E−02 2.30E + 03 3.08E−01

Std 1.49E−01 6.60E−03 1.26E−02 7.51E + 03 5.28E−01

f13 Best 2.71E + 00 2.48E−04 5.01E−01 3.04E + 00 1.21E−13

Average 2.84E + 00 9.72E−03 2.85E + 00 4.90E + 02 5.80E−03

Std 7.07E−02 1.36E−02 5.52E−01 1.95E + 03 1.45E−02
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Fig. 5. Convergence graph of algorithms

5 Conclusions

The global optimization problem is a very important research topic in academia, and
the iSMA proposed in this paper provides a new and effective way to solve such prob-
lems. The iSMA incorporates a dominant-non-dominant swarm partitioning strategy,
which partition the slime mould into dominant and non-dominant swarms according
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to certain constraints. This strategy changes the disadvantage of fuzzy positioning for
all individuals in the traditional population-based meta-heuristics, and makes full use
of the characteristics of different individuals, which is conducive to the iSMA balance
global and local search. Furthermore, the Gauss-Cauchy hybrid mutation mechanism
performs different operation on different swarm based on swarm partitioning strategy,
which provides a guarantee for iSMA to identify and keep away from the local optima.
This mutation operator based on swarm partitioning strategy makes full use of the infor-
mation of individuals of different quality, which benefits the iSMA convergence to the
global optima. Qualitative and quantitative analysis shows that the proposed iSMA has
strong optimization ability. Future research could consider adding adaptive mechanisms
to SMA and using the improved SMA for practical engineering optimization problems.
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Abstract. Considering the problem that the original chicken swarm optimiza-
tion algorithm ethnic diversity and easy to fall into local optimum problems, an
improved chicken swarm optimization algorithm based on fireworks (FW-ICSO)
algorithmwas proposed. In this algorithm, roulette was introduced to die out some
chickens, produce new chicken’s methods is implemented in fireworks algorithm,
and adding an inertia factor to balance search capability. Finally, FW-ICSO is
tested with twenty benchmark function and compared with other similar algo-
rithms to confirm their effectiveness in terms of the accuracy and convergence
rate of the results.

Keywords: Chicken swarm optimization (CSO) algorithm · Roulette algorithm ·
Fireworks optimization (FWA) algorithm · Function optimization

1 Introduction

Swarm intelligence optimization algorithms are novel type of computational method by
simulating the swarm behavior or predatory behavior of natural creatures. At present,
researchers have proposed a variety of swarm intelligence optimization algorithms, such
as particle swarm optimization (PSO) [1], Genetic algorithm (GA) [2], firefly algorithm
(FA) [3].

The chicken swarm optimization (CSO) algorithmwas originally presented byMeng
et al. [4] at the Fifth International Conference on swarm intelligence (ICSI) in 2014. The
algorithm simulates the regular pattern of foraging and the hierarchy order in the chicken
swarm, the proposed algorithm has become the focus of a growing number of scholars,
they are extensively used in applications. Such as, Dinghui Wu et al. [5] have used the
Markov chain to analyze the convergence of clustering algorithm and verified the global
convergence ofCSO;DebS et al. [6] summarized the research progress of chicken swarm
olony optimization algorithm;Hafez A I et al. [7] proposed an innovative approach for
feature selection based on chicken swarm optimization; Cui D [8] proposed projection
pursuit model for evaluation of flood and drought disasters based on chicken swarm
optimization algorithm; Osamy W et al. [9] proposed the Chicken Swarm Optimization
based Clustering Algorithm to improve energy efficiency in Wireless Sensor Network.
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Although the CSO algorithm has fast convergence rate and high optimum accuracy,
there is easy to trap in the local optimum. Therefore, the optimization of the CSO
algorithmbecomes the focus of the researcher. Such as,DinghuiWu et al. [10] proposed a
method,which added the part of chicken learning cock, and introduced inertiaweight and
learning factor; Wang J et al. [11] proposed the improved Chicken Swarm Optimization
algorithm to solve the interruptible load scheduling scheme; Bin Li et al. [12] proposed
algorithm is a combination of the grey wolf optimizer (GWO) and the particle swarm
optimization (PSO) algorithmwithCSO;N.Bharanidharan et al. [13] proposed amethod,
which Improved chicken swarm optimization to classify dementia MRI images using a
novel controlled randomness optimization algorithm.

In this paper, an improved chicken swarm optimization algorithm based on fireworks
(FW-ICSO) algorithm was developed. Firstly, the roulette algorithm is used to select
and eliminate individuals. Secondly, combines the advantage of the firework algorithm
(FWA) [14] to generate new particles and improve the population diversity. Then, adding
inertia factor to balance search capability. Finally, FW-ICSO is tested with a set of
test functions and compared with other algorithms. The experimental data show that
FW-ICSO has obvious advantages.

The rest of the paper is organized as follows: Sect. 2 introduces the idea of the
chicken swarm optimization algorithm and update formula. The improvements of the
FW-ICSO algorithm are introduced in Sect. 3. In Sect. 4, simulation results of FW-ICSO
are presented. Finally, conclusions and expectation are stated in Sect. 5.

2 CSO Algorithm Introduction

TheCSOalgorithmwas proposed by observing chicken swarmbehavior.The best quality
food is taken as the target point, through the continued transport of position information
among chickens of different grades in each subgroup, and comparison with their best
position, the next direction of each chicken is determined and the food finally funds. The
central idea of CSO is as follows:

1) The chicken swarm is divided into multiple subgroups, which are composed of
roosters, hens, and chicks.

2) Each subgroup consists of only one rooster and several hens and chicks, roosters
have the best fitness and act as the leader in a subgroup. The individuals with the
worst fitness values will be defined as chicks and the rest are hens.

3) The hierarchy and mother-child relationships are updated every few times.
4) The roosters lead its subgroup foraging, hens always looking for food follow the

roosters, each chick follows their mothers to search for food.

In the algorithm, the entire swarm population was set to N , then NR,NM ,NH ,NC

were the number of roosters, mother hens, hens, and chicks. x denotes the position of
each chicken, then the position update of the rooster can be expressed as:

xi,j(t + 1) = xi,j(t) ×
[
1 + Randn

(
0, σ 2

)]
(1)
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σ 2 =

⎧⎪⎨
⎪⎩

1, if fi ≤ fk
exp( fk−fi

|fi |+ε
), otherwise

k ∈ [1 , NR], k �= i

(2)

In formula (1), xi,j(t) denote the position of the i th rooster on the j th dimension in
the t th iteration(j ∈ [1, d ], d is the dimension of the search space); Randn

(
0, σ 2

)
is a

Gaussian distribution with mean 0 and standard deviation σ 2. Formula (1) simulates the
rooster’s position moves.

In formula (2), k is a rooster’s index, which is randomly selected from the roosters’
group (k �= i), ε is the smallest constant in the computer. Formula (2) simulates the
competitive relationship between different roosters.

The position update of the hens (include mother hens) can be expressed as:

xi,j(t + 1) = xi,j(t) + C1 × Rand × (
xr1,j(t) − xi,j(t)

) + C2×
Rand × (

xr2,j(t) − xi,j(t)
) (3)

C1 = exp(
fi − fr1

abs(fi) + ε
) (4)

C2 = exp(fr2 − fi) (5)

In the formula (3), Rand represents a random number between [0,1]; r1 is the rooster
in the same subgroup, r2 is chicken(rooster or hen), which randomly calculated in the
entire swarm(r1 �= r2), and the fitness of r2 is better than the fitness of i.

The position update of the chicks can be expressed as:

xt+1
i,j = xti,j + FL

(
xtm,j − xti,j

)
(6)

In the formula (6), m is the index of the mother hen of chicks i; FL is the adjustment
parameter of chick following its mother, FL ∈ [0, 2].

The algorithm CSO is shown in Algorithm 1.
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3 FW-ICSO Algorithm Introduction

Although convergence accuracy and rate of the traditional CSO algorithm is quite
remarkable, the ethnic diversity is relatively single, and the chicks easily fall into local
optimum, which leads to the depression of algorithm efficiency. Therefore, this paper
proposed the FW-ICSO algorithm, additional the elimination mechanism, and use the
FWA algorithm to generate new individuals, which is conducive to jumping out of the
local optimum; additional the inertia factor, and balancing the searchability.

3.1 Elimination Mechanism

In this paper, using the roulette algorithm, after the G cycle, the poorly fitness part of
chickens will be eliminated. Roulette algorithm: Link the probability of each individual
being selected to its fitness,with better fitness comes a lower probability of being selected,
and with worse fitness comes a greater probability of being selected.

Firstly, calculate the probability of each individual being selected:

P(xi) = f (xi)∑N
j=1 f

(
xj

) (7)
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Secondly, calculate the cumulative probability:

Q(xi) =
∑i

k=1
P(xk) (8)

If the individual’s fitness is poor, the corresponding selection probability will be
greater. After the selection probability is converted to the cumulative probability, the
corresponding line segment will be longer, and the probability of being selected will be
greater.

Finally, generate a random number judge, judge ∈ [rPercent, 1]. If Q(xi) > judge,
eliminate the individual.

3.2 Creates New Individuals

In order to create new individuals, this paper introduces the FWA [12] algorithm. Assum-
ing that n individuals are eliminated in part 3.1, then set the first n individuals with better
fitness as the center. Calculate the explosive strength, explosive amplitude and displace-
ment, then create new individuals, and select individuals with good fitness to join the
algorithm.

(a) Explosive strength
This parameter is used to determine the number of new individuals. Good fitness
individuals will createmore new individuals, and poor fitness individuals will create
fewer new individuals.

In formula (9): Si represents the number of new individuals produced by the i th indi-
vidual; m is the constant used to control the number of new individuals of the maximum
explosive amplitude, Ymax is the worst fitness.

Si = m
Ymax − f (xi) + ε∑N

i=1(Ymax − f (xi)) + ε
(9)

(b) Explosive amplitude
The explosive amplitude is used to limit the range of individuals to create new
individuals. Good fitness solutions can be very close to the global solution, so the
smaller the explosive amplitude, on the contrary, the larger the explosive amplitude.

Ai = Â
f (xi) − Ymin + ε∑N

i=1(f (xi) − Ymin) + ε
(10)
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In formula (10): Ai represents the explosive amplitude of the i th individual creating
new individuals; Â is the constant of the maximum explosive amplitude; Ymin is the best
fitness.

(c) Displacement operation
With the explosive strength and explosive amplitude, and according to the
Displacement operation, Si new individuals can be created.

�xki = xki + rand(0,Ai) (11)

In formula (11): xki represents the location of the ith individual; �xki represents the
location of the new individual;rand(0,Ai) is the random displacement distance.

3.3 Inertial Factor

In the test without adding inertial factorω, although the FW-ICSO algorithm can achieve
better results than other algorithms, its stability is not strong, so the inertial factor ω is
added to solve this problem.

The updated roosters’ position formula is:

xi,j(t + 1) = ω × xi,j(t) ×
[
1 + N

(
0, σ 2

)]
(12)

The updated hens’ position formula is:

xi,j(t + 1) = ω × xi,j(t) + C1 × Rand × (
xr1,j(t) − xi,j(t)

) + C2×
Rand × (

xr2,j(t) − xi,j(t)
) (13)

The updated chicks’ position formula is:

xt+1
i,j = ω × xti,j + F

(
xtm,j − xti,j

)
(14)

3.4 The Flow of the FW-CSO Algorithm

The algorithm FW-ICSO is shown in Algorithm 2.
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4 Experimental Comparison and Analysis

4.1 Experimental Parameter Settings

Fifteen benchmark functions in Table 1 are applied to compare FW-ICSO, CSO,
ISCSO[15], PSO, BOA [16]. Set the D = 50; The search bounds are [−100,100]; The
total particle number of each algorithm to 100; The maximum number of iterations is
1000; The algorithms run 50 times independently for each function. The parameters for
algorithms are listed in Table 2.
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Table 1. Fifteen benchmark functions

ID Function name ID Function name

F1 Bent Cigar F9 Discus

F2 Sum of different
power

F10 Ackley’s

F3 Zakharov F11 Powell

F4 Rosenbrock’s F12 Griewank’s

F5 Rastrigin’s F13 Katsuura

F6 Rotated Rastrigin’s F14 HappyCat

F7 Levy F15 HGBat

F8 High conditioned
elliptic

Table 2. The main parameter settings of the five algorithms

Algorithm Parameters

FW-ICSO NR = 0.15 ∗ NNH = 0.7 ∗ NNC = N − NR − NHNM = 0.5 ∗ NH

G = 10,F ∈ (0, 2),m = 50, Â = 40, ω = 0.8

CSO NR = 0.15 ∗ NNH = 0.7 ∗ NNC = N − NR − NHNM = 0.5 ∗ NH
G = 10,F ∈ (0, 2)

ISCSO NR = 0.15 ∗ NNH = 0.7 ∗ NNC = N − NR − NHNM = 0.5 ∗ NH
G = 10,F ∈ (0, 2)

PSO c1 = c2 = 1.5, ω = 0.8

BOA p = 0.8, α = 0.1, c = 0.01

4.2 Experiment Analysis

As can be seen from Figs. 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20,
21, 22, 23, 24, 25, 26, 27, 28, 29 and 30 the FW-ICSO has a considerable convergence
speed. In Fig. 1, 15, and 17, the convergence speed of the FW-ICSO algorithm is much
faster, the PSO and BOA has fallen into the local optimum. CSO and ISCSO converge
at the same speed, but compared with FW-ICSO, the speed is much slower, and it falls
into the local optimum. Therefore, FW-ICSO can avoid falling into the local optimal
solution.

In Fig. 3, 7, 9, 11, and 23, FW-ICSO has a considerable speed of convergence.
Although other algorithms perform well, they are still slower than FW-ICSO in terms
of speed. Therefore, the convergence speed of the FW-ICSO algorithm is excellent. It
can be seen from their variance graphs, the variance of FW-ICSO is small and stable.
Therefore, FW-ICSO is not only fast, but also very stable.
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Fig. 1. Comparison of algorithm convergence
in F1 function

Fig. 2. Comparative ANOVA tests of
algorithms in F1 function

Fig. 3. Comparison of algorithm convergence
in F2 function

Fig. 4. Comparative ANOVA tests of
algorithms in F2 function

Fig. 5. Comparison of algorithm convergence
in F3 function

Fig. 6. Comparative ANOVA tests of
algorithms in F3 function
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Fig. 7. Comparison of algorithm convergence
in F4 function

Fig. 8. Comparative ANOVA tests of
algorithms in F4 function

Fig. 9. Comparison of algorithm convergence
in F5 function

Fig. 10. Comparative ANOVA tests of
algorithms in F5 function

Fig. 11. Comparison of algorithm convergence
in F6 function

Fig. 12. Comparative ANOVA tests of
algorithms in F6 function
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Fig. 13. Comparison of algorithm
convergence in F7 function

Fig. 14. Comparative ANOVA tests of
algorithms in F7 function

Fig. 15. Comparison of algorithm convergence
in F8 function

Fig. 16. Comparative ANOVA tests of
algorithms in F8 function

Fig. 17. Comparison of algorithm convergence
in F9 function

Fig. 18. Comparative ANOVA tests of
algorithms in F9 function
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Fig. 19. Comparison of algorithm convergence
in F10 function

Fig. 20. Comparative ANOVA tests of
algorithms in F10 function

Fig. 21. Comparison of algorithm convergence
in F11 function

Fig. 22. Comparative ANOVA tests of
algorithms in F11 function

Fig. 23. Comparison of algorithm convergence
in F12 function

Fig. 24. Comparative ANOVA tests of
algorithms in F12 function
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Fig. 25. Comparison of algorithm
convergence in F13 function

Fig. 26. Comparative ANOVA tests of
algorithms in F13 function

Fig. 27. Comparison of algorithm convergence
in F14 function

Fig. 28. Comparative ANOVA tests of
algorithms in F14 function

Fig. 29. Comparison of algorithm
convergence in F15 function

Fig. 30. Comparative ANOVA tests of
algorithms in F15 function
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It can be seen from Table 3 that the FW-ICSO is better than the data of other algo-
rithms in theWorst, Best, Mean, and Std of each function except F4 and F14. In function
F4, the standard deviation of FW-ICSOwasworse than that of BOA, and theworst fitness
of FW-ICSO was better than the best fitness of BOA. although the standard deviation
is worse than BOA, it is also within the acceptable range. In function F14, the standard
deviation of FW-ICSO was larger than the standard deviation of ISCSO, but the value
is relatively close, and other values are better than ISCSO.

In terms of time consumption, since the algorithm time of CSO itself is longer than
other algorithms, the speed of FW-ICSO algorithm is 0.1 to 0.2 s slower than that of CSO
algorithm, but when the time loss is acceptable, the accuracy will be greatly improved.

Table 3. Accuracy comparison table

Function Algorithm Worst Best Mean Std. Time

F1 FW-ICSO 6.1894E−186 1.13E−200 2.104E−187 0 1.051045

CSO 3.40331E−20 6.238E−27 2.0407E−21 7.003E−21 0.957194

ISCSO 4.06791E−19 8.924E−27 1.3122E−20 6.049E−20 1.309967

PSO 292452978.1 51403345 114868034 47144279 0.182071

BOA 212.5405395 95.420394 152.697557 26.59569 0.832887

F2 FW-ICSO 0 0 0 0 1.114456

CSO 0 0 0 0 1.047371

ISCSO 0 0 0 0 1.454144

PSO 2.15657E−06 1.199E−72 4.3131E−08 3.05E−07 0.244820

BOA 2.17614E−14 1.312E−23 1.1895E−15 4.188E−15 0.991472

F3 FW-ICSO 4.90599E−11 2.075E−41 2.3296E−12 7.68E−12 0.968975

CSO 16779.68466 2552.4041 8772.98815 3746.6 0.815973

ISCSO 15233.94168 2817.5755 8725.16405 2847.7072 1.276224

PSO 15385.06415 4684.2087 8844.41871 2761.0037 0.154354

BOA 1.694109795 0.5827842 1.1987125 0.2434447 0.775721

F4 FW-ICSO 48.68285915 13.8433763 45.4735067 7.94407003 1.074267

CSO 26919621.79 46.715618 730510.944 3854974.8 0.935579

ISCSO 107363.5283 46.806922 2401.37179 15161.043 1.376185

PSO 481169.9612 32591.93 183831.55 112823.36 0.256701

BOA 59.03452539 52.354011 56.1893463 1.2720791 0.956245

F5 FW-ICSO 0 0 0 0 0.895254

CSO 5.32907E−15 0 4.9738E−16 1.296E−15 0.818512

ISCSO 3.55271E−15 0 1.0658E−16 5.571E−16 1.341090

PSO 1973.247062 750.83661 1365.0541 271.31223 0.272896

BOA 469.8530387 369.29832 427.495741 24.207126 1.028247

(continued)
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Table 3. (continued)

Function Algorithm Worst Best Mean Std. Time

F6 FW-ICSO 0 0 0 0 2.454195

CSO 240.7162391 0 10.1121123 37.742581 2.361683

ISCSO 223.6098307 0 11.7887804 35.079087 3.135543

PSO 2205.574795 960.40339 1491.23701 298.63115 1.622343

BOA 637.9790385 485.56995 556.661562 36.401121 3.875971

F7 FW-ICSO 0.003964923 4.788E−10 0.00055943 0.0009584 1.279563

CSO 13.84271935 2.7653595 3.56474086 1.5273858 1.079681

ISCSO 4.026353675 2.6930204 3.30681594 0.3092122 1.609634

PSO 1786.141083 263.95178 626.270917 251.02204 0.390569

BOA 5684.007969 2463.7525 4403.996 735.67077 1.363668

F8 FW-ICSO 1.208E−190 6E−211 2.744E−192 0 2.201493

CSO 6.38208E−23 1.92E−30 2.0776E−24 9.318E−24 1.829214

ISCSO 6.84164E−21 1.806E−29 1.383E−22 9.674E−22 2.293385

PSO 6581731.942 1223689.8 3233924.77 1330427.8 1.028134

BOA 47.33434907 21.019203 35.3138648 7.0328411 2.601756

F9 FW-ICSO 2.2114E−196 1.42E−212 5.33E−198 0 1.145240

CSO 3.61323E−24 9.983E−31 1.41E−25 5.668E−25 0.962248

ISCSO 7.48824E−24 1.185E−31 3.0069E−25 1.185E−24 1.389841

PSO 37983.62703 8127.6735 18080.3354 6694.1586 0.191719

BOA 3.057654745 0.5670763 1.85472434 0.4892557 0.871098

F10 FW-ICSO 4.44089E−15 8.882E−16 9.5923E−16 5.024E−16 1.158565

CSO 2.883589661 1.643E−13 0.05767179 0.4078012 1.036261

ISCSO 1.81687E−07 7.994E−15 3.7897E−09 2.568E−08 1.527546

PSO 21.21403019 11.214801 19.6998291 3.0778906 0.373748

BOA 21.24352341 21.027682 21.1774251 0.0441896 1.193409

F11 FW-ICSO 3.3649E−149 2.416E−211 6.73E−151 4.76E−150 1.266613

CSO 381039.5695 3.8513E−19 49370.8543 85243.512 0.983339

ISCSO 378745.4295 5.2773E−33 42672.9934 88703.772 1.418165

PSO 6861.689017 368.528453 2175.08293 1208.4472 0.310457

BOA 2.898785526 0.36426493 1.5823845 0.5714033 1.156489

(continued)
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Table 3. (continued)

Function Algorithm Worst Best Mean Std. Time

F12 FW-ICSO 0 0 0 0 1.279460

CSO 0 0 0 0 1.234044

ISCSO 0 0 0 0 1.674844

PSO 0 0 0 0 0.420399

BOA 0.009864687 6.013E−12 0.0003946 0.0019527 1.299393

F13 FW-ICSO 0 0 0 0 24.39417

CSO 2.75E−11 1.33E−12 1.11E−11 6.365E−12 24.27090

ISCSO 2.89E−11 1.53E−13 1.03E−11 7.749E−12 25.52178

PSO 5.61E−11 4.11E−11 5.10E−11 4.205E−12 23.32075

BOA 5.61E−11 4.63E−11 5.08E−11 2.203E−12 47.55279

F14 FW-ICSO 0.93545686 0.1853164 0.47910787 0.1902337 1.033239

CSO 1.003017025 0.5063184 0.67737218 0.1142708 0.868092

ISCSO 0.945762978 0.461541 0.69000236 0.1085319 1.357010

PSO 7.144064581 2.4240018 4.53295436 0.9515144 0.142176

BOA 3.844123963 1.3945829 3.34472732 0.3847439 0.806925

F15 FW-ICSO 0.500000001 0.4950851 0.49980061 0.0008948 1.052220

CSO 0.586131408 0.4261263 0.48958174 0.0265692 0.826003

ISCSO 0.683222701 0.4419355 0.49830781 0.0404395 1.349768

PSO 286.5622008 39.581567 132.858233 58.787859 0.128205

BOA 8.357891343 0.8503189 5.2778622 1.9406607 0.767732

5 Conclusion and Future Work

In order to improve the CSO algorithm, this paper proposes the FW-ICSO algorithm to
select individuals for elimination through the roulette algorithm, introduces the explo-
sion strength, explosion amplitude, and displacement operations in the FWA algorithm,
generates new individuals to join the algorithm, and introduces the searchability of the
inertial balance algorithm. Finally, tested FW-ICSO with Fifteen benchmark functions,
the results demonstrate that it is true, the convergence speed, accuracy, and robustness
of the FW-ICSO algorithm are considerable.
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Abstract. In this paper, two different lower bound models are proposed for the
bottleneck process and logistics distribution in production logistics. The objective
is to minimize the cost, which is a typical NP hard combinatorial optimization
problem. Firstly, the optimal distribution quantity is determined for the bottle-
neck process in production. Secondly, the distribution problem is modeled as
vehicle routing problem with time window (VRPTW), and some variables and
constraints are relaxed. Thirdly, in order to improve the lower bound of the model,
a Lagrangian relaxation model for VRPTW is designed, and an improved subgra-
dient algorithm is proposed. Simulation results show that the algorithm proposed
in this paper is effective for the problem and can calculate a tight lower bound.

Keywords: Lower bound · Vehicle routing problem with time window ·
Lagrangian relaxation · Subgradient

1 Introduction

Since 2015, China has proposed to develop intelligent manufacturing vigorously, which
has opened the process of transformation from manufacturing large to manufacturing
power. Inmanufacturing industry, the two commonmanufacturing forms are discrete and
process industry, and discrete industry accounts formost of them.The production process
of discrete manufacturing industry is generally composed of parts processing, assembly,
inspection and packaging, and the processing process is independent, so the product
processing process is discrete, as shown in Fig. 1. Typical representatives are automobile
assembly [2], electronic equipmentmanufacturing [3],machining operation [4] and other
industries. In the discrete accomplishment industry, time is the key factor, because the
artefact processing action is carefully in accordance with the BOM. If the production
capacity is insufficient, such as bottleneck process, logistics shortage, backlog of work
in process and so on, the production cycle of the product will be extended, resulting in
the product cannot be delivered within the delivery period. In appearance of the above
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problems, we must do a good job matching with the production. Production logistics
is one of the most important links. The coordination between production logistics and
production line directly determines the continuity of product manufacturing and the
punctuality of delivery. In the manufacturing industry, production logistics refers to the
logistics activities in the internal production process of the enterprise, that is, according
to the requirements of the factory facility layout and process flow, the circulation of
materials and products in the warehouse and workshops, workshops and workshops,
and factory stations and stations logistics activities.

Fig. 1. Scattered manufacturing

The optimization of production logistics is mainly divided into the upper optimiza-
tion represented by strategic layout, equipment layout and facility location, and the
lower optimization represented by inventory management, material distribution, vehicle
scheduling, line side warehouse management and work in process (WIP) transportation
cache, as shown in Fig. 2. Among them, material distribution and vehicle scheduling
is an important link for enterprise logistics optimization. In the workshop production,
the storage capacity of the line side warehouse is limited as an intermediate buffer
area, which requires the enterprise to send the materials to the corresponding station in
time according to the production speed of the production line, and ensure the smooth
production process by timely replenishing the materials. For the flexible manufacturing
enterprise, there are many kinds of materials, so it is more necessary to closely cooperate
the processing and production links with the material distribution links.

Aiming at the production logistics process of automobile assembly workshop, this
paper combines the constraint theory with vehicle routing problem. Firstly, the optimal
processing lot size of the workshop is determined. Secondly, the transportation quantity
is determined according to the production lot size. Then, the transportation process is
modeled as a vehicle routing problem (VRP), and the effective lower bound is obtained
by using the improved Lagrangian relaxation technique. Constraint theory [5] is a pro-
duction management technology proposed by Dr. Goldratt, an Israeli physicist. TOC
(Theory of constraints), MRP (Manufacturing Resource Planning) and JIT (just in time)
are commonly used methods in production management. According to the, the capacity
of each stage of the production process is different, so it is necessary to find the link
that restricts the whole production efficiency in the production process. The production
system of the workshop is connected by multiple production links, and the most inef-
ficient link in the production system directly restricts the output of the whole system.
As long as we find out which link in the production process hinders the maximization
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Fig. 2. Production logistics

of output, then this link is the bottleneck. Therefore, in order to improve the output of
the whole system, we must find and break through the production bottleneck. Simatu-
pang et al. [6] used TOC theory to identify the bottleneck resources in the supply chain
enterprises and eliminate the bottleneck resources in the process of cooperation, so as to
improve the efficiency through the cooperation among enterprises. The problem model
is given. Reimer and Glenn [7] combine TOC andMRP theory, use DBR asmanagement
means, and apply the above two theories to enterprise management. Cook [8] applied
the traditional planned production mode, JIT production mode and TOC theory to the
management of workshop production time andWIP quantity, and found that TOC theory
can achieve better management effect. The material distribution problem in production
logistics can be reduced to vehicle routing problem, which was proposed by Dantzig [9]
in 1959, Vehicle routing problem is generally described as a series of customer points
and warehouse points, arranging a certain number of fleet, under certain constraints
(vehicle load, time window, etc.), vehicles serve customers in a certain order, so that the
vehicle distances is the shortest, that is, the access route of each vehicle is a Hamilton
cycle (loop). The goal of VRP optimization is usually travel cost or time. In practical
application, VRP have different types, including VRP with capacity limitation (CVRP),
VRP with time window (VRPTW), VRP with backhaul pickup (VRPBP) and so on.
VRPTW is the most important derivative problem of VRP, which has been proved to be
NP-hard problem [10]. At present, there are twomainmethods to solve VRP, one is intel-
ligent algorithm represented by ant colony algorithm and genetic algorithm, the other
is accurate algorithm represented by branch pricing and Lagrangian relaxation. Wang y
et al. [11] proposed a heuristic algorithm based on improved ant colony algorithm and
simulated annealing algorithm to solve the periodic vehicle routing problem with time
window and service selection. Ursani Z et al. [12] used genetic algorithm and introduced
local optimization framework (LOF) to solve VRPTW. For the vehicle routing problem
(VRPTW-ST) with hard time window and random service time. ERICO f et al. [13]
established the VRPTW-ST model by using a chance constrained program, and pro-
posed a new set partition formula, which included a set of constraints on the minimum
success probability of vehicle routing. By extending the label dimension and providing
new advantage rules to adapt to the resource consumption of dynamic programming
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algorithm. The effectiveness of the method and model is proved by experiments. Kalle-
hauge B et al. [14] aimed at vehicle routing problem with time windows, a constrained
shortest path subproblem was generated by using Lagrangian relaxation of constraint
set. A stable cutting plane algorithm for Lagrangian dual problem is presented. Because
there are few negative cycles, the algorithm ismore likely to produce constrained shortest
path subproblems.

There have been relevant researches on workshop logistics, but the research com-
bined with workshop production has not attracted the attention of relevant scholars.
Compared with the traditional vehicle routing problem, the demand of customer points
in workshop logistics distribution will change with the process of workshop production
line. In this paper, for the vehicle routing problem with time window and lot size, the
optimal delivery quantity in the bottleneck process is given firstly, and then the vehicle
routing problem in the yard is planned according to the delivery quantity, and a tight
lower bound is given by using Lagrangian relaxation algorithm.

2 The Vehicle Routing Problem with Time Window and Lot Size

2.1 Optimal Batch Model

Different from the traditional VRP Problem, the logistics distribution in the workshop
pays more attention to the balance of logistics, in addition to considering the optimal
transport volume, but also consider the time buffer. In order to quantify this factor,
referring to the model of [15], the time buffer is transformed into inventory buffer. There
are the following formulas for calculating the amount of transportation and processing.

Qbfp = cbft(Qo − Bu)/c(tbfp − tbft) (1)

Qbbp = Qo ∗
√

(cbbtc + cbsc + cbbsc)/cQo(tbp + tbbp) (2)

In the above formula, Qbfp and Qbbp are the processing batch before and after the
bottleneck, that is, the transportation volume in the next stage. Qo is the order volume,
cbft is the unit handling charge before the bottleneck, Bu is the buffer inventory,c is the
inventory cost per unit product, tbfp is the processing time per unit product before the
bottleneck, tbft is the unit transportation time per unit product before the bottleneck,
cbbtc is the unit handling charge after the bottleneck cost, cbsc and cbbsc bottleneck and
equipment adjustment preparation cost after bottleneck, tbp and tbbp are the processing
time of unit product after bottleneck and bottleneck.

2.2 The Construction of VRP Model

The goal of workshop logistics distribution and ordinary VRP is basically the same, that
is, the shortest distance and the lowest cost. If the workshop station also has requirements
for material distribution time, it is the VRPTW. We take minimization as the objective
function and establish the corresponding model.
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Table 1. Symbol description

Symbol definition

Decision variables xijk=
{
1 if customer i is visited before customer j by the vehicle k
0 otherwise

yik=
{
1 if customer i is visited by the vehicle k
0 otherwise

ti,The time the vehicle arrives at customer i
wi,The waiting time for the vehicle to arrive at customer i

Parameters K,Total number of vehicles
n,Total number of customers
Q,Maximum vehicle capacity
cij,Cost from customer i to customer j

tij,Time from customer i to customer j

di,Demand of customer i
[ei, li],Time window of customer i
ei,The earliest time that customer i can be visited
li,The latest time that customer i can be visited
si, Service time of customer i

OVRPTW are defined in Table1, and its mixed integer programming model is
described as follows:

min
n∑

i=0

n∑
j=0

K∑
k=1

cijxijk (3)

Subject to :

K∑
k=1

n∑
i=0

xijk = 1, ∀j = 1, 2, . . . , n, i �= j (4)

K∑
k=1

n∑
j=0

xjik = 1, ∀i= 1, 2, . . . ,n, i �= j (5)

n∑
i=1

diyik ≤ Q, ∀k= 1, 2, . . . ,K (6)

n∑
j=1

x0jk = 1, ∀k= 1,2, . . . ,K (7)

n∑
i=1

xi0k = 1, ∀k= 1,2, . . . ,K (8)

K∑
k=1

n∑
i=0

xijk
(
ti + tij + wi + si

) = tj, ∀j = 1, 2, . . . , n (9)
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ei ≤ ti + wi ≤ li,∀i = 1, 2, . . . , n (10)

xijk ∈ {0, 1}, ∀k= 1, 2, . . . ,K,∀i = 1, 2, . . . , n,∀j = 1, 2, . . . , n (11)

yik ∈ {0, 1}, ∀i = 1, 2, . . . , n,∀k = 1, 2, . . . ,K (12)

The optimization objective (3) is to minimize the distance the vehicle is travelling.
Constrain (4–5) to ensure that each station has a transport vehicle to provide services.
Constraint (6) is the vehicle capacity constraint. Constraints (7) and (8) indicate that all
vehicles will leave the warehouse to serve the process. Constraints (9) and (10) represent
the time window limit of the customer. Constraints (11) and (12) are used to indicate that
the decision variable is a 0–1 integer variable. Our problem assumes that the distance
between customers satisfies the triangle inequality. The above model is a mixed integer
programming model, which is quite difficult to solve. However, by relaxing the values
of variables in constraints (11)–(12) from 0–1 integer variables to 0–1 linear variables,
we get the first lower bound model, that is, the lower bound of linear relaxation.

3 Solution Approach

3.1 Introduction of Lagrangian Relaxation Algorithm

For large-scale optimization algorithms such as vehicle routing problem, apart from
heuristic search algorithm, model decomposition is another common strategy. The
decomposition algorithm can calculate the optimal upper and lower bounds of the current
objective value, while the Lagrangian relaxation algorithm is often used in the decom-
position of discrete optimization models because of its relatively simple and effective
operation, and the bounds obtained by Lagrangian relaxation are sometimes even tighter
than those obtained by linear programming.

Linear relaxation is introduced in the previous section. The basic idea is to remove
the integer constraints in mixed integer programming, while Lagrangian relaxation is
to relax some constraints in the model, and keep integer constraints and other linear
constraints. The relaxed constraint is to use Lagrangian multiplier to add constraints
as penalty items to the objective function to punish the solutions that do not meet the
constraints. In the Lagrangian relaxation algorithm, the subgradient method is mostly
used for optimization. However, the convergence speed of this method is slow. The step
size and direction of the algorithm in the iterative process will affect the performance of
the algorithm. In the iteration of the sub gradient algorithm, the so-called ‘zigzagging
phenomenon’ will appear, which means that the current value is very close to the value
of the next iteration. So how to design the direction and step length of the algorithm is
the key factor.

3.2 Improved Lagrangian Relaxation Model of VRPTW

In order to get a tighter lower bound, the Lagrangian relaxation is performed for the 2.2
model and the Lagrangian multiplier vector is updated by the sub gradient method. In
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Sect. 2.2, some constraints are called ‘complicated constraint’ that couple all vehicle
information together, which means that these constraints are difficult to solve. For this
nonsmooth objective function, it is superior to use the subgradient algorithm to optimize
the function. The complicated constraints (4), (5) in the model proposed in the previous
section are combined. The Lagrangian relaxation model is obtained by adding multiplier
λ, λ = (λ1, λ2, ..., λm) ∈ Rm+ to the objective function.

D = max
λ∈Rm+

z(λ) = max(min
n∑

i=0

n∑
j=0

K∑
k=1

cijxijk + λT (1 −
K∑

k=1

n∑
i=0

xijk) (13)

Subject to (6)–(12).
The value D in (13) is a new lower bound of the problem presented in this paper.
The procedure of the subgradient algorithm is given as follows:

Step1: Let Lagrangian multiplier λ = 0.1,loop = 1.
Step2:Calculate the subgradient sloop, If sloop = 0 or sloop less than the setting accuracy,
the algorithm is terminated and the current solution is the optimal solution, otherwise
go to step 3.
Step3: λloop+1 = max

{
λloop + ηloopsloop, 0

}
, Where ηt denotes the step-size.

Step4: loop = loop + 1, go to step 2.

From the algorithm flow, it can be concluded that the subgradient algorithm is easy
to implement, and each iteration can proceed in the direction of the subgradient. The
difficulty is how to select the appropriate step-size η. This paper adopts the following
way to update the step:

ηloop = θ
ub − dloop
∥∥ηloop

∥∥ , 0 < θ < 2 (14)

Taking the above subgradient calculation method, the algorithm has better conver-
gence. Where ub is a feasible upper bound that can be corrected in the iteration, Dloop

represents a lower bound of the original problem, θ is a parameter used to adjust the step
size when the Dloop does not change in several steps.

4 Test and Comparisons

4.1 Numerical Experiment

In order to illustrate the effectiveness of the algorithm, this paper first gives a small
example to illustrate the implementation process of the algorithm. The optimization
problem is as follows: the left represents the original problem, and the right represents
the Lagrange relaxation problem.
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min 2x1 + 3x2 D = max z(λ) = max(min 2x1 + 3x2 + λ(4 − 5x1 − 2x2)

s.t. 5x1 + 2x2 ≥ 4 s.t. 4x1 + 4x2 ≥ 1
4x1 + 4x2 ≥ 1 0 ≤ x1 ≤ 1, 0 ≤ x2 ≤ 2, x ∈ Z

0 ≤ x1 ≤ 1, 0 ≤ x2 ≤ 2, x ∈ Z

The optimization process is described as follows: let λ = 0.1, the corresponding
lower bound is 1.9, the solution is x = (1, 0), and this solution satisfies the constraints
of the original problem, so it can be brought in as the initial solution of the original
problem, and the upper bound is 2. Then update the subgradient 4 − 5x1 − 2x2= − 1,
according to formula (14) update step η= 0.1, and the next multiplier is λ = 0.0. At
this time, it is brought into the Lagrange relaxation problem again, and the lower bound
is 2 and the upper bound coincides. At this time, the upper and lower bounds coincide,
and the optimal target value of the original problem is 2, and the optimal solution is
x = (1, 0).

Through the above small examples, it can be seen that the Lagrange relaxation
algorithm is easy to operate.

4.2 Optimal Batch Instance

In order to verify the effectiveness of the proposed algorithm,we take an automobile parts
processing enterprise as an example. As there are many kinds of automobile assembly
enterprises, this paper takes the production of the subframe needed by the ordinary car
as an example to analyze. First, determine the transfer quantity required by each station.
The production of subframe is mainly divided into three processes: welding (process
1), bending (process 2), polishing (process 3), and the three processes are completed
by 10 stations respectively. The process 1 needs to be conducted for 40 min, process 2
needs 25 min, process 2 needs 30 min. The processing cost of each station is ¥35. The
transportation cost from process 1 to process 2 is ¥9, and that of process 2 to process 3
is ¥12. The inventory cost of the work in process is ¥120.

Taking the order quantity Qo = 100 as an example, the investigation shows that
process 2 is the bottleneck process. From the formula given in Sect. 2.1, we can get the
optimal Qbfp ≈ 27, Qbbp ≈ 10.

4.3 Lower Bound of VRPTW

According to the calculation formula in the previous section, we can get the optimal
processing lot before and after the bottleneck, and allocate the transportation volume to
the stations according to the processing lot. Among the seven stations, there are 3 stations
for process 1 processing, three stations for process 4 processing and 3 stations for process
3 processing. The transfer batch is determined by the results given in the previous section.
In order to simplify the calculation, we assume that the material transported is only the
main material, that is, a subframe needs one main material. The transportation distance
is given in the Table 2. Suppose there are 12 AGV vehicles available in the depot, the
service time of each station is 10 min, and the time window [0–100] of the station is
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generated randomly. According to the formula in Sect. 3.2, two optimal lower bounds
are calculated and compared. Our algorithm is coded in Python3.6 and tested on a PC
with Intel Core 3.60 GHz and 16.0-GB memory, and the mixed linear programming
problems MIP are solved by the solver GUROBI.

In Table 3, we divide the distribution of 10 stations into five groups to solve the
distribution problem. The second and fourth columns are the lower bounds of linear
relaxation and Lagrangian relaxation respectively, and the last column is the quantity
bound. Compared with each other, where Gap = LP - LR

LR ∗ 100%, we can see that the
bound obtained by LR is tighter than that obtained by LP.

Table 2. Distance between depot and stations

Num. 0 1 2 3 4 5 6 7 8 9 10

0 0 15 20 25 10 16 19 12 9 5 16

1 15 0 5 10 6 2 5 4 8 11 8

2 20 5 0 7 10 5 2 8 11 15 7

3 25 10 7 0 15 10 8 14 18 21 14

4 10 6 10 15 0 5 9 3 4 6 9

5 16 2 5 8 9 0 4 4 7 10 8

6 19 5 2 8 9 4 0 7 10 14 6

7 12 4 8 14 3 4 7 0 4 7 6

8 9 8 11 18 4 7 10 4 0 4 11

9 5 11 15 21 6 10 14 7 4 0 8

10 16 8 7 14 9 8 6 6 11 8 0

Table 3. Comparison of LP and LR lower bounds

LB LP Time(sec) LR Time(sec) Gap(%)

3 44.74 1.3 41.41 1 8.0

5 45.40 9 44.53 15 1.9

7 48.15 10 48.13 25 0.04

9 49.92 12 49.03 40 1.8

10 55.36 25 55.09 61 0.5
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5 Conclusions and Future Research

In this paper, for the production line with bottleneck process in production logistics,
we first determine the optimal material transportation volume, then transform the distri-
bution model into vehicle routing problem with time window, and propose two differ-
ent lower bound models, including mixed integer programming model and Lagrangian
relaxation model. The significance is that for a series of combinatorial optimization
problems such as vehicle scheduling problem, it is very difficult to find the optimal solu-
tion because of its NP hard problem characteristics. Although some heuristic algorithms
can get the optimal solution in a reasonable time, it is difficult to evaluate the quality of
the solution. However, it is an effective method to get a tight lower bound to evaluate
the quality of the solution through an accurate algorithm such as Lagrangian relaxation.
Exact mathematical model can make up for the blindness of intelligent algorithm search
mechanism. The effectiveness of the proposed lower bound model is verified by sim-
ulation experiments. The future research direction will start from improving the lower
boundmodel, analyzing the validity of inequality and calculating the lower boundmodel
of other combinatorial optimization problems.

Acknowledgments. This research is partially supported by the National Science Foundation of
China (61963022), and National Science Foundation of China (51665025).

References

1. Zhenyun, P., Yi, G., Zhaolin, T.: Fundamentals and Applications of MES, 7. China Machine
Press, Beijing (2021)

2. Zhihong, L., Hongchao, W., Chenhao, Z.: A distributed intelligent control system solution
for discrete manufacturing industry. Ordnance Autom. (1), 7–10 ( 2017)

3. Dejun, Z., Xiucai, Z., Pengfei, C., et al.: Research on networked testing technology of
electronic equipment production and testing line. Electron. Test. 435(06), 66–68 (2020)

4. Chunting, X., Chunlin, Z., Chong, Z., et al.: Research and implementation of MES in discrete
manufacturing workshop. Aviat. Manuf. Technol. 11, 86–89 (2012)

5. Watson, K.J., Blackstone, J.H., Gardiner, S.C.: The evolution of a management philosophy:
the theory of constraints. J. Oper. Manag. 25(2), 387–402 (2007)

6. Simatupang, T.M., Wright, A.C., Sridharan, R.: Applying the theory of constraints to supply
chain collaboration (2004)

7. Reimer, G.: Material requirements planning and theory of constraints: can they coexist? a
case study. Prod. Invent. Manag. J. 32(4), 48–52 (1991)

8. Cook, D.P.: Simulation comparison of traditional, JIT, and TOC manufacturing systems in a
flow shop with bottlenecks (1994)

9. Dantzig, G.B., Ramser, J.H.: The truck dispatching problem. Manag. Sci. 6(1), 80-91 (1959)
10. Savelsbergh, M.: Local search for routing problems with time windows. Ann. Oper. Res. 4,

285–305 (1985)
11. Wang, Y., Wang, L., Chen, G., et al.: An improved ant colony optimization algorithm to the

periodic vehicle routing problemwith timewindow and service choice. SwarmEvol. Comput.
55, 100675 (2020)

12. Ursani, Z., Essam, D., Cornforth, D., et al.: Localized genetic algorithm for vehicle routing
problem with time windows. Appl. Soft Comput. 11(8), 5375–5390 (2011)



662 N.-K. Yu et al.

13. Errico, F., Desaulniers, G., Gendreau, M., Rei, W., Rousseau, L.-M.: The vehicle routing
problem with hard time windows and stochastic service times. EURO J. Transp. Logist. 7(3),
223–251 (2016). https://doi.org/10.1007/s13676-016-0101-4

14. Kallehauge, B., Larsen, J., Madsen, O.: Lagrangian duality applied to the vehicle routing
problem with tim windows. Comput. Oper. Res. 33(5), 1464–1487 (2006)

15. Hongbo, W.: Research on Production Logistics Optimization of Structural Parts Manufac-
turing Workshop of North Communications Heavy Industry Group. Shenyang University of
technology, Shenyang (2013)

https://doi.org/10.1007/s13676-016-0101-4


Multidimensional Estimation of Distribution
Algorithm for Distributed No-Wait Flow-Shop
Scheduling Problem with Sequence-Independent

Setup Times and Release Dates

Sen Zhang1, Rong Hu1,2(B), Bin Qian1,2, Zi-Qi Zhang1,2, and Ling Wang3

1 School of Information Engineering and Automation, Kunming University of Science
and Technology, Kunming 650500, China

2 School of Mechanical and Electrical Engineering, Kunming University of Science
and Technology, Kunming 650500, China

3 Department of Automation, Tsinghua University, Beijing 10084, China

Abstract. This paper proposes a three-dimensional matrix Estimation of Distri-
bution Algorithm (TDEDA) for distributed no-wait flow-shop scheduling problem
(NFSSP) with sequence-independent setup times (SISTs) and release dates (RDs)
to minimize the total completion time, which is a typical NP-hard combinatorial
optimization problem with strong engineering background. First, a population is
initialized in a hybrid way by modified NEH heuristic algorithm and the ran-
dom method. Secondly, probabilistic model is developed to learn knowledge by
accumulating the information of the blocks and the order of jobs from the elite
individuals. Then, four search methods are developed to optimize the quality of
solutions. Finally, computational results and comparisons demonstrate TDEDA
obviously outperforms other considered optimization algorithms for addressing
DNWFSP_SISTs_RTs.

Keywords: Estimation of distribution algorithm · Distributed no-wait flow-shop
scheduling problem · Sequence-independent setup times · Release dates

1 Introduction

Flow-shop scheduling is the common scheduling problem in industrial production. It is
to assume that the job can be waited in the buffer between different machines. However,
in many actual productions such as steel, food manufacturing, biopharmaceuticals, and
chemical processing industries [1, 2], often the job must be continuous throughout the
processing process, that is, once the job is required to be processed continuously from
start to end without waiting either on or between machines. This kind of scheduling
problem is called the no-wait flow shop scheduling problem (NWFSP), In many real-
life NWFSP, such as steel manufacturing sequence-independent setup times (SISTs) and
release dates (RDs) are two very common constraints.
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In recent years, with the deepening of economic globalization, competition among
enterprises has become increasingly fierce. In order to improve the production effi-
ciency of enterprises, reduce production costs and manage risks [3], enterprise decision
makers have begun to gradually transform traditional centralized single production fac-
tories into Multiple coordinated factories distributed in different areas [4]. Different
from traditional single-factory production scheduling, distributed production schedul-
ing requires decision makers to assign the job to the different factories. secondly, they
need to determine a scheduling plan for each factory. Obviously, these two issues are
coupled with each other and cannot be solve separately. For the distributed permuta-
tion flow-shop scheduling problem (DPFSP) Naderi and Ruiz [5] established 6 mixed
integer programming models and proposed two job assignment rules, and then designed
14 heuristic algorithms to solve this problem. Gao et al. [6] designed a neighborhood
effective heuristic method by inserting a set of job into a factory at a time instead of
only one job. Gao et al. [7] adopted a tabu search (TS) algorithm to define the neigh-
borhood structure by exchanging sub-sequences between factories, instead of inserting
a single job into other position. Insert_Jobs, Exchange_Job and Move_Jobs are adopted
to enhance local search ability. Wang et al. [8] proposed an estimation of distribution
algorithm (EDA), and proposed ECF rules for decoding a feasible scheduling scheme for
production. For NWFSP, a large number of intelligent algorithms have been applied to
solve this problem, including differential evolution((HDE)) algorithm, discrete particle
swam optimization (DPSO), genetic algorithm (GA), iterated greedy (IG) algorithm, etc.
Regarding the approaches for solving the DNWFSP, an iterated cocktail greedy (ICG)
was first proposed by Lin and Ying [9], which contains two self-tuning mechanisms
and a cocktail destruction mechanism. Then, Komaki and MalaKooti [10] proposed a
general variable neighborhood search algorithm (GVNS) to solve it. it can be seen that
there is less research for DNWFSP with SISTs and RTs. Hence, this paper considers
such important problem.

Estimation of distribution algorithm (EDA), first introduced in the field of evolu-
tionary computation [11], is a prevailing population based evolutionary algorithmwhich
explores the space of solutions by sampling an explicit probabilistic model updated
according to the promising solutions found so far, Therefore, EDA has strong global
search capabilities, and it has been widely used to solve production scheduling prob-
lems [12, 13], so we proposed a block-based three-dimensional EDA to solve DNWFSP
with SISTs and RTs.

2 DNWFSP with SISTs and RTs

2.1 Problem Descriptions

The DNWFSP_SISTs_RT can be described as follows: There are n jobs
J= {J1,J2, · · · , Jn} must be processed in f identical factory {F1,F2, · · · ,Ff }, each
of which is a permutation flow shop with m machines {M1,M2, · · · ,Mm}. Each job
Ji, i = 1, 2, ..., n consists of a sequence of m operations {Oi1,Oi2, · · · ,Oi,m}, that are
processed through m machines with same order. All jobs can be scheduled at time zero.
At the first assignment stage, all jobs must all jobs must be assigned to a certain factory.
Once a job is assigned to a certain factory, all its operations must be processed only in
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this factory. Then at the second stage, under the no-wait constraints, each job must be
processed without interruptions between consecutive machines and each machine just
can process np more than one job, it indicates that the start of a job must be delayed
on the first machine when necessary. In the DNWFSP with SISTs, the setup times must
be performed between the completion time of one job and the start time of another job
on each machine, and the setup times depend on both the current and the immediately
preceding jobs at each machine. Moreover, In the DNWFSP with RTs, if a machine is
ready to process a job but the job is still not released, it must stay idle until the release
time of the job satisfies the demands.

2.2 DNWFSP with SISTs

The notation used is presented below.

π = {π1, π2, · · · , πn} A feasible schedule

πk = [πk(1), πk(2), . . . , πk(nk)] The job processing sequence in factory k

nk The total number of the jobs assigned to factory k

tj,l The processing time of job Jj on machine l
(
t0,l, l = 1, 2, ...m

)

stj The total processing time of job Jj

Dπk (j − 1, j, l)
The minimum delay on the machine l between the Completion of job
Jj−1 and Jj

Lπk (j − 1, j)
The minimum delay on the first machine between the start of job
Jj−1 and Jj

sj,l The sequence independent setup time

rj The release time of job Jj (r0 = 0, l = 1, 2, ...m)

Stπk (j) The start processing time of job Jj on machine 1

Cπk (j) The Completion time of Jj job from factory k

In the DNWFSP with SISTs, Dπk (j − 1, j, l) and Lπk (j − 1, j) can be calculated as
follows:

D
πk

(j − 1, j, l) =
⎧
⎨

⎩

max{s
πk (j),1

+ t
πk (j),1

− t
πk (j−1),2

, s
πk (j),2

} + t
πk (j),2

,l = 2

max{D
πk

(j − 1, j, l − 1) − t
πk (j−1),l

, s
πk (j−1),l

} + t
πk (j),l

, l = 3, 4, ...m
. (1)

Lπk (j − 1, j)=Dπk (j − 1, j,m)+stπk (j−1)−stπk (j). (2)

2.3 DNWFSP with SISTs and RTs

In the NFSSP with SDSTs and RTs, Stπk (j) can be written as follows:

Stπk (j) =
{

max{Dπk (j − 1, j, l) − stπk (j), rπk (j)}, i = 1
Stπk (j−1) + max{Lπk (j − 1, j), rπk (j) − Stπk (j−1)} i = 1, 2, ..., n

(3)
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Then, the makespan Cmax(π) of the sequence π is:

Cπk (j) = Stπk (j) + stπk (j) (4)

Cmaxπ
k =

nk∑

j=1

Cπk (j) (5)

Cmax(π) = max{Cmax(π
k)} k = 1, 2, ..., f . (6)

The aim of this paper is solving the DBPFSP with SISTs and RTs constraint and to
find a feasible solution π∗ with the minimum makespan (Fig. 1).
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Fig. 1. Shows a small example of DNWFSP with SISTs when n = 6, m = 3 and f = 2.

3 TDEDA for DNWFSP with SISTs and RTs

3.1 Solution Representation

The NEH heuristic algorithm is the most common initialization method, combined with
the characteristics of the DNWFSP_SISTs_RT, we design a modified NEH heuristic
algorithm to initialize the population, it can be summarized as follows.

Step1: Calculate the total processing time of each job on all machine Tj =
m∑

l=1
(tj,l+sj,l)

j = 1, 2, ..., n, and sort all jobs in descendingorder toTj , denoted asT = {J1, J2, · · · , Jn}.
Step2: Let k = 1, πk(1) = Jk .
Step3: Let k = k + 1, if k ≤ f , go to step 2, otherwise, go to step 4.
Step4: Let k = f + 1.
Step5: Insert the job in all possible position of all existing factories, place the job in the
position of the current factory the minimum makespan.
Step6: Let k = k+1, if k ≤ f , go to step 2, otherwise, end.
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3.2 Three-Dimensional Matrix Cube

For a feasible solution, the block structure refers to two consecutive job in the job
permutation π .For example, two elite individuals π1 = [1, 2, 3, 4] and π2 = [2, 1, 3, 4],
where [1, 2], [2, 3], [3, 4], [2, 1], [1, 3], [3, 4] are block structures, both π1 and π2 have
[3, 4], so [3, 4] is a similar block. A three-dimensional matrix MCG

n×n×n is devised to
reserve the valuable information of elite individuals. The details of MCG

n×n×n are given
as follows:

I
MCG,k

n×n×n(x,y,z)
=

{
1, y = π

G,k
sbest,x, z = π

G,k
sbest,x+1

0, else
, x = 1, 2, ..., n − 1; y, z = 1, 2, ..., n; k = 1, ... , sps. (7)

MCG
n×n×n(x, y, z) =

∑sps

k=1
IMCG,k

n×n×n(x,y,z)
, x = 1, 2, ..., n − 1; y, z = 1, 2, ..., n, (8)

MCG
n×n×n(x, y) =[MCG

n×n×n(x, y, 1),MCG
n×n×n(x, y, 2), ...,MCG

n×n×n(x, y, n)]1×n,

x = 1, 2, ..., n − 1; y = 1, 2, ..., n. (9)

MCG
n×n×n(x) =

⎡

⎢⎢
⎢
⎣

MCG
n×n×n(x1)

.

.

.

MCG
n×n×n(xn)

⎤

⎥⎥
⎥
⎦

n×1

=

⎡

⎢⎢
⎢
⎣

MCG
n×n×n(x, 1, 1) · · · MCG

n×n×n(x, 1, n)
.
.
.

. . .
.
.
.

MCG
n×n×n(x, n, 1) · · · MCG

n×n×n(x, n, n)

⎤

⎥⎥
⎥
⎦

n×n

. (10)

Where, S_pop(G) = {πG,1
sbest,π

G,2
sbest, ...π

G,sps
sbest } are the superior sub-population

or elite individuals selected from pop(G) = {πG,1
sbest, ...,π

G,sps
sbest ,π

G,sps+1
sbest , ...,π

G,sp
sbest}.

π
G,k
sbest = [πG,k

sbest,1, π
G,k
sbest,2, ..., π

G,k
sbest,n] is the kth individual in the superior sub-

population S_pop(G). IMCG,k
n×n×n(x,y,z)

is an indicator function of the kth elite individual

in the superior sub-population, MCG
n×n×n(x, y, z) saves the number of times that the

similar block structure appears in the same position of the elite individual,MCG
n×n×n(x)

reserve all the ordinal numbers of jobs and the corresponding blocks at the xth positions
of individuals in S_pop(G). Therefore, MCG

n×n×n reserves the valuable information of
excellent individuals at generation G,it can be learned and reserved in an intuitive and
effective way.

3.3 Updating Mechanism

Probability model determines the global exploitation ability and the search direction of
EDA. A three-dimensional probability matrix P_MCG

n×n×n are proposed, which accu-
mulate the valuable information fromMCG

n×n×n. therefore, P_MCG
n×n×n is described as

follows:

P_MCG
n×n×n(x) =

⎡

⎢
⎣

P_MCG
n×n×n(x, 1, 1) · · · P_MCG

n×n×n(x, 1, n)
...

. . .
...

P_MCG
n×n×n(x, n, 1) · · · P_MCG

n×n×n(x, n, n)

⎤

⎥
⎦

n×n

(11)

When G = 0, P_MCG
n×n×n(x) is updated by

P_M 0
n×n×n(x, y, z) =

{
0, x = 1, y, z = 1, ..., n
1/n2, x = 2, 3, · · · , n − 1,y, z = 1, ..., n

. (12)
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When G = 1, P_MCG
n×n×n(x) is updated by

P_MC1
n×n×n(x, y, z) =

⎧
⎪⎪⎨

⎪⎪⎩

MC0
n×n×n(x, y, z)/Sum_MC0(x), x = 1, y, z = 1, ..., n,

(P_MC0
n×n×n(x, y, z)+MC0

n×n×n(x, y, z))/
(Sum_P_MC0(x)+Sum_MC0(x)),

x = 2, 3, · · · , n − 1, y, z = 1, ..., n.
(13)

When G = 2, P_MCG
n×n×n(x) is updated by

P_MCG
n×n×n

(x, y, z) = (1 − r) × P_MCG
n×n×n

(x, y, z)+r × MCG
n×n×n

(x, y, z)/

Sum_MCG(x), x = 1, 2, · · · , n − 1, y, z = 1, ..., n.
(14)

Where, Sum_MCG(x) is the summation of all elements in MCG
n×n×n(x),

Sum_MCG(x) = ∑n
y=1

∑n
z=1MCG

n×n×n(x, y, z), Sum_P_MCG(x) is the summation of

all elements in P_MCG
n×n×n(x), Sum_P_MCG(x) = ∑n

y=1
∑n

z=1 P_MCG
n×n×n(x, y, z).

3.4 New Population Generation

In the process of population evolution, sample to generate offspring from
P_MCG

n×n×n.Because the individual π
G,k
sbest does not exist [πG,k

0 , π
G,k
1 ], we design a

specially sampling method to determine the position jobs, it details as follows:

Step1: sum_P_MC(y) =
{ ∑sp

y=1
i/
sp,G = 1, y = 1, ..., n

∑n
z=1 P_MCG−1(1, y, z),G �= 1, y = 1, ..., n

.

Step2: Randomly generate a probability pr where pr ∈ [0, sum_P_MC(n)).
Step3: If pr ∈ [0, sum_P_MC(1)), then set πG,k

1 = 1, otherwise, go to step 4.

Step4: If pr ∈
[

t∑

h=1
P_MCG−1

n×n×n(j − 1, πG,k
i−1 , h),

t+1∑

h=1
P_MCG−1

n×n×n(j − 1, πG,k
i−1 , h)

)

then set πG,k
1 = j.

The job at the other position of the individual according to the following:

Step1: Randomly generate a probability pr where

pr ∈
[
0,

n∑

h=1
P_MCG−1

n×n×n(i − 1, πG,k
i−1 , h)

)
.

Step2: If pr ∈
[
0,P_MCG−1

n×n×n(i − 1, πG,k
i−1 , 1)

)
, then set π

G,k
i = 1, otherwise, go to

step 4.

Step3: If pr ∈
[

t∑

h=1
P_MCG−1

n×n×n(j − 1, πG,k
i−1 , h),

t+1∑

h=1
P_MCG−1

n×n×n(j − 1, πG,k
i−1 , h)

)
,

then set πG,k
i = t + 1.
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3.5 Local Search

It is widely recognized that local search is helpful to intensify the exploitation ability of
EDA. For DNWFSP_SISTs_RT, the completion time of the entire production process
is determined by the factory with the latest makespan (denoted as the critical factory).
Obviously, decreasing the makespan of the critical factories can changing the makespan
of a solution. Therefore, we design local search method for our EDA. The detail of local
search methods can be described as follows.

1) Swap move within factory: swap the Randomly select two distinct job πk(i) and
πk(k) from the critical factory fk and then swap them.

2) Insert move within factory: Randomly select a job πk(i) from the critical factory
fk , and removing πk(i),and then re-inserting it into all the possible positions and
choose the job permutation vector with minimum completion time.

3) Swap move between factories: Randomly select a job πk(i) from the critical factory
fk . Randomly select a factory Fj(j �= k) from the other f − 1 factories. Swap the job
πk(i) with each job in factory Fj. The position leading to the best makespan for that
factory is chosen.

4) Insert move between factories: Randomly select a job πk(i) from the critical factory
fk . Randomly select a factory Fj(j �= k) from the other f −1 factories. The job πk(i)
is took out and re-inserted into all possible positions of the sequence of factory
Fj.The position leading to the best makespan for that factory is chosen.

4 Computational Result and Comparisons

To further show the effectiveness of the proposed TDEDA,we compare the TDEDAwith
the HIA [14], EDA [15] and IG [16]. For this problem, 16 problems size each with the
following size (n ∈ {10, 30, 50, 70}, m ∈ {5, 20}, f ∈ {2, 4})are randomly generated,
and the related data are generated from the discrete uniform distributions as follows:
tj,l ∈ U (1, 100), stj ∈ U (0, 100), rj ∈ U (0, 150),The parameters are:popsize = 100,

sps = 0.1 × popsize, r = 0.3. We coded all the algorithms in Delphi XE8 and
conducted experiments on a computer of CPU, 2.6 GHz with 16 GB memory. To make
a fair comparison, all algorithms adopted the same time, the termination conditions are
the same (Fig. 2).

In order to ensure the stability and credibility of algorithm performance, all the tests
independently run 30 times. The performance metrics are given as follows:

SD(Ci) =
√

1
20

∑20

i=1
(Ci − Cavg)2, (15)

Where Ci is the makespan generated in the ith replication by an algorithm, the Cavg

is the average value of Ci, i = 1, 2, ..., 20. In addition, to make the experimental results
clearer, the best values in each row are represented by using the bold.
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Fig. 2. Swapmovewithin factory, insertmovewithin factory, swapmove between factories, insert
move between factories

From Table 1, Only when n = 10,m = 20, f = 2 and n = 10,m = 20, f = 4 the
smallest BST and AVG value appears in the EDA and HIA, and other optimal results
appear in TDEDA. Therefore, we can draw the conclusion than TDEDA can achieve
better performance thanHIA, EDAand IG in the different scale problems. The reason can
be attributed to two points (1) Three-dimensional matrix and the updating mechanism
are helpful to explore the search space. (2) With the local search, it improves the good
solutions by enhancing the exploitation capability.

Table 1. Comparison of AVE, BST and SD of HIA, EDA and IG

Instance HIA EDA IG TDEDA

n,m,f AVG BST SD AVG BST SD AVG BST SD AVG BST SD

10,5,2 805 793 5.98 854 820 19.19 802 796 18.54 796 795 0.79

10,5,4 536 533 1.66 548 529 13.14 535 533 1.67 533 533 0

10,20,2 1783 1759 12.16 1829 1793 19.81 1778 1769 5.7 1768 1768 0

10,20,4 1395 1385 5.88 1408 1393 10.46 1403 1397 3.44 1396 1396 0

30,5,2 2155 2130 17.71 2399 2335 51.53 2119 2092 16.26 1960 1948 8.53

30,5,4 1237 1188 27.32 1488 1449 24.44 1202 1167 20.3 1143 1131 7.36

30,20,2 3701 3550 105.23 4226 4120 55.18 3715 3557 94.5 3382 3349 20.23

30,20,4 2344 2279 38.52 2645 2596 24.58 2325 2247 43.17 2210 2196 8.03

50,5,2 3624 3573 30.03 4264 4168 56.95 3419 3372 30 3202 3178 14.09

50,5,4 2045 1985 37.06 2536 2475 40.51 1989 1923 34.97 1825 1813 6.69

50,20,2 5719 5637 49.27 6479 6361 61.32 5414 5342 52.34 5117 5089 17.42

50,20,4 3376 3333 30.59 3873 3794 58.42 3224 3185 24.13 3044 3028 8.01

(continued)
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Table 1. (continued)

Instance HIA EDA IG TDEDA

n,m,f AVG BST SD AVG BST SD AVG BST SD AVG BST SD

70,5,2 5005 4939 54.78 6101 5981 73.23 4711 4631 56.5 4327 4299 19.98

70,5,4 2830 2747 58.68 3727 3624 64.29 2755 2663 48.09 2519 2510 6.05

70,20,2 7825 7717 65.89 9057 8859 129.66 7542 7427 69.15 6903 6871 16.12

70,20,4 4492 4424 39.65 5419 5295 70.07 4292 4227 48.1 4001 3981 13.18

5 Conclusions and Future Research

This paper presented a three-dimensional matrix Estimation of Distribution Algo-
rithm (TDEDA) for distributed no-wait flow-shop scheduling problem (NFSSP) with
sequence-independent setup times (SISTs) and release dates (RDs). First, a population
initializationmethodbasedonheuristics and randomness is designed to ensure the quality
of the initial solution; Secondly, three-dimensional matrix and the updating mechanism
are utilized to accurately record the corresponding blocks with their exact positions or
ordinal numbers in the excellent individuals; then, a local search based on the charac-
teristics of the problem is designed to improve local optimization of the high-quality
regions found by the global search, Finally, the effectiveness of TDEDA have been ver-
ified by simulation experiments and algorithm comparisons on standard test problems
of different scales. For future research, the proposed algorithm can be extended to study
for other kinds of scheduling, such as low-carbon scheduling.

Acknowledgements. This research is partially supported by the National Science Foundation of
China (61963022) and National Science Foundation of China (51665025).
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Abstract. Based on the perspective of energy efficiency andminimizing fuel con-
sumption as the optimization goal, this paper establishes a Green Open Vehicle
Routing Problem (GOVRP) model, and designs a Hybrid Whale Optimization
Algorithm (HWOA). To solve. HWOA integrates the specific operations in the
mechanism on the premise that the individual update mechanism in the standard
WOA remains unchanged, so that it can quickly perform the search operation
of the solution space. A local search operation based on 4 kinds of neighbor-
hood operations is designed to perform a more detailed search in the high-quality
solution domain. Through the simulation experiments and algorithm comparison
of several test cases with different customer sizes, it is verified that HWOA can
effectively solve GOVRP.

Keywords: Open vehicle routing problem · Green · Whale optimization
algorithm · Variable domain search

1 Introduction

The traditional vehicle routing problem (VRP)was first proposed byDantzig andRamser
[1]. The VRP satisfying vehicle load, volume and customer service requirements, etc.
The vehicle routing is reasonably arranged, so that the total mileage or total cost is
the lowest. With the rapid development of sharing economy, modern logistics enter-
prises have developed rapidly, and the demand for third-party logistics distribution has
increased significantly. Today’s environmental protection requirements are becoming
more and more stringent [2]. In this context, the study of the Green Open Vehicle Rout-
ing Problem (GOVRP) has very important practical significance. In addition, in terms
of computational complexity, VRP is an NP-hard problem, and VRP is belonged to
GOVRP, so GOVRP is also an NP-hard problem. Therefore, studying the modeling of
GOVRP and its solving algorithm has important theoretical value and practical signif-
icance. Compared with traditional logistics scheduling, the research of green logistics
scheduling mainly achieve the purpose of energy saving and emission reduction [3, 4].

© Springer Nature Switzerland AG 2021
D.-S. Huang et al. (Eds.): ICIC 2021, LNCS 12836, pp. 673–683, 2021.
https://doi.org/10.1007/978-3-030-84522-3_55

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-84522-3_55&domain=pdf
https://doi.org/10.1007/978-3-030-84522-3_55


674 W. Jiang et al.

Therefore, the study of green logistics scheduling problem has more practical signifi-
cance. Aiming at the open vehicle routing problem with time windows (GOVRPTW),
Niu et al. [5] established the mathematical model of GOVRPTW based on the integrated
emission model with cost minimization as the optimization objective, and designed a
hybrid tabu search algorithm to solve it. Araghi et al. [6] aimed at the green stochastic
open location routing problem (GSOLRP), constructed the GSOLRP model with the
objective of minimizing CO2 emissions, and designed a hybrid algorithm combining
imperialist competition algorithm and variable neighborhood search to solve it. Li et al.
[7] studied the vehicle routing problem with time window with the goal of minimizing
total fuel consumption, and established a mathematical programming model based on
fuel consumption, than, proposed a random variable neighborhood tabu search algo-
rithm to solve it. Soto et al. [8] address the Multi-Depot Open Vehicle Routing Problem
(MDOVRP), A multi neighborhood search method based on tabu search strategy is pro-
posed to solve the problem,which proves the effectiveness of the strategy and determines
a unified view of ejection chain, so that it can deal with multiple cells simply. Mirhassani
et al. [9] presents a real-value version of particle swarm optimization (PSO) for solving
the open vehicle routing problem (OVRP) that is a well-known combinatorial optimiza-
tion problem. Gu et al. [10] Aiming at the vehicle routing problem under multi-center
collaborative distribution, a total cost minimization model is established. The model
built meets the characteristics of multi-center, multi-demand point and semi-open. Con-
sidering the complexity of the problem, a three-stage algorithm based on ant colony
algorithm and K-mediods is designed to solve the problem. Fan et al. [11] Aiming at
the logistics distribution of fresh products, a semi-open multi-distribution center joint
distributionmodel is proposed. Considering the timeliness requirements of fresh product
transportation, the corresponding time window and penalty cost are designed, and the
optimization model with the minimum sum of vehicle transportation cost, dispatch cost,
time penalty cost and fresh food loss cost is constructed, and the ant is designed. The
group algorithm solves it.

The ranking model can be established for GOVRP, in which the service order and
constraints of vehicles are implicit, and the corresponding algorithm is intelligent algo-
rithm [12–15]. Using certain mechanisms that simulate the natural world to guide the
algorithm search and the intelligent algorithm does not require in-depth analysis of the
mathematical analytical formula of the problem model. Algorithms can often obtain
satisfactory solutions or approximate optimal solutions to problems in a short time. In
recent years, intelligent algorithms have been widely studied and applied due to their
simplicity and superiority.

Whale optimization algorithm (WOA) is a new group intelligent optimization algo-
rithm proposed by seyedali et al. [16]. WOA originates from the simulation of hunting
behavior of humpback whales in nature, and realizes the purpose of searching for high-
quality solution through the process of searching, encircling and attacking. WOA has
been widely used in many fields [17–20] due to its advantages of simple operation,
few parameters, easy understanding and strong optimization performance. Literature
research shows that the current application of WOA mainly focuses on solving contin-
uous optimization problems. For discrete optimization problems, real number solutions
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need to be discretized. There is no research on usingWOA to solve vehicle routing prob-
lems. For GOVRP, due to its complex model and huge solution space, this paper designs
a hybrid whale optimization algorithm (HWOA) to solve. In this paper, the GOVRP
model with the lowest fuel consumption as the optimization objective is established,
and HWOA is designed to solve it. The remaining parts are arranged as follows: Sect. 2
briefly introduces GOVRP and its mathematical model, Sect. 3 introduces the design of
the algorithm for solvingGOVRP, Sect. 4 analyzes the results of simulation experiments,
Sect. 5 summarizes and summarizes the full text.

2 GOVRP

2.1 Problem Description

GOVRP can be described as: in the directed network graph G = (V ,E), V =
{0, 1, 2, · · · , n} Represents the vertex set, vertex 0 represents the central warehouse,
V ′ = V\{0} Represents customer set. E = {(i, j)|i, j ∈ V , i �= j } Represents the edge
set. As shown in Fig. 1, In the central warehouse, there are homogeneous vehicles to
provide transportation and distribution services,Qk is themaximum load of each vehicle.
qi is The demand of customer i. GOVRP meets the following constraints:

1. The vehicle departs from the unified distribution center warehouse and does not need
to return to the central warehouse after the service all customers;

2. Every customer must be served and only served once;
3. The total demand of each vehicle service for all customers does not exceed the

maximum load capacity of the vehicle;
4. The number of vehicles used does not exceed the maximum number of vehicles in

the central warehouse.

Fig. 1. Vehicle routing
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2.2 Energy Consumption Model

This paper considers the impact of vehicle speed, load, road conditions, etc. and gives
a vehicle unit fuel travel distance model [30]. The driving distance of the vehicle from
the customer i to the customer j per unit of fuel Fij is shown in formula (1):

Fij = a0 + a1 · vPijYij (1)

The Yij is the gradient coefficient between customer i and customer j. In this article,
it is assumed that the road inclination angle is 0, so set Yij to 1, and v is 60 km/h. Pij is
the load factor, as shown in formula (2):

Pij = b0 + b1 · Lij
b0

+ b1 · Lv (2)

Where Lij represents the load capacity of the vehicle from customer i to customer j,
Lv is the average load capacity of the vehicle under long-term operation, and other fuel
consumption parameters are constant.

2.3 Mathematical Model of GOVRP

The mathematical model of 2L-GOVRP as follows:

min f =
K∑

k=1

N∑

i=0

N∑

j=0

dijxijk
Fij

(3)

∑N

i=1
qiyik ≤ Qk k ∈ {0, 1, . . . ,K} (4)

∑K

k=1
yik = 1∀i ∈ V ′ (5)

∑N

i=1
xijk = yik ∀j ∈ V ′, k ∈ {0, 1, . . . ,K} (6)

∑N

j=1
xijk = yik ∀i ∈ V ′, k ∈ {0, 1, . . . ,K} (7)

xijk =
{
1 vehicle k from customer i to j
0 other

i, j ∈ v′, k ∈ {0, 1, . . . ,K}
(8)

yik =
{
1 vehicle k service customer j
0 other

i ∈ v′, k ∈ {0, 1, . . . ,K}
(9)

In the above model, formula (3) gives the objective function of GOVRP (total fuel
consumption); formula (4) guarantees that the load of each vehicle does not exceed its
maximum load; formula (5) guarantees that each customer Can be served; Eqs. (6) and
(7) ensure that each customer is served only once; Eqs. (8) and (9) represent the value
range of decision variables.
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3 Algorithm Design

This section will introduce the population initialization, individual location update and
local search of HWOA, and finally the overall flow of the algorithm is given.

3.1 Population Initialization

Set the size of the whale population is popsize, search space is n-dimensional. πgen
i =

[πgen
i [1], πgen

i [2], . . . , πgen
i [g], . . . , πgen

i [S]](πgen
i [g] ∈ V , n + 1 ≤ S ≤ 2n) is

the first individual in the first generation population (a distribution plan). Pgen
i =

[Pgen
i [1],Pgen

i [2], . . . ,Pgen
i [g], ...Pgen

i [n]](Pgen
i [g] ∈ V ′) is the discrete sorting based

on customers in the corresponding individual (the sequence not included the central
warehouse) As shown in Fig. 1, three vehicles in the central warehouse are used to
serve 11 customers (n = 11), the routing of vehicle 1 is route[1] = 0, 1, 2, 3, 4.
The routing means that vehicle 1 starts from the central warehouse and serves cus-
tomer 1, customer 2, customer 3 and customer 4; Similarly, the routing of vehicle 2 is
route[2] = 0, 5, 6, 7 the routing served by vehicle 3 is route[3] = 0, 8, 9, 10, 11, which
get a complete service routing π = 0, 1, 2, 3, 4, 0, 5, 6, 70, 8, 9, 10, 11(Feasible solu-
tion). X gen

i = [X gen
i [1],X gen

i [2], . . . ,X gen
i [g], ...X gen

i [n]](X gen
i [g] ∈ [a, b]) Represents

the real number sequence corresponding to the customer’s discrete sort Pgen
i .

X gen
j =

{
rand

(
X ,X gen

i

)
X n
i > X

rand
(
X gen
i ,X

)
X n
i ≤ X

X = a + b

2
(10)

The quasi-opposition strategy refers to finding the reverse solution X gen
j =

[X gen
j [1],X gen

j [2], ...,X gen
j [g], . . . ,X gen

j [n]] (X gen
j [g] ∈ [a, b]) of the opposite of the

individual X gen
i (quasi-opposition solution) in the real number field [a,b] through the

calculation method of formula (10). Therefore, when a population is randomly gener-
ated, its quasi-oppositional solution (another population) can be obtained. calculating
the two populations fitness value and select the first poposize individual as the initial
population. However, the position vector of the individual is a sequence of real numbers
in the continuous domain, which cannot be directly used for the vehicle routing problem
in the discrete solution space. In this paper, the LOV(Largest-order-value) rule is used
to successfully transform the individual real number position information (real number
sequence) X gen

i into a discrete customer sequence Pgen
i . The specific steps of the LOV

rule are as follows:

Step1: The position information X gen
i = [X gen

i [1],X gen
i [2], . . . ,X gen

i [g], ...X gen
i [n]] is

arranged in descending order asX gen′
i , and then themiddle sequence of the corresponding

sequence number is ϕ
gen
i ;

Step2: The Discrete customer sequence is calculated by Pgen
i [ϕgen

i [g]] = g.

By calling the LOV rules, the individual location information can be discretized
into the customer’s service sequence, realizing the transformation from a real number
vector to a discrete vector. If the customer service order changes, the individual location
information can also be adjusted by RLOV (Reverse largest-order-value) rule.
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3.2 The HWOA for GOVRP

Seyedali et al. [16] designed theWhale Optimization Algorithm (WOA) by learn-ing the
foraging behavior of whale colony. WOA mainly includes three parts: surround search
mechanism, spiral search mechanism and random search mechanism. Although WOA
can quickly search for high-quality solution regions, it has the disadvantages of low
solution accuracy, slow convergence speed and easy to fall into local optimality. In order
to overcome these problems, this paper designs HWOA that adaptively adjusts the search
strategy and integrates the search mechanism in the whale algorithm. HWOA consists

of two parts: the early stage and the later stage. A= 2 ·
(
1 − gen

Tmax

)
cos

(
π
2 · gen

Tmax

)
, Tmax

is the maximum number of iterations, and gen is the current number of iterations. In
the early search process (A > 1), it is mainly to search for high-quality solutions in the
huge population solution space; in the later search process (A ≤ 1), the detailed search
is mainly carried out around the optimal solution area obtained in the early period. This
search strategy can effectively balance the relationship between global search and local
search of HWOA. In addition, in order to prevent the algorithm from falling into the
local optimum, in the early search process, the individual chooses the update method
of the early search according to the update factor Q and the threshold w_q, as shown in
Eqs. (12) and (13). The definition of the update factor is as shown in Eq. (11):

Q = f (πgen
i ) − f (πgen∗)

fmax(πgen) − f (πgen∗)
(11)

Where f (πgen∗) is the fitness value of the best individual in the current population,
fmax(π

gen) is the fitness value of the worst individual in the population, f (πgen
i ) is

the fitness value of the current individual i. In the later search, if the fitness value of
the updated individual π

gen+1
i is better than the optimal individual, the new individual

πgen∗
will be taken as the optimal solution. The mathematical model of HWOA is as

Eqs. (12)–(14):

X gen+1
i = X gen′ − A ·

∣∣∣C · X gen′ − X gen
i

∣∣∣ Q ≥ w_q (12)

X gen+1
i = X gen′ + A · r1(b − a) Q < w_q (13)

X gen+1
i = X gen

i + A
(
X gen∗ − X gen

i

)
(14)

In the early stage, HWOA can search for high-quality solutions on a global scale
to ensure the diversity of solutions. In the later stage, the enveloping in-depth search
is carried out for the high-quality solution areas obtained in the early stage to further
improve the search ability of the algorithm.

3.3 Local Search

In this paper, four variable neighborhood structures (Insert operation, Swap operation,
Inverse operation, and Interchange operation) are used to construct a variable neighbor-
hood search (Variable Neighborhood Search, VNS) operation, which can carry out local
search more carefully and achieve the purpose of updating the current optimal solution.
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Insert operation: Randomly select two non-adjacent customer k and l in the route i
of the vehicle service, and insert the customer k into the customer l position.

Swap operation: Customer k and l are randomly selected for exchange in the route
of the vehicle service.

Inverse operation: In the route route[i] served by the vehicle i, several customers
who are continuously served are randomly selected and their order is reversed (The start
and end positions are k and l).

Interchange operation: Selecting customer k and customer l in route route[i] of
vehicle i service and route route[j] of vehicle j service respectively for exchange.

According to the local search operation, the search operation process between the
vehicles, after performing an operation, if a better solution that meets the load and
packing constraints is generated, the generated solution will replace the current optimal
solution, otherwise. The solution is not accepted. The variable neighborhood local search
execution steps are as follows:

Step1: Choose the best individual i and convert it to the permutation 0  accord-
ing to the LOV rule. 

Step2: Random perform a neighborhood operation on 0 to get . 
Step3: Set loop =1 max-loop = 40 

n = 1, max-n=20 
While n < max-n do 

Random select m-k , m-k {1,2,3} 
Randomly select k and l, where k  l 

=insert( ,k,l)If m-k =1,
If m-k =2, =swap( ,k,l)
If m-k =3, =inverse( ,k,l)
If p ,then  else n = n+1 

End while 
=interchange( ,k,l)

If p ,then
loop =loop+1 
Until loop = max-loop 

If 0p , then 0 ; 
Step4: Convert 0 back to i according to the RLOV rule. 

4 Computational Results

In this paper, 18 different customer sizes proposed by Iori [2] are used for experimen-
tal comparative analysis. The scale of customers in the data ranges from 15 to 100.
The algorithm programming tool uses Python3.7, the operating system is windows 10,
the computer memory is 16G, the CPU is Inter(R)Core(TM) i5–8500, and the main
frequency is 3.00 GHz.
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4.1 Settings of Parameters

For GOVRP, the parameters in the fuel consumption model are mainly obtained from
the transportation and energy departments [31–33], which is set as 74.342% of the
maximum vehicle load. a0 = 2.8196, a1= 0.0658, b0 = 9.701, b1= 0.0000749. The
maximum vehicle load Q is different in different cases, so Lv needs to be adjusted
accordingly (Table 1).

Table 1. Flow chart fuel consumption model parameter values

Parameter value Data sources

a0 2.8196 U.S.Department of
energya1 0.0658

b0 9.701 Department of
transportb1 0.00007491

The key parameters in HWOA are the size of the population pop, the threshold for
selecting search mechanism w_q, and the number of local searches max _L.Select three
level values for these three parameters respectively, and establish the L9 orthogonal
experiment table. The specific values are shown in Table 2 below. In order to explore
the influence of parameters on the algorithm, this paper uses a number of examples of
20 customers 2L _cvrp0403 to carry out the L9 (3ˆ4) scale parameter orthogonal test
verification. Each parameter combination is run independently for 20 times, and the
average value (AVG)of the obtained fuel consumption is compared. this paper conducts
a parameter test on the algorithm. Based on the analysis of experimental results, the
parameters of HWOA are set to pop = 80, w_q = 1/2, max _L = 40.

4.2 Computational Results

This paper compares HWOA with recent algorithms SA [21] and HEDA [22] to verify
the effectiveness ofHWOA, andTake theminimum fuel consumption as the optimization
objective, 20 independent tests were carried out with 18 different customer scale test
cases. The best value (BST) and average value (AVG) are selected as performance
indexes and bold the best results. The experimental results are shown in Table 2. It
can be seen from Table 2 that HWOA is significantly better than the other comparison
algorithms in most of the calculation examples, which verifies the effectiveness of the
proposed HWOA in solving GOVRP. TSOA is significantly better than the other four
comparison algorithms inmost cases,which verifies the effectiveness ofTSOA in solving
GOVRPTW. In fact, as the size of customers increases, the feasible solution space
of GOVRPTW is gradually increasing, and the importance of boxing becomes more
prominent. The above-mentioned comparison algorithms have achieved better solutions
when solving the corresponding problems, but because they ignore the “installation” The
importance of “box” leads to a better solution in terms of routing, but the solution has
to be abandoned due to the failure of box packing, which leads to weaker optimization
ability of the overall algorithm.
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Table 2. Comparison of HWOA, SA, and HEDA

Inst. Size HWOA SA EDA

Best AVG Best AVG Best AVG

2l_cvrp103 15 86.23 98.99 88.67 101.30 92.29 99.56

2l_cvrp403 20 126.00 134.39 126.00 134.39 129.09 136.63

2l_cvrp603 21 133.85 138.64 132.11 141.19 128.64 138.52

2l_cvrp703 22 133.76 142.81 127.54 145.57 135.09 145.14

2l_cvrp903 25 158.85 168.85 160.36 171.10 161.35 171.62

2l_cvrp1003 29 176.05 187.78 179.50 196.41 174.30 192.28

2l_cvrp1203 30 189.85 200.85 191.63 200.87 195.18 203.19

2l_cvrp1403 32 185.80 208.28 191.31 208.94 187.46 211.63

2l_cvrp1603 35 223.88 234.28 223.88 234.28 229.28 236.55

2l_cvrp1703 40 251.41 266.14 253.25 270.63 260.02 270.85

2l_cvrp1803 44 274.19 293.59 272.65 300.57 280.54 298.20

2l_cvrp1903 50 313.53 332.22 298.92 333.52 321.15 333.06

2l_cvrp2003 71 389.66 416.80 400.69 425.91 406.56 417.71

2l_cvrp2403 75 484.58 505.29 483.07 505.40 482.67 507.28

2l_cvrp2703 100 641.41 669.76 655.37 680.01 653.85 670.61

2l_cvrp2803 120 775.84 809.06 787.02 812.69 772.34 796.81

2l_cvrp3103 199 1307.22 1336.49 1337.51 1357.39 1321.52 1344.84

2l_cvrp3503 252 1648.35 1687.69 1657.48 1704.79 1624.47 1692.08

5 Conclusions and Future Research

In this paper, the GOVRP model is established with the optimization goal of minimiz-
ing fuel consumption, and designed HWOA to solve it.it can be effective by adjusting
and updating the search mechanism of HWOA and adding adaptive adjustment search
strategies. Balance the early search and late search of the algorithm; construct a variable
domain local search based on four domain operations, perform a more detailed search
on the high-quality solution area found by the global search, and enhance the overall
search ability of the algorithm.

This study provides a reference for food logistics, cold chain logistics and other
logistics distribution enterprises to develop vehicle routing distribution scheme under
the requirements of energy reduction and efficiency improvement. Futureworkwill focus
on multi-objective GOVRP with fuzzy requirements, refine the nature of the problem,
and design efficient algorithm to solve it. So that the research is more in line with the
actual distribution of logistics transportation.
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Abstract. Aiming at the vehicle routing problem with multiple time windows
(VRPMTW), a hybrid grey wolf optimizer (HGWO) is designed to minimize the
comprehensive distribution cost. Firstly, on the premise of retaining the standard
grey wolf optimizer (GWO) individual update mechanism, the large order value
(LOV) rule based on random key coding is used to implement the global search
of the GWO in the discrete problem solution space. Secondly, a new nonlinear
decreasing distance control parameter is used to better balance the ability of local
search and global search. Finally, a variable neighborhood local search algorithm
with five different forms of neighborhood operators is designed for local search in
and between vehicles, which further enhances the local search ability of the algo-
rithm. Through simulation experiments and algorithm comparisons on different
scale problems, it is verified that HGWO can effectively solve VRPMTW.

Keywords: Vehicle routing problem · Multiple time windows · Gray wolf
optimizer · Variable neighborhood local search

1 Introduction

Vehicle routing problem with multiple time windows (VRPMTW) widely exists in
industrial gas distribution [1], long-distance transportation [2], team orientation [3] and
other problems. VRPMTW is an extension of vehicle routing problem (VRP), which
was first proposed by Favaretto et al. [4] in 2007. Then, some scholars extended the
VRPMTWmodel and algorithm. For example, Belhaiza et al. [5] proposed a hybrid vari-
able neighborhood tabu search heuristic algorithm to solve VRPMTWwith the objective
of minimizing the total duration. Beheshti et al. [6] proposed a cooperative evolutionary
multi-objective quantum genetic algorithm to solve the multi-objective vehicle routing
problem with multiple priority time windows and the optimization objectives of mini-
mizing travel cost andmaximizing customer satisfaction. Belhaiza et al. [7] established a
multi-objective VRPMTWmodel with the objective of minimizing the total travel cost,
maximizing the minimum customer utility and maximizing the minimum driver util-
ity from the perspective of game theory, and proposed a pareto non dominated method
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to solve the model. Hoogeboom et al. [8] proposed an adaptive variable neighborhood
search algorithm and an accurate polynomial time algorithm to recalculate the path
duration based on the forward and backward start time intervals for VRPMTW with
variable starting time. Bogue et al. [9] proposed a column generation algorithm and post
optimization heuristic algorithm based on variable neighborhood search for VRPMTW.
According to the above literature research, the research on VRPMTW is still limited. In
addition, in terms of computational complexity, VRP belongs to NP-hard problem [10],
and VRP can be reduced to VRPMTW, so VRPMTW also belongs to NP-hard problem.
Therefore, the research on VRPMTWmodeling and its solution algorithm has important
theoretical value and practical significance.

Grey wolf optimizer (GWO) [11] is a swarm intelligent optimization algorithm pro-
posed by Australian scholar Mirjalili in 2014 by simulating the social class and hunting
mechanism of grey wolves. GWO has a wide range of applications in real life because
of its advantages of few control parameters, strong global optimization ability, fast con-
vergence and easy implementation. However, like other swarm intelligence algorithms,
GWO has some disadvantages, such as weak local development ability, and difficult to
jump out of local optimization when optimizing complex problems. In order to improve
the optimization performance of GWO, researchers mainly improve the algorithm from
adjusting control parameters, updating searchmechanism, introducingnewoperators and
algorithm fusion. At present, GWO is mainly used in continuous optimization problems
[12, 13], and less used in discrete optimization problems [14].

This paper studies the vehicle routing problem with multiple time windows, and
proposes a hybrid gray wolf optimizer to solve it. The rest of this paper is arranged as
follows. In Sect. 2, the model of VRPMTW is briefly introduced. In Sect. 3, HGWO
is proposed and described in detail. In Sect. 4, simulation results and comparison are
given. Finally, In Sect. 5, we end this paper and draw some conclusions and future work.

2 Problem Description

VRPMTW can be described as a set of customer points in a complete digraph G =
(V ,E). V = {0} ∪ V0, V0 = {1, 2, 3 · · · , n} is the collection of customer points. 0
represents the distribution center. E = {(i, j)|i, j ∈ V } is the set of edges. Each customer

has a set of non overlapping time windows Wi =
{[
e1i , l

1
i

]
,
[
e2i , l

2
i

]
, · · · ,

[
eTii , lTii

]}
.

Let K = {1, 2, · · ·m} be the available vehicle set of the distribution center. Q is the
maximum load of the vehicle. Qk0 is the load of vehicle k from the distribution center.
qi is the demand of customer i. [e0, l0] is the opening time window of the distribution
center. dij is the distance from customer i to customer j. tij is the travel time of the vehicle
from customer i to customer j. aki is the time when vehicle k arrives at customer i. bki
is the time when vehicle k leaves customer i. wk

i is the waiting time of vehicle k at
customer i. ski is the service time of vehicle k at customer i. rk is the total number of
vehicles required by the distribution scheme. c is the fixed cost of vehicle departure. c1
is the unit driving cost of vehicle. c2 is the waiting cost of vehicle arriving early. xijk is
the decision variable, if the vehicle k from customer i to customer j is 1, otherwise it is 0.
yik is the decision variable, if customer i is served by vehicle k, it is 1, otherwise it is 0.
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zpik is the decision variable, if the vehicle k serves the customer i in the p th time window,
it is 1, otherwise it is 0. Starting from the full load of the distribution center, the vehicles
serve the distribution center in a number of time windows specified by customers. The
optimization objective is to reasonably arrange the vehicle routes to minimize the total
distribution cost under the constraint conditions.

The constraints are as follows: 1. The total customer demand of each distribution
route does not exceed the maximum vehicle load; 2. The vehicle can only serve within a
certain time window specified by the customer. If the vehicle arrives before the specified
time window, the vehicle will wait until the time window is opened; 3. Each customer
has and can only be visited once.

According to the above description, the mathematical model of VRPMTW is
established as follows:

min
∑
k∈K

crk +
∑
i∈V

∑
j∈V

∑
k∈K

c1dijxijk +
∑
k∈K

∑
i∈V0

c2w
k
i , (1)

s.t.
∑
i∈V

xihk =
∑
j∈V

xhjk , ∀h ∈ V0, ∀k ∈ K, (2)

xijk = 0,∀i = j,∀i, j ∈ V ,∀k ∈ K, (3)

∑
j∈V0

x0jk =
∑
j∈V0

xj0k ≤ 1,∀k ∈ K, (4)

∑
i∈V

xijk = yjk ,∀j ∈ V0,∀k ∈ K, (5)

∑
j∈V

xijk = yik ,∀i ∈ V0,∀k ∈ K, (6)

Qk0 =
∑
i∈V

∑
j∈V0

qjxijk ,∀k ∈ K, (7)

0 <Qk0 ≤ Q,∀k ∈ K, (8)

b0k = e0,∀k ∈ K, (9)

a0k ≤ l0,∀k ∈ K, (10)

akj = aki + wk
i + ski + tij,∀i, j ∈ V ,∀k ∈ K, (11)

aki + wk
i ≥

∑
p∈Wi

epi z
p
ik ,∀i ∈ V ,∀k ∈ K, (12)

aki + wk
i ≤

∑
p∈Wi

lpi z
p
ik ,∀i ∈ V ,∀k ∈ K, (13)
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∑
p∈Wi

zpik = 1,∀i ∈ V ,∀k ∈ K, (14)

xijk ∈ {0, 1},∀i, j ∈ V ,∀k ∈ K, (15)

yjk ∈ {0, 1},∀j ∈ V0,∀k ∈ K, (16)

zpik ∈ {0, 1},∀i ∈ V ,∀k ∈ K . (17)

Objective (1) is the optimization objective function, which means to minimize the total
comprehensive cost, including the departure cost of all vehicles, the driving cost of all
vehicles and the waiting cost of all vehicles arriving early; Constraints (2) indicates
that the vehicles arriving at each customer and leaving it are the same; Constraints (3)
indicates that the same customer has no path to connect; Constraints (4) indicates that
each vehicle has only one service path, and it starts from the distribution center and
returns to the distribution center after distribution; Constraints (5) and (6) ensures that
when the customer point is served by the vehicle, there must be a path to connect with
it; Constraints (7) and (8) indicates that the load of the vehicle when it departs from the
distribution center is the total demand of the customers served by the vehicle, and the
load cannot exceed the maximum load of the vehicle; Constraints (9) and (10) indicates
that the vehicle departure time is the earliest opening time of the distribution center, and
it should return before the closing time of the distribution center; Constraints (11) shows
that the time to customer j is equal to the time to customer i, plus the waiting time and
service time at customer i; Constraints (12) and (13) indicates that the customer is served
within the time window; Constraints (14) indicates that only one time window can be
selected; Constraints (15) (16) and (17) denotes the attributes of decision variables.

3 HGWO for VRPMTW

3.1 Encoding and Decoding

The population size of gray wolf is popsize. π
gen
i = [

π
gen
i [1], πgen

i [2], · · · , π
gen
i [L]

]
(2 + n ≤ L ≤ 2n + 1) is individual i in the gen generation of gray wolf population. L
is the length of π

gen
i . Cgen

i = [
Cgen
i [1],Cgen

i [2], · · · ,Cgen
i [n]

]
is the arrangement based

on customer serial number. Xgen
i = [

X gen
i [1],X gen

i [2], · · · ,X gen
i [n]

]
is the real location

information of individual customer corresponding to Cgen
i . Standard GWO is mainly

used to solve continuous variable optimization problems, and most of the problems are
solved by real coding. However, VRPMTW is a discrete optimization problem, so the
coding method of standard GWO cannot be directly used in VRPMTW. In order to use
the position update strategy in the standard GWO, HGWO performs the global search
of standard GWO in the solution space of discrete problems. In this paper, we still use
the real coding method, and then use the large order value (LOV) rule to transform
the continuous gray wolf position vector to the discrete customer sequence. When the
customer sequence changes, we can update the individual position information through
the reverse large order value (RLOV) rule.

The LOV rule are as follows:



688 N. Li et al.

Step 1: Arrange all the elements in real sequence Xgen
i = [xgeni,1 , xgeni,2 , . . . , xgeni,n ] in

descending order.
Step 2: Through step 1, intermediate integer sequence ϕi = [ϕ1, ϕ2, . . . , ϕn] can be
obtained.
Step 3: Through formula ci,ϕi,k = k, the customer sequence corresponding to real
number sequence Xgen

i can be obtained.

Table 1. Coding method based on LOV

k 1 2 3 4 5 6 7 8

Xgen
i,k

0.19 0.65 0.86 0.28 0.32 0.51 0.76 0.97

ϕi,k 8 4 2 7 6 5 3 1

Ci,k 8 3 7 2 6 5 4 1

As shown in Table 1, xi,2 = 0.65, in descending order, ϕi,2 = 4, according to
the formula ci,ϕi,3=2 = k = 3 can be obtained, other values, and so on. Can get
Cgen
i = [8, 3, 7, 2, 6, 5, 4, 1][8, 3, 7, 2, 6, 5, 4, 1]. The above integer sequence obtained

according to LOV rule is based on customer number sequence, which is not a complete
distribution scheme. In this paper, the customer sequence obtained is allocated to each
vehicle according to the allocation strategy of routing before grouping. According to
the load of vehicles and the time window constraints of customers, the customers in
Cgen
i are assigned to each vehicle from left to right in turn, and the distribution route

π
gen
i = [0, 8, 3, 7, 2, 0, 6, 5, 4, 1, 0] of all vehicles can be obtained, it means that there

are two vehicles in the distribution scheme, vehicle 1 starts from distribution center 0
and serves customers 8, 3, 7 and 2 in turn before returning to the distribution center,
vehicle 2 starts from distribution center 0 and serves customers 6, 5, 4 and 1 in turn
before returning to the distribution center. When the solution corresponding to the real
position information of gray wolf population changes, the real position information of
gray wolf individual can be obtained by RLOV rule.

3.2 Nonlinear Decreasing Distance Control Parameter

The convergence factor used to control the hunting behavior of gray wolf in standard
GWO is linearly decreasing according to the number of iterations. However, in the
optimization process of high-dimensional complex problems, because the search process
of the algorithm is extremely complex, the linear decreasing strategy of convergence
factor is difficult to meet the actual situation of the search. In this paper, the nonlinear
decreasing convergence factor proposed in reference [15] is used, as shown in Eq. (18).
Figure 1 shows the dynamic curve of the convergence factor used in this paper and the
convergence factor in standard GWO as the number of iterations increases. As can be
seen from Fig. 1, in the early stage of the algorithm iteration, the nonlinear decreasing
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convergence factor formula can provide a larger convergence factor, so that the algorithm
has a larger search step, improves the exploration ability of the algorithm, and avoids
premature convergence of the algorithm; In the later stage of iteration, the formula
of nonlinear decreasing convergence factor can provide a smaller convergence factor,
which makes the algorithm concentrate on a certain region to search and accelerate the
convergence speed of the algorithm.

a = (
ainitial − afinal

) ×
(
1 − sin

((t/
T

)2 · π
/
2

))
(18)

0
0.2
0.4
0.6
0.8

1
1.2
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1.8

2

0 20 40 60 80 100 

α1 α2

Fig. 1. Dynamic curves of different convergence factors a

When gray wolf individuals update their positions, firstly, α, β, δ and ω, are deter-
mined according to the fitness of all individuals in the gray wolf population. Secondly,
the real number position of each individual in ω is close to α, β, δ and ω by individuals
update formula to update the group position. Then, the real number position of gray wolf
is corresponding to the customer sequence according to LOV rule. Finally, according
to the strategy of routing before grouping, the corresponding solution is obtained and
the fitness of each solution is calculated. After the above operation, the whole gray wolf
population is updated. The updated gray wolf population is arranged according to the
fitness of the solution corresponding to the real number position of the gray wolf indi-
vidual, and the new optimal position is taken as the position of α, β, δ wolf. The specific
principle and steps of GWO are shown in reference [11].

3.3 Variable Neighborhood Local Search

In order to enhance the search ability of the algorithm and guide the algorithm to increase
the search depth in a more compact solution space, this paper designs a variable neigh-
borhood local search strategy for two kinds of local search operators in vehicles and
between vehicles, which have five kinds of local search operators. In the local search,
the local search operator in the vehicle is used to search the vehicle first, and then the
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local search operator between vehicles is used to search the vehicle after reaching the
number of searches. The five local operators are as follows:

(1) Local operator in vehicle

1. Swap_in(π , u, v), customer exchange operation in vehicle. In distribution scheme
π , a car is randomly selected, and two customers u and v, that are not adjacent are
randomly selected to exchange customers u and v.

2. Insert_in(π , u, v), insertion operation in vehicle. In distribution scheme π , a vehi-
cle is randomly selected, and two customers u and v (u<v) are randomly selected in the
vehicle. The customer v with large serial number is inserted in front of the customer u
with small serial number.

3. Reverse_in(π , u, v), reverse operation in vehicle. In the distribution scheme π , a
vehicle is randomly selected, and two customers u and v are randomly selected in the
route, and the customers between u and v are in reverse order.

(2) Local operator between vehicles

4. Swap_out(π , u, v), customer exchange operation between vehicles. In distribution
scheme π , two vehicles are randomly selected, customer u is selected in vehicle 1,
customer v is selected in vehicle 2, and customer u and v are exchanged.

5. Insert_out(π , u, v), customer insertion between vehicles. In the distribution
scheme π , two vehicles are randomly selected, one of which is randomly selected as the
inserted vehicle, the other as the inserted vehicle, one customer u is randomly selected
in the inserted vehicle, one customer v is randomly selected in the inserted vehicle, and
the customer u is inserted in front of customer v.

The following is an example of the local search step in the vehicle to illustrate the
local search of variable neighborhood.

Step 1: Input the best individual gen
iπ . Let 0 = gen

iπ π .
Step 2: Disturbance phase. 
Step 2.1: Set loop_ 0=1. 
Step 2.2: Randomly select i and j .( i j ), 1 0( , , )Swap i jπ π . 
Step 2.3: 0 1=π π , if loop_0<=5, go to step 2.2. otherwise, go to step 3.  
Step 3: Development phase.  
Step 3.1: Set loop_ 1=1. 
Step 3.2: Randomly generated (1 3)K K .
Step 3.3:If 1K , then 2 1_ ( , , )Swap in u vπ π ;

If 2K , then 12 _ ( , , )Insert in u vπ π ; 
If 3K , then 12 _ ( , , )Reverse in u vπ π ;  

Step 3.4: If 2 1f fπ π , then 1 2π π . 
Step 3.5: loop_1=loop_1+1. 
Step 3.6: If loop_1<=10, go to step 3.2, otherwise go to step 4.  
Step 4: If 1

gen
if fπ π , then 1

gen
iπ π . 
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3.4 HGWO Process

Let P(gen) be the gen generation population of the algorithm, the population size is
popsize, and the maximum running algebra of the algorithm is gen_max. the specific
steps of the algorithm are as follows:

Step 1: Set algorithm parameters, Randomly generate an initial population of population
size popsize.
Step 2: Calculate the fitness value of all individuals in the population, and determine
the first generation α, β, δ according to the size of the fitness value.
Step 3: According to Sect. 3.2, the individuals in ω are moved closer to α, β, δ wolves
respectively to update the population position ofω. The individuals in the population are
sorted by the solution after population position update according to the order of fitness
from small to large, and α, β, δ is redetermined.
Step 4: According to Sect. 3.3, the variable neighborhood local search is carried out
for α, β, δ in the order of first in vehicle and then between vehicles. After local search,
α, β, δ is determined again according to fitness.
Step 5: If gen ≤ gen_max, go to step 2, otherwise, output the optimal value.

4 Simulation Result and Comparisons

4.1 Experimental Setup

In order to verify the performance of the proposed algorithm, this paper uses 18
VRPMTW examples in RM1, RM2, CM1, CM2, RCM1 and RCM2 in the literature
[5] to verify. In the distribution of customers, RM1 and RM2 have random and uniform
CM1, CM2 are clustered; RCM1, RCM2 are semi-clustered. In the time window dis-
tribution, RM1, CM1, RCM1 have a narrow time window; RM2, CM2, RCM2 have a
wider time window. All the algorithms and test programs in this paper are coded by
Python 3.7. The operating system is Windows 10, the CPU frequency is 3.30 GHZ, and
the memory is 8 GB. Each algorithm runs 20 times independently, and the running time
of each algorithm is 60 s. The termination condition of the algorithm is t greater than 60
s. BST, AVG are the optimal value and average value deviation of the algorithm running
20 times.

4.2 Results and Comparison

In order to verify the effectiveness of HGWO, HGWO is compared with HAVNTS
[5] and AVNS [8] for VRPMTW. All test problems were performed 20 independent
experiments at the same time, and the optimal results corresponding to each problem
are shown in bold. The solution results of different problems are shown in Table 2.

It can be seen from Table 2 that the test results of HGWO on most problems are sig-
nificantly better thanAVNSandHAVNTS, indicating thatHGWOhas good performance
for solving VRPMTW.
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Table 2. Comparison of HGWO with HAVNTS and AVNS

Problem HAVNTS AVNS HGWO

BST AVG BST AVG BST AVG

rm102 3542.24 3867.33 3224.00 3619.40 3211.81 3328.45

rm104 3629.50 4221.86 3579.86 4019.45 3428.19 3678.42

rm106 3873.14 4144.70 3642.38 4094.95 3483.40 3704.02

rm202 5700.39 5868.97 5681.66 5828.73 4721.48 4788.60

rm204 5850.64 6042.70 5786.79 5901.71 4739.54 4829.25

rm206 5821.80 6674.34 5668.87 6551.05 4696.30 4802.80

cm102 4449.24 4667.89 4435.60 4615.74 4487.83 4633.72

cm104 4690.57 4862.85 4703.78 4843.59 4673.23 4795.30

cm106 4400.51 4526.71 4319.84 4488.26 4315.91 4389.23

cm202 4879.89 5078.20 4727.86 4956.83 4829.67 4950.86

cm204 5354.43 5530.80 5170.00 5399.84 5185.49 5375.40

cm206 5173.63 5406.17 5082.45 5264.09 4978.16 5143.38

rcm102 3672.86 4058.99 3673.51 4057.77 3373.34 3583.66

rcm104 4024.91 4385.86 3877.04 4315.16 3706.41 3868.92

rcm106 4058.83 4244.57 4027.96 4259.84 3756.07 3915.75

rcm202 5746.98 6746.48 5488.82 6437.37 3399.55 3446.38

rcm204 6257.16 7166.08 6135.73 6981.81 4757.33 4990.07

rcm206 6163.14 7139.36 5760.20 6918.73 4779.23 4931.48

5 Conclusion and Future Work

In this paper, a hybrid gray wolf optimizer (HGWO) is proposed to solve the vehicle
routing problem with multiple time windows (VRPMTW) with the objective of mini-
mizing the comprehensive cost. In the encoding and decoding part of HGWO, a code
method based on LOV rules is designed to realize the transformation from continuous
position vector to discrete customer sequence. In the part of individual location updat-
ing, a nonlinear decreasing convergence factor is used to balance the ability of local
search and global search. In the local search part, the variable neighborhood local search
algorithm based on the vehicle and between vehicles is designed to guide the algorithm
to increase the search depth in a more compact solution space. The simulation exper-
iment and algorithm comparison verify that HGWO has good robustness and stability
when solving VRPMTW. The HGWO proposed in this paper can be used as a reference
for other intelligent algorithms to solve discrete scheduling problems. In the future, we
will design effective algorithms to study time-dependent vehicle routing problem with
multiple time windows.
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Spatial Prediction of Stock Opening Price Based
on Improved Whale Optimized Twin Support

Vector Regression

Huajuan Huang, Xiuxi Wei(B), and Yongquan Zhou

College of Artificial Intelligence, Guangxi University for Nationalities, Nanning 530006, China

Abstract. It is difficult to predict the opening price of stock accurately, so it is
very important to predict the change space of the opening price. Twin support
vector regression (TSVR) has good generalization performance in dealing with
large-scale data sets, but the selection of its parameters has great blindness and
randomness, which has a great impact on its learning performance. In order to
solve this problem, an improved whale optimization algorithm is used to optimize
the parameters of TSVR. So we propose improved whale optimized twin support
vector regression (IWOA-TSVR) in this paper. Finally, IWOA-TSVR used to
predict the change space of stock opening price. The experimental results show
that the method has high accuracy, good stability and easy operation.

Keywords: Stock prediction · Twin support vector regression · Shanghai stock ·
Whale optimization algorithm

1 Introduction

In the stockmarket, high risk and high return exist at the same time. Accurate forecasts of
stock prices will mean high market returns. Therefore, the stock market composite index
and stock price prediction has become an important focus of the academic community
[1, 2]. In the traditional stock market forecasting modeling research, the most common
methods are multiple regression analysis, time series analysis, index smoothing, etc. [3,
4]. However, the stock market is a complex nonlinear dynamic system, and its prediction
is a problem of estimation and extrapolation of nonlinear function values. At the same
time, the market behavior is influenced by many factors, which has significant nonlinear
and time-varying characteristics. It is difficult to predict the accurate value by using
the traditional statistical prediction technology [5, 6]. Since it is difficult to predict the
accurate value of the stock index, it is particularly important to predict the change trend
and change space in the last 3–5 days.

Twin support vector regression (TSVR) is a new machine learning method proposed
by Peng in 2010 [7]. TSVR aims at generating two nonparallel functions such that each
function determines the ε-insensitive down- or up- bounds of the unknown regressor.
TSVR only need to solve a pair of smaller quadratic programming problems, instead of
solving the large one in support vector regression (SVR). Furthermore, the number of
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constraints of each quadratic programming problem in TSVR is only half of the classical
SVR,whichmakes TSVRwork faster than SVR. Similar to SVR, the parameter selection
of TSVR is random and blind, which seriously affects the learning performance and
generalization ability of TSVR [8, 9].

Whale optimization algorithm (WOA) is a new swarm intelligence optimization
algorithm which imitates the hunting. It was proposed by Mirjalili and Lewis [10] in
2016. Compared with other swarm intelligence optimization algorithms, such as particle
swarmoptimization (PSO) algorithm [11], artificial bee colony (ABC) [12] algorithmand
genetic algorithm (GA) [13], WOA has the advantages of simple adjustment parameters
and fast operation speed. However, the convergence accuracy of WOA and its ability
to jump out of local optimum need to be improved. In this paper, an improved WOA
algorithm is proposed to optimize the regularization parameters and kernel parameter of
TSVR,which is called IWOA-TSVR. This can improve the performance and accuracy of
the prediction model of stock opening price range. The specific measures are as follows.
The basic WOA algorithm is improved by introducing backward learning to initialize
the population position to enhance the local search ability, improve the convergence
accuracy and speed up the convergence.

The paper is organized as follows. In Sect. 2, our prediction model of stock opening
price range is formulated. Improved WOA strategy for model selection of TSVR is
arranged in Sect. 3. Experimental results are described in Sect. 4, and concluding remarks
are given in Sect. 5.

2 The Prediction Model of Stock Opening Price Range Granulated
by Fuzzy Information

The spatial prediction of opening price in stock index is a kind of forecasting problem
about time series. Time series is an important complex type of data. The analysis of time
series is to discover and reveal the development and change law of a certain phenomenon
from a large number of data, or to carve out the internal quantitative relationship and its
change law between a phenomenon and other phenomena from a dynamic perspective,
so as to extract the accurate information we need as much as possible, and combine
these knowledge with Information is used for forecasting. Generally, the analysis of
time series is based on the operation of a large time series data set, which will inevitably
lead to computational difficulties. Therefore, how to simplify the representation of time
series without losing the information and knowledge contained in time series becomes
more and more important.

In 1979, Professor L.A. Zadeh proposed the concept of information granule, which
studies a group of similar research objects as a whole or divides a whole into parts to
study, and the objects put together into a whole are called information granules [14].
Information granular theory has shown its good performance in solving large-scale data,
and has become an important tool in intelligent data analysis, computing science and
image processing. The information granulation is introduced into the time series analysis,
and the time series is divided into sub columns (information granules) for analysis, which
will greatly reduce the amount of calculation.
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We use the fuzzy information granulation in this paper. The fuzzy granulation of
time series with fuzzy sets can be divided into two steps: granulation and fuzziness. The
so-called granulation is to divide the given time series into small columns (information
granules) as operation windows, while fuzzification is to fuzzify each window generated
in the first step to generate fuzzy sets, that is, fuzzy particles. This method of fuzzy
information granulation is called f-granulation.

In this paper, we mainly predict the change space of opening price in the next five
days, so we take five trading days as the size of a window, and each window will
generate a fuzzy particle. After defining the size of particles, the next step is how to blur
the particles, and create a fuzzy set in each window, so that it can replace the given data
to represent the relevant information.

Giving a subsequence X = {x1, x2, · · · , xN }, the task of fuzzification is to establish
a fuzzy particle P in X , that is, if a reasonable description of the fuzzy concept G is
determined, the fuzzy particle P will be determined:

P � x isG, x ∈ X (1)

Therefore, fuzzy granulation process is actually a process to determine the function
A.A is a membership function of fuzzy concept G, i.e. A = μG . Thus, the form of
particles can be simply described as:

P = A(x), x ∈ X (2)

According to the fuzzy time-series information granulation theory proposed by L.A.
Zadeh, basic fuzzy particles forms contain triangular form, trapezoidal form, gaussian
form and parabolic form, etc. In this paper, we choose the triangular form for fuzzy time-
series information granulation. Generally, the triangular fuzzy membership function of
the particle is descripted as follows:

A(x, a,m, b) =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

0 if x ≤ a
x−a
m−a if x ∈ [a,m]
b−x
b−m if x ∈ [m, b]
0 if x ≥ b

(3)

If the form of particle has been determined, the next step is to discuss how to deter-
mine the parameters of the membership function, namely, how to determine the specific
membership function. Generally, establishing the membership function must be based
on the following basic idea of establishing particle:

1) Particles can reasonably represent the original data.
2) Particles must have certain speciality.

To meet the above two requirements and find the best balance between the two, a
related function is given by the idea of the Pedryce fuzzy granulated theory as follows:

QA = M (A)

N (A)
(4)
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Here,M (A)must guarantee tomeet thefirst requirement of the particle fuzzy granulation,
meanwhile,N (A) shouldmeet the second requirement. In order tomeet the requirements,
we take M (A) = ∑

x∈X A(x), N (A) = meassure(sup p(A)) = b − a, then the Eq. (4)
becomes:

QA =
∑

x∈X
A(x)

meassure(sup p(A))
(5)

Thus, in order to meet the above two requirements, the value of QA should be as
large as possible, namely,

∑
x∈X A(x) should be required as large as possible while

meassure(sup p(A)) = b − a is required as small as possible. Following the above
ideas, the method to determine the specific parameters of fuzzy membership function is
described as follows:

1) the value ofm: take the middle number of subsequence X = {x1, x2, · · · , xN } as the
value of m. So if N is odd, set m = xN+1

2
, otherwise, set m = xN

2
.

2) the value of a and b: traverse all points of the data set, and then choose the value

of a who can make the function Q(a) =
∑N

k=1,xk<m A(xk )

|m−a| take the maximum value.

Here, A(xk) is the membership of xk . When a ≤ xk ≤ m, set A(xk) = |x−a|
|m−a| and

when xk ≤ a, set A(xk) = 0. The value of b can be determined by a similar method.

After the above two steps, three parameters (a,m, b) of the triangular fuzzy member-
ship function have been determined. Therefore, a triangular fuzzy information particle
can be described as P = (a,m, b).

3 The Prediction Model of Stock Opening Price Range Using
IWOA-TSVR

3.1 Twin Support Vector Regression (TSVR)

TSVR would generate two nonparallel functions around the data points.
For the linear case, TSVR aims at finding a pair of nonparallel functions

f1(x) = wT
1 x + b1 (6)

f2(x) = wT
2 x + b2, (7)

such that each function determines the ε-insensitive down- or up- bounds regressor. The
two functions are obtained by solving the following quadratic programming problems:

min
1

2
‖Y − eε1 − (Aw1 + eb1)‖2 + C1e

T ξ

s.t. Y − (Aw1 + eb1) ≥ eε1 − ξ, ξ ≥ 0,
(8)
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min
1

2
‖Y + eε2 − (Aw2 + eb2)‖2 + C2e

Tη

s.t. (Aw2 + eb2) − Y ≥ eε2 − η, η ≥ 0,
(9)

where, C1,C2 > 0; ε1, ε2 > 0 are the parameters, ξ, η are the slack vectors and e is
the vector of ones of appropriate dimensions.

Introducing the Lagrangianmultiplier vectors α, γ , considering the KKT conditions,
the dual QPPs of (8) and (9) can be obtained as follows:

max − 1
2α

TG(GTG)−1GTα + f TG(GTG)−1GTα − f Tα

s.t. 0 ≤ α ≤ C1e
(10)

max − 1
2γ

TG(GTG)−1GTγ − hTG(GTG)−1GTγ + hTγ

s.t. 0 ≤ γ ≤ C2e
(11)

where, G = [A e], f = Y − ε1 and h = Y + ε2e.
After optimizing (10) and (11), we can obtain the regression function of TSVR as

follows:

f (x) = 1

2
(f1(x) + f2(x)) = 1

2
(w1 + w2)

T x + 1

2
(b1 + b2) (12)

where, [w1 b1]T = (GTG)−1GT (f − α), [w2 b2]T = (GTG)−1GT (h + γ ).
For the nonlinear case, TSVR considers the following kernel-generated functions:

f1(x) = K(xT ,AT )w1 + b1, f2(x) = K(xT ,AT )w2 + b2 (13)

Similarly, solving (9) can be obtained by dealing with the following quadratic
programming problems:

min
1

2

∥
∥
∥Y − eε1 − (K(A,AT )w1 + eb1)

∥
∥
∥
2 + C1e

T ξ

s.t. Y − (K(A,AT )w1 + eb1) ≥ eε1 − ξ, ξ ≥ 0
(14)

min
1

2

∥
∥
∥Y + eε2 − (K(A,AT )w2 + eb2)

∥
∥
∥
2 + C2e

Tη

s.t. (K(A,AT )w2 + eb2) − Y ≥ eε2 − η, η ≥ 0
(15)

According to the KKT conditions, the dual problems of (14) and (15) are as follows:

max − 1
2α

TH (HTH )−1HTα + f TH (HTH )−1HTα − f Tα

s.t. 0 ≤ α ≤ C1e
(16)

max − 1
2γ

TH (HTH )−1HTγ − hTH (HTH )−1HTγ + hTγ

s.t. 0 ≤ γ ≤ C2e
(17)

where,H = [K(A,AT ) e]. After optimizing (16) and (17), we can obtain the augmented
vectors for f1(x) and f2(x), which are.

[w1 b1]T = (HTH )−1HT (f − α), [w2 b2]T = (HTH )−1HT (h + γ ) (18)
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Then the regression function of nonlinear TSVR is constructed as follows:

f (x) = 1

2
(f1(x) + f2(x)) = 1

2
K(xT ,A)(w1 + w2) + 1

2
(b1 + b2) (19)

In short, compared with SVR, TSVR is comprised of a pair of smaller quadratic
programming problems. In TSVR, each quadratic programming problem determines
the one of up- or down-bound function by using only one group of constraints. This
strategy makes TSVR obtain approximately four times faster than SVR.

Similar to SVR, the size of TSVR parameters has a considerable impact on its
learning ability and generalization ability. Therefore, how to select the most suitable
parameters is the key to improve the performance of TSVR. In this paper, the improved
whale optimization algorithm is used to find the optimal solution of TSVR parameters.

3.2 Whale Optimization Algorithm and Its Improvement

3.2.1 The Standard Whale Optimization Algorithm

Whale optimization algorithm (WOA) is a new optimization algorithm based on the
modeling of whale predation behavior. The whale looks for the location and encircles
it by the smell of its prey. Assuming that the prey position reflected by the smell is the
current optimal position or close to the optimal position, a certain number of virtual
humpback whales are defined as the search agent. By comparing the feasible solutions
of various search agents, the optimal solution is found as the next position vector of
humpback whale. At the same time, other search agents update their positions. To find
the optimal solution strategy.

In order to describe this strategy, the following mathematical model is adopted.

D1 = ∣
∣CX ∗(t) − X (t)

∣
∣ (20)

X (t + 1) = X ∗(t) − AD1 (21)

where t is the current number of iterations, X (t) is the coordinate vector of the current
humpback whale, X (t + 1) is the target coordinate vector after the next iteration and
X ∗(t) is the coordinate vector to get the best solution so far. And if there is a better
feasible solution, X ∗(t) should be updated immediately. A and D are coefficients given
by the following equation.

A = 2ar1 − a (22)

C = 2r2 (23)

where r1 and r2 are random numbers between 0 and 1. a is obtained from Eq. (24).

a = 2 − 2t/Tmax (24)

In order to find a better target location to get close to prey, humpback whales randomly
use arbitrary whale coordinate vectors instead of humpback whales to generate the next
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iteration of whale coordinate vectors. This can achieve the purpose of deviating from the
prey to avoid falling into local optimum.The description uses the followingmathematical
model:

X (t + 1) =

⎧
⎪⎨

⎪⎩

X ∗(t) − AD1, |A| < 1, p < 0.5

Xrand (t) − AD2, |A| ≥ 1, p < 0.5

X ∗(t) + D3e
dl cos(2π l), p ≥ 0.5

(25)

D1 = ∣
∣CX ∗(t) − X (t)

∣
∣

D2 = |CXrand − X (t)|
D3 = ∣

∣X ∗(t) − X (t)
∣
∣

(26)

where t represents the current number of iterations, X ∗(t) is the best position vector
so far, Xrand (t) is the random whale position vector, X (t) represents the current whale
position vector, d is a constant with a default value of 1, which is used to control the
hunting path shape. l is given by the following formula:

l = (a2 − 1)r3 + 1 (27)

a2 = −1 − t/Tmax (28)

where r3 is a random number between 0 and 1, t is the current number of iterations, Tmax
is the maximum number of iterations.

3.3 Improved Whale Optimization Algorithm

Dynamic inertia weight is an important mechanism to balance and adjust the global
survey and local mining capacity of the algorithm. A larger inertia weight means a
larger search step size, which is conducive to the algorithm to carry out global search,
enhance the ability to jump out of local extremum and find the global optimal solution;
the smaller inertia weight is conducive to the algorithm for local mining, improving
the convergence accuracy of the algorithm and speeding up the recovery Convergence
speed.Based on the above analysis, this paper divides the shrinking encirclement strategy
and spiral predation strategy of the whale optimization algorithm into three evolutionary
stages: the early stage, the middle stage and the late stage. In the early stage of evolution,
the inertia weight of the algorithm remains unchanged, that is, it still uses a large fixed
value, so that the algorithm can fully search in the global space. In the middle and later
stage, the nonlinear decreasing dynamic inertia weight is introduced to make the whale
approach the global optimal solution, which accelerates the convergence speed of the
algorithm. The weight formula introduced is as follows:

if (t <
1

3
∗ Tmax)

w = 1

else

w = 1 − erand∗( t
Tmax

−1)

end
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In the above formula, while maintaining the overall decreasing trend of inertia weight
from 1 to 0, it shows certain randomness. This randomness reduces the risk that the
algorithm fails to search for the theoretical optimal value in the early stage, but falls
into the local extreme value directly due to the monotonous decline of inertia weight
in the later stage, which is conducive to the algorithm getting rid of the local optimum.
When inertia weight is added, the formula of contraction encirclement strategy and spiral
predation strategy is as follows:

X (t + 1) =

⎧
⎪⎨

⎪⎩

wX ∗(t) − AD1, |A| < 1, p < 0.5

wXrand (t) − AD2, |A| ≥ 1, p < 0.5

wX ∗(t) + D3e
dl cos(2π l), p ≥ 0.5

(29)

3.4 Fuzzy Information Granulation Based on IWOA-TSVR for Prediction Model
of Stock Opening Price Range

In this paper, the improved whale optimization algorithm is used to optimize the param-
eters of TSVR, and a twin support vector regression machine based on the improved
whale optimization is proposed. Finally, it is used to predict the change space of the
stock opening index within 5 days. The algorithm flow chart of this paper is as follows:

Fig. 1. The process of IWOA-TSVR forecasting the space of stock opening price
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4 Experimental Results and Analysis

4.1 Experimental Data and Algorithm Parameter Setting

In order to verify the performance of IWOA-TSVR, three algorithms of IWOA-TSVR,
WOA-TSVR and TSVR were used to analyze the opening data of Shanghai Stock
Exchange (hereinafter referred to as Shanghai Stock Exchange) for 4946 trading days
from December 19, 1990 to February 28, 2011 http://wenku.baidu.com/view/3c3b7d
878762caaedd33d4b0.html) Regression analysis was carried out and the forecast was
made within 5 trading days after February 28, 2011 The change space of disk data.

This experiment is carried out in matalab7.11 environment. The related parameters
are set as follows:

The population number of whale optimization algorithm is N = 30, Tmax = 1000,
d = 1. Table 1 shows the prediction results of three fuzzy particle parameters by the three
algorithms, Table 2 shows the actual opening index values of Shanghai Stock Exchange
in the five trading days after February 28, 2011, and Table 3 shows the spatial prediction
results of the three algorithms for the index change space of Shanghai Stock Exchange
in the five trading days after February 28, 2011. Figure 2 shows the opening data of
Shanghai stock exchange for 4946 trading days from December 19, 1990 to February
28, 2011. Figure 3 is the result of granulation of opening price data, Fig. 4 is the fitting
result of parameter a by IWOA-TSVR algorithm, and Fig. 5 is the fitting error chart of
parameter a by IWOA-TSVR algorithm.

4.2 Results and Analysis

Table 1 shows the prediction results of three parameters of fuzzy particles, which are
described by mean square error and square correlation coefficient. As can be seen from
Table 1, IWOA-TSVR can obtain lower mean square error and higher square correlation
coefficient than the other two algorithms. Table 3 shows the prediction results of the
prediction space of the opening number within five days after the experimental data

Table 1. Prediction results of three parameters of fuzzy particle

Algorithm Parameter Mean squared error Squared correlation coefficient

IWOA-TSVR a 13.15 0.998

m 8.02 0.996

b 7.87 0.995

WOA-TSVR a 16.54 0.945

m 13.58 0.937

b 10.21 0.921

TSVR a 18.02 0.885

m 16.13 0.921

b 13.85 0.867

http://wenku.baidu.com/view/3c3b7d878762caaedd33d4b0.html
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deadline. The prediction result is described by a fuzzy particle. The value of particle
parameter a represents the lowest opening price in these five days, the parameter m
represents the median value of the opening price in five days, and parameter B describes
the highest opening price in five days. From the actual opening price of these five
days, the forecast range of IWOA-TSVR is effective. Moreover, compared with other
algorithms, the prediction result of IWOA-TSVR is closer to the actual opening price
shown in Table 2. Figure 2 shows an example of 4946 opening prices of the original data,
and Fig. 3 shows an example of the fuzzy granulation of the original data. The number
of particles is 990, greatly reducing the number of samples. Figure 4 shows the fitting
process of parameter a by IWOA-TSVR. From the figure, we can see that the fitting
effect of parameter a is very good. Figure 5 shows the fitting error results of parameter
a by IWOA-TSVR, and the error of most particles is close to 0, which shows the good
fitting effect of parameter a. At the same time, we also use this model to predict other
indexes of Shanghai Stock Exchange, and we also obtain satisfactory results.

Table 2. The actual opening price within five days

Date 2011.3.1 2011.3.2 2011.3.3 2011.3.4 2011.3.7

Actual opening price 2906.28 2905.51 2918.73 2902.19 2952.72

Table 3. The predicted range opening price within five days

Algorithm The forecast range of opening price of march 1 to march 4 and march 7
(described by the fuzzy particle)

IWOA-TSVR [a,m,b] = [2905.1,2915.3,2954.6]

WOA-TSVR [a,m,b] = [2803.9,2912.3,2918.6]

TSVR [a,m,b] = [2554.3,2885.8,2907.3]
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Fig. 4. Fitting result of parameter a by IWOA-TSVR

Fig. 5. Fitting error chart of parameter a by IWOA-TSVR

5 Conclusions

The stock market system is one of the most active economic systems in the economic
system, and it is very difficult to predict the stock market due to the influence of many
changing factors. Most of the time, we can’t accurately predict the stock index. At
this time, if we can predict the change space of the stock index’s opening index, it is
particularly important. TSVR is a regression model with good learning performance and
generalization ability, but its performance is affected by the parameters. In this paper,
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the improved whale optimization algorithm is used to optimize its parameters, and a
twin support vector regression machine learning method based on the improved whale
optimization is proposed to establish the prediction model of stock index change space.
The experimental results show that the prediction model proposed in this paper has high
accuracy and stable performance. It is an effective tool to predict the change space of
stock index. In view of the good performance of this prediction model, it will be the next
step to apply it to other fields of time series prediction.
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Abstract. Wireless monitoring networks employ distributed sniffers to capture
the transmissions of wireless users. It can be used for wireless network status anal-
ysis, fault diagnosis, and resource management, etc. Due to the limited number
of sniffers, it is a key topic to optimize sniffers’ channel assignment to collect the
maximum transmitted data, so as to maximize the Quality of Monitoring (QoM)
of the network. In this paper, a channel assignment algorithm based on discrete
Bacterial Foraging Optimization is proposed. A 2D multi-radio multi-channel
(MRMC) coding is designed to represent the bacterial individual; the bacterial for-
aging and position updating can achieve the optimized channel assignment scheme
for wireless monitoring networks. This algorithm is with low complexity and has
provable convergence performance. Extensive experiments also demonstrate that
the proposed algorithm is efficient and outperforms the existing algorithms.

Keywords: Wireless monitoring networks · Channel allocation · Discrete BFO

1 Introduction

With the growing applications of wireless networks (WLAN, WiFi, Mesh, etc.), it is
becoming very important to estimate the network conditions and performance charac-
teristics, so as to complement the network status analysis, fault diagnosis, and resource
management [1, 2].Wirelessmonitoring networks composed of a set of hardware devices
called sniffers are used to monitor the activities in wireless networks. Sniffers capture
transmissions of wireless devices or activities of interference sources in their vicinity,
and store packet level or PHY layer information in trace files, which can be analyzed dis-
tributedly or at a central location. Wireless monitoring networks [3–5] has been shown
to complement wire side monitoring using SNMP and basestation logs since it reveals
detailed PHY (e.g., signal strength, spectrum density) and MAC behaviors (e.g., col-
lision, retransmissions), as well as timing information (e.g., backoff time), which are
essential for network analysis and diagnosis [6, 7].
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With the development of hardware technique, wireless sniffers typically are equiped
with multi-radio, which means a sniffer can collect information using multi radios with
different channels. Thus, it is a key topic to determine the optimal channel assignment
for sniffers’ radios to maximize the information collected. This is called themulti-radio
multi-channel assignment problem in wireless monitoring networks.

The rest of the paper is organized as follows. In Sect. 2, we analyze the related
works of recent years. The problem is described and formulated in Sect. 3. A channel
assignment algorithm based on discrete Bacterial Foraging Optimization (DBFO) is
detailed in Sect. 4. Simulations and practical network experiments are conducted in
Sect. 5. Finally, we conclude the paper with some future work in Sect. 6.

2 Related Work

In recent years, wireless monitoring network has been an active research area. It is
constructed and deployed among wireless network to collect and store data, carry out
analysis and feedback in real-time. The relationship between wireless monitoring net-
work and wireless network is shown in Fig. 1. Wireless network can be WLAN, WIFI,
WiMAX, Mesh, Ad hoc, etc., and the wireless users in wireless network can be wireless
routers, access points or mobile users.

Fig. 1. Wireless monitoring network model

There has been much work done on wireless monitoring network including
monitoring equipment development, network framework design, sniffers’ channel
selection/assignment, data analysis and fusion, etc. Among these, sniffers’ channel
selection/assignment is vital to improve themonitoring quality of the network effectively.

In 2010, Chhetri et al. [8] formulated the problem of sniffer channel selection, and
proved it to be NP-hard to maximize the quality of monitoring (QoM) of the network
under universal network model. Greedy and LP algorithms were also employed to try to
solve the problem. Greedy always misses the optimal or approximate optimal solution.
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Although LP can achieve better solution than Greedy, its complexity is too high to meet
the real-time requirement in dynamic wireless networks.

In 2012, Shin et al. [9] proposed a Dynamic-optimal Sniffer-Channel Assignment
algorithm, combining proximal optimization algorithm with dual approach to solve the
problem of LP relaxation, and finally proved that the algorithm can achieve the best
approximation of 1 − 1/e after taking the integer portion.

In 2013, we presented a Monte Carlo Enhanced PSO algorithm for optimal QoM
in single-radio multi-channel wireless monitoring networks [10]. The suitable coding
expression of particles and the fitness function were designed. Monte Carlo method was
incorporated to revise the solution. Furthermore, in 2015,Xia et al. [11, 12] studiedMulti-
channel Quantum-Inspired Immune Clone Algorithm (MQICA). The algorithm applied
full interference crossover strategy, and introduced Gaussian mutation operation to jump
out of the local optima effectively. The simulations demonstrated the good convergence
to the global optimal solution.

In this paper, a discrete Bacterial Foraging Optimization based algorithm is proposed
to achieve the optimal channel assignment for multi-radio multi-channel (MRMC) wire-
less monitoring networks. The theoretical prove and extensive experiments demonstrate
its effectiveness.

3 Problem Descriptions

3.1 Network Model

Consider a wireless monitoring network of m monitoring sniffers, n users, q optional
channels, and each sniffer has p radios (p ≥ 2, p < q). S = {s1, s2, · · · , sm} is
the set of sniffers, U = {u1, u2, · · · , un} is the set of users, C = {c1, c2, · · · , cq}
is the set of channels, and R = {r1, r2, · · · , rp} is the set of radios, SR =
{sr11 , sr21 , · · · , s

rp
1 , · · · , sr1m , sr2m , · · · , s

rp
m } is the set of radios of all sniffers, where srwi

is the w−th radio of sniffer si. When radio sr ∈ SR and its adjacent user u ∈ U operate
on the same channel, sr can capture the data transmissions from u, i.e., u is covered or
monitored by sr .

The relationship between multi-radio sniffers and users can be described using an
undirected bi-partite graph GR = (SR,U ,E) shown in Fig. 2. If uj is the neighbor of sr ,
there will be an edge between them, denoted by e = (sr, uj) ∈ E. E represents the set
of all connecting edges.

If a user cannot be captured by any sniffer, it is excluded from GR. The vertex v of
GR is a sniffer or user, v ∈ SR ∪U . N (v) denotes the neighbors of vertex v. If the vertex
is a sniffer s, N (s) is the set of neighbor users of s, if the vertex is a user u, N (u) means
the set of neighbor sniffers of u. If a sniffer is inside the communication range of another
sniffer, it is called adjacent sniffer. V (s) denotes the set of adjacent sniffers of s. In this
paper, we assume that the communication radius of sniffer is twice as its monitoring
radius.

3.2 Problem Formulation

The multi-radio sniffer channel assignment problem is all sniffers’ radios srwi (i =
1, · · · ,m; w = 1, · · · , p) select channels from C = {c1, c2, · · · , cq} to be able to
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Fig. 2. Undirected bi-partite graph GR

capture the maximum data transmissions from users. Different from single-radio prob-
lem, the radios of a multi-radio sniffer have the same position, their neighbor users and
sniffers are shared.

The searching space of multi-radio multi-channel assignment problem is shown in
Fig. 3, where m × p columns denote m × p radios of m sniffers, and q rows denotes
q optional channels. Each radio srwi searches in the channel space {c1, c2, · · · , cq}. The
shadow combination in Fig. 3 represents a channel assignment scheme form × p radios.

The channel assignment scheme shown in Fig. 3 can be expressed using a 2-
dimension binary coding as Fig. 4. i (i = 1, · · · ,m) denotes sniffer number, w (w =
1, · · · , p) denotes radio number of each sniffer, and k (k = 1, · · · , q) denotes channel
number. Therefore, the coding matrix ism×p columns and q rows. Element θk(i×w) = 1
means the i−th sniffer’sw−th radio is assignedwith channel k. For example, θ2(1×1) = 1,
θ(q−1)(1×2) = 1, θ1(1×p) = 1 means for the first sniffer, its first, second and p− th radio
are assigned with channel 2, q – 1, and 1 respectively.

Fig. 3. Searching space of the channel assignment problem

Because each radio can be assignedwith only one channel, i.e., in Fig. 4, each column
has only one “1”, the number of possible 2D coding matrix is qm×p, which means the
number of possible channel assignment schemes is qm×p. If considering “sniffer should
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make its different radios operate on different channels to avoid collecting repeated infor-
mation”, the number of possible 2D coding matrix is

(
Cp
q
)m

. It is a complicated combi-
nation optimization problem to search for the optimal 2D coding (channel assignment
scheme).

Fig. 4. A 2-dimension binary coding for a channel assignment scheme

Case 1: different radios of a sniffer can operate on the same channel.
In this condition, 2D binary coding for a sniffer will have multi “1” in a row. For

example, in Fig. 4, for snifferm, two “1” in row q, whichmeans the sniffer’s radio 2 and p
are both assigned with channel q. If we accumulate the elements in the same row for each
sniffer, 2D binary codingwill be transferred to 2D accumulation coding shown as Fig. 5.
Each column represents the channel usage situation for a sniffer, denoted by A(si) =
(σi,1, σi,2, · · · , σi,q), where σi,k(0 ≤ σi,k ≤ p) indicates the times of channel k has been
assigned to sniffer i. For example, in Fig. 5, the m-th column A(sm)= (0, 1, · · · , 0, 2),
where σm,2 = 1 means channel 2 has been assigned to a radio of sniffer m; σm,q = 2
means channel q has been assigned to two radios of sniffer m.

Fig. 5. A 2D accumulation coding for a channel assignment scheme (Case 1)

Although different radios operating on the same channel will capture repetitive user
data, it is valuable especially for some network applications with reliable monitoring
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demands. It can provide multiple guarantees for tracking lost during transmission, so as
to promote the fusion of information and increase the integrity of user information.

Definition 1. Quality of Monitoring of sniffer in Case 1 (QoM-1). When wireless mon-
itoring networks operate on channel assignment scheme a, quality of monitoring of
sniffer s can be defined as follows:

Qs(a)=
∑

u∈N (s)

puF[A(s)A(u)T ]
F[A(s)A(u)T ] + ∑

s′∈V (s)
F[A(s′)A(u)T ] (1)

F(N ) =
N∑

i=1

1

ki−1 (2)

where u is the neighbor user of s, N (s) is the set of neighbor users of s, pu is the
transmission probability of u, s′ denotes the neighbor sniffer of s, V (s) is the set of
neighbor sniffers of s, and A(s) denotes the 2D coding (channel assignment) for s. The
number of radios operating on the same channel of u can be computed by A(s)A(u)T .
Considering the radios on same channel will capture repetitive data, the contribution
coefficient F(N) of the radios will be computed by formula (2), and the parameter
k (k ≥ 1) can be set according to monitoring reliability requirement. It is shown that
with the increasing of the radios sharing same channel, the contribution increment will
decrease exponentially. E.g., a sniffer has three radios operating on same channel at
same time to monitor the activity of user u, N = 3 can be computed by A(s)A(u)T , the
information contribution coefficient of the three radios is F(3) = 1 + 1

/
k + 1

/
k2.

Case 2: different radios of a sniffer operate on different channels.
In this case, 2D binary coding for a sniffer will have only one “1” in a row. If the

coding does not satisfy the constraint, it should be revised. For example, in Fig. 4, for
snifferm, two “1” in row q, whichmeans the sniffer’s radio 2 and p are both assignedwith
channel q. This coding should be revised: maintain the coding of radio 2, and modify
the coding of radio p (move “1” to another bit in this column, till there is only one “1”
in a row for this sniffer), shown in Fig. 6. Conduct this type of revision till there is no
channel multiplex. Figure 6 is the revised coding from Fig. 4, where radio 2 and p of
sniffer m are assigned with channel q and q – 1 respectively.

Accumulate the elements in the same row for each sniffer, 2D binary coding will
also be transferred to 2D accumulation coding shown as Fig. 7. It is shown that, different
from the former, the nonzero element in this coding must be “1”.

Each column A(si) = (σi,1, σi,2, · · · , σi,q) also represents the channel usage situa-
tion for a sniffer, where σi,k(σi,k = 1 / 0) indicates whether channel k has been assigned
to sniffer i. For example, in Fig. 7, the m-th column A(sm) = (0, 1, · · · , 1, 1) means
channel 2…, q − 1, q have been assigned to the radios of sniffer m.

Definition 2. Quality of Monitoring of sniffer in Case 2 (QoM-2). When wireless mon-
itoring networks operate on channel assignment scheme a, quality of monitoring of
sniffer s can be defined as follows:
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Fig. 6. A 2-dimension binary coding satisfying the constraint condition

Fig. 7. A 2D accumulation coding for a channel assignment scheme (Case 2)

Qs(a)=
∑

u∈N (s)

puA(s)A(u)T

1 + ∑

s′∈V (s)
A(s′)A(u)T

(3)

where the symbols of u, N (s), V (s), etc. are same as them in definition 1. Because
different radios of a sniffer operate on different channels to capture different users’
transmissions, there is no need to process the repetitive data using formula (2).

Definition 3. Quality of Monitoring of network (QoM-N). Given a channel assignment
scheme a, the quality of monitoring of wireless monitoring networks can be defined as
follows:

Q(a)=
∑

s∈S
Qs(a) (4)
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where S is the set of sniffers in the networks. The larger QoM-N is, the more active
users are monitored, and the higher quality of monitoring is achieved.

Multi-radio multi-channel assignment problem in wireless monitoring networks can
be described as follows:with limited users and sniffers in network, to search for a channel
assignment scheme for sniffers to maximizeQoM-N, so that the sniffers will collect the
maximum data transmitted by active users. The optimal channel assignment scheme is
as follows:

a∗ = argmaxQ(a) (5)

Because sniffers are relevant in space, and adjacent sniffers share some neighbor users,
we cannot optimize the sniffers’ channel assignment one by one, i.e., each sniffer’s chan-
nel assignment is not independent. It is a complicated multi-dimensional combination
optimization problem to search for the optimal channel assignment scheme for network.

4 Discrete BFO Based Channel Assignment Algorithm

In this paper, a discrete Bacterial Foraging Optimization algorithm (DBFO) is pro-
posed to solve the multi-radio multi-channel (MRMC) assignment problem in wireless
monitoring networks.

4.1 Basic Theory of BFO

BFOalgorithm is the stochastic optimization algorithm inspired by the bacterial foraging
behavior studied by Passino [12] in 2002. As a swarm intelligent optimization method,
it is suitable to solve NP-hard optimization problems. Its solution performance is not
sensitive with initial values, it doesn’t need gradient information of object function, and
its searching is parallel towards the global optimization position. It has been successfully
applied in several fields in recent years.

The specific process for solving BFO algorithm: initial population, fitness func-
tion value calculation, doing three basic operations of chemotaxis, reproduction and
elimination-dispersal by loop, to obtain optimal or near-best optimal solution.

4.2 Process of DBFO

Assuming that there are S bacterias in the population, θ i(j, k, l) indicates the position
of bacterial i after finishing j-th chemotaxis, k-th reproduction, and l-th elimination-
dispersal, for short, θ i ∈ RD, where D indicates the dimension of problem. D
= m × p × q, in a monitoring network of m sniffers, p radios, and q channels.
θ i = [θ i1, θ i2, · · · , θ iD], where θ id indicates the d-th dimensional position of bacteria
i. �i = [�i

1,�
i
2, · · · ,�i

D] indicates the directional vector of bacterial i when doing
chemotaxis operation, where �i

d∈ [−1, 1] indicates the d-th dimensional randomly

selected chemotactic direction of bacteria i. �i = �i
/√

(�i)T × �i indicates the unit

vector of �i. �i = [φi
1, φ

i
2, · · · , φi

D], where φi
d indicates the unit directional vector of

each dimension.
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Sigmoid function is used in the BFO algorithm. The followings are discrete binary
value of 0-1of each dimension.

�θ id (j,w + 1, k, l) = �θ id (j,w, k, l) + λiφi
d (6)

θ id (j,w + 1, k, l) =
{

1 , if ρi
d (j,w + 1, k, l) < sigmoid(�θ id (j,w + 1, k, l))

0 , otherwise
(7)

where, w indicates swimming count, �θ id (j, k, l) indicates in the d-th dimension the
moving distance of bacterial i after finishing j-th chemotaxis, k-th reproduction, and
l-th elimination-dispersal; λi indicates the swimming step length; θ id indicates the unit
directional vector in the d-th dimension; θ id (j + 1, k, l) indicates the d-th dimensional
position of bacterial i after finishing (j + 1)-th chemotaxis, k-th reproduction, and l-
th elimination-dispersal; ρi

d (j+1, k, l) indicates a random sequence of bacterial i after
finishing (j + 1)-th chemotaxis, k-th reproduction, and l-th elimination-dispersal. The
sequence is uniformly distributed, ρi ∼ U (0, 1), sigmoid(x) = 1/(1 + exp(-x)).

After executing flipping operation in the process of chemotaxis, the result needs to
be verified through the QoM of fitness function. If Q(θ i(j + 1, k, l)) > Q(θ i(j, k, l)),
continue to swim a step in the direction of the chemotaxis, until the fitness function value
QoM is not increasing or reaching the maximum number of swimming Ns. The count
of chemotaxis updates only in flipping operation, and keep the same when swimming.

Through above, after the discretization, the BFO algorithm can be discrete from
continuous amount into binary value, which contributes to solve binary discrete space
searching problem. So, we can use the BFO algorithm to solve the channel coding
problem in multi-radio multi-channel wireless monitoring network.

4.3 Update and Revise Channel Coding Table

Assuming that the number of sniffers is m, each sniffer has p radios, and the number
of channels is q. (m × p) × q binary numbers compose a sniffer channel coding table
A = (σi,w,k)m×p×q, where σi,w,k represents the coding of radio w in sniffer i on channel
k,

∑p
w=1 σi,w,k = σi,k . The coding table represents the current position of bacteria. We

adopt the discrete BFO algorithm updating and revising channel coding table below.
In the initial stage of the algorithm, each bacterium generates a table, the element of

which is 0. That means, the initial position values of all bacteria are 0. Updating bacteria
position is the samewith updating channel coding table.As a channel assignment scheme,
the updated coding table must follow certain principles: (1) the radio of sniffer at the
same time can only be allocated on one channel, so only one element in the column
vector corresponding to each sniffer radio can be encoded “1” in channel coding; (2)
in order to make full use of the radio, the column vector does not allow to have all “0”
states; (3) in the case of “no different radio multiplexing channel”, in the convergence
stage, column vector is not allowed to have more than one “1”.

In the initial table, the position value is not a solution, which can’t be taken into
the formula QoM to solve for the first time, so it needs to flip a direction to generate
a new position based on the initial one, then be used to solve the solution. Because
of the random generation of each dimension position, it is difficult to guarantee once
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discretization fully meeting the channel assignment principle, so it needs to revise the
binary coding table after each bacterium updating position.

The revising steps are as follows:

Step 1: randomly choose column elements (σi,w,1, σi,w,2..., σi,w,q) which are not run-
ning, if the number of column elements coding “1” is 1, that is

∑q
k=1 σi,w,k=1, turn to

Step 4.
Step 2: if the number of column elements coding “1” is more than 1, that is∑q

k=1 σi,w,k > 1, for each k(σi,w,k=1), compute the active users sniffer radio monitor-
ing on the channel: compute the active users monitored by sniffer radio on the channel:
Qi,w(k) = ∑

u∈N (si) pu · AkA(u)T , where Ak is a q dimensional vector, excepting for the
k-th dimension is 1, the other elements are 0. Sort the calculated values and select the
channel corresponding max(Qi,w(k)) and code for “1”, the other elements are set “0”.
Step 3: if the column elements all code for “0”, that is

∑q
k=1 σi,w,k= 0, for each k (k =

1, · · · , q), compute the active user’s sniffer radio monitoring on the channel, select the
channel corresponding max(Qi,w(k)) and code for “1”.
Step 4: repeat step 1, until each column of the coding table only has one element of “1”,
that is,

∑q
k=1 σi,w,k=1(i = 1, · · · ,m; w = 1, · · · , p).

Step 5: enter the state of collecting coding. Choosing case 1, simply collect directly to
make σi,k = ∑p

w=1 σi,w,k ; choosing case 2, after collecting, judge each column whether
the element coding is more than 1, if so, operate step 6.
Step 6: If the element coding is more than 1, that is σi,k > 1, firstly set the element for
“1”, calculate the active user’s sniffer radio monitoring on the channel corresponding
the coding of “0”, and sort the calculated results to balance the coding of “1”.

Figure 8 shows a revised process after updating encodings of 4 sniffers, 2 radios in
1 sniffer, 10 channels wireless monitoring network in channel assignment. Figure 8(a)
indicates the coding after bacteria updating a position at a certain time, where identity
“(1)” column indicates that violating the principle of channel assignment (1); identity
“(2)” column indicates that violating the principle of channel assignment (2); identity
“(3)” column indicates that violating the principle of channel assignment (3); no identity
column indicates that conforming to the principle of channel assignment. Figure 8(b)
indicates the coding after running revised step 2. Figure 8(c) indicates the coding after
running revised step 3. Figure 8(d) indicates the collecting coding in case 1. Figure 8(d)
indicates the collecting coding in case 2. Figure 8(f) indicates the coding after revision
of step 6.

4.4 Theoretical Performance Analysis of DBFO

The moving distance �θ id (j, k, l) on each dimensional position is the probability of
updated position θ id (j, k, l) for 0 or 1.

If �θ id (j, k, l) = 0, then p(θ id (j, k, l) = 1) = 0.5; if �θ id (j, k, l) < 0, then
p(θ id (j, k, l) = 1) < 0.5; if �θ id (j, k, l) > 0, then p(θ id (j, k, l) = 1) > 0.5;
p(θ id (j, k, l) = 0) = 1−p(θ id (j, k, l) = 1). Even ifmoving the samedistance�θ id (j, k, l)
on each dimensional position component, due to the randomness of ρi

d (j, k, l), position
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Fig. 8. Revised process after updating encodings

θ id (j, k, l) may choose different values; sigmoid function value does not represent the
changing probability on a certain dimension, only represents the probability of a certain
dimension chooses 1.

Analysis of Positional Changing Probability
Literature [14] puts forward an idea of positional changing probability for the discrete
DPSO, here we also analyze each dimension positional changing probability for the
discrete BFO. The process of bacteria updating position is a kind of probability changing,
for a single dimension is the probability of swimming distance variation as 1. So, when
bacterial i doing chemotaxis j operation, the probability of a certain dimension position
changing is:

p0↔1 = sigmoid(�θ id (j − 1, k, l)) ∗ [1 − sigmoid(�θ id (j, k, l))]
+ sigmoid(�θ id (j, k, l)) ∗ [1 − sigmoid(�θ id (j − 1, k, l))] (8)

Formula shows that from a certain dimension position moving distance of doing chemo-
taxis j-1 and j operations, we can get the changing probability of the dimension position.
Combined with sigmoid function and (8):

p0↔1 = 1

1 + exp(−�θ id (j − 1, k, l))
× [1 − 1

1 + exp(−�θ id (j, k, l))
]

+ 1

1 + exp(−�θ id (j, k, l))
× [1 − 1

1 + exp(−�θ id (j − 1, k, l))
] (9)
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Fig. 9. Two chemotactic distances and changing probability of 0 ↔ 1

Formula (9) shows the relationship between a certain dimension moving distance of
the position component and the changing position, which is shown in Fig. 9. We can see
that the changing probability of 0 ↔ 1 is associated with the two chemotactic distances,
but the movement distance is 0 according to the biggest changing probability in the two
operations of chemotactic, and the maximum value is 0.5.

As a special case, when the two chemotactic operating distances are the same. The
vertices are in the place of �θ id (j, k, l) = 0 and the maximum value is 0.5, which means
the bacteria does no longer move.

Discrete BFO Convergence Analysis
The bacteria D-dimensional position solution space θ i = (θ i1, θ

i
2, · · · , θ iD) generated

by DBFO algorithm is a discrete random process, and conducts a finite homogeneous
Markov chain. Chemotaxis, reproduction and elimination-dispersal operations all ensure
the future state of BFO is only related to the current state, and has nothing to do with
other states before, which is in conformity with the definition of a Markov chain. And
transition probability apparently has nothing to do with time n, only is related to the
current generation of position deviation, so Markov chain can be seen as homogeneous.
As a result, 	 constitutes finite homogeneous Markov chain in state space 
S .

The goal of reproduction and elimination-dispersal operations is to speed up the
convergence, and help to jump out of local optimum. The core of DBFO algorithm is
the chemotactic operation. If you can prove that in the condition of taking swimming
position, chemotaxis process is convergent in probability 1, then you can prove BFO
algorithm is convergent in probability 1.
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5 The Experimental Results and Analysis

5.1 Simulations

In order to prove the discrete BFO algorithm in solving the problem of multi-channel
assignment has a better performance, we firstly validate the convergence of BFO after
discretization by the simulation experiments. Convergence experiment conducts in scale
of 9 monitoring sniffers, each sniffer equipped with 2 radios, 6 available channels, and
200 users. Experimental parameters of DBFO algorithm are set in Table 1.

Table 1. Experimental parameter settings

S Nc Nre Ned Ns Ped dattract wattract hrepellant wrepellant

10 50 4 2 4 0.2 0.05 0.1 0.05 0.05

Parameters in the table are obtained from a large number of experiments and good
performance experience values of the discrete BFO. Convergence experiment conducts
in case 1 “sniffer allows different radios select the same channel” and case 2 “sniffer
forbids different radios select the same channel”, shown in Fig. 10.

InitQom in the Figure represents the quality ofmonitoring after algorithm running the
chemotaxis for the first time, different InitQoms indicate bacterial chemotaxis operates
from different directions. Iterations on abscissa indicate the number of chemotactic.
Case 1 and case 2 get the same quality of monitoring, and InitQom of case 2 generally
is greater than case 1. case 2 is easier to reach convergence, and the complexity of the
curve reduces.
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Fig. 10. Convergence performance experiment
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We conduct the comparative experiments in network scale of 9 monitoring sniffers,
single-radio, 6 channels and 200 users. Quality of Monitoring (QoM) of every algorithm
is shown in Fig. 11.
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Fig. 11. Performance comparison of the four algorithms (single-radio)

As depicted in Fig. 11, after 69 iterations, the proposed DBFO algorithm converges
to the extremely optimal solution (QoM = 7.8624). LP algorithm is a deterministic
algorithm, only running once in the process of experiment, which achieves the QoM of
7.5629,whileGibbs Sampler is a distributed algorithm, basically achieves the centralized
algorithm performance, QoM is 7.0736.MQICA is relatively complex, need through 426
iterations to converge to QoM of 7.6231. The above experiments are completed under 6
channels.

Table 2. The statistical results of four algorithms under different channel number (single-radio)

Number of
channels

DBFO LP GSCS MQICA

QoM T (s/time) QoM T (s/time) QoM T (s/time) QoM T (s/time)

3 8.5952 4.7163 8.4748 6.1964 8.3405 3.5052 8.5893 5.3253

6 7.7583 4.8456 7.5629 7.3523 7.1407 3.8481 7.7032 6.6597

9 7.2631 5.3159 7.0814 9.6197 6.7188 4.0697 7.1563 7.2987

Table 2 demonstrates the statistical results of the three sets of experiments. Among
the four algorithms, DBFO, Gibbs Sampler and MQICA all run 30 times in each set
of experiments to get the statistical average among the QoM value and time, which
indicated of QoM and T . As deterministic methods, LP only runs once. From Table 2,
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we can see that DBFO outperforms LP in three sets of experiments, and is evidently
better thanGibbs Sampler andMQICA. Furthermore, DBFO converges fast, with shorter
running time than MQICA.
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Fig. 12. Statistical comparison of DBFO and DA-OSCA in different numbers of channel and
radio

Literature [13, 15] introduces multi-radio monitoring network model, and puts for-
ward a DA-OSCA algorithm to solve channel assignment problem, which is a linear
programming algorithm. This method converts multi-radio of sniffer into multiple snif-
fers to allocate channels, although not accurately called multi-radio channel assignment,
this algorithm is similar with case 1, so we compare DBFOwith DA-OSCA. To illustrate
the performance of DBFO, we compare DBFO and DA-OSCA in different numbers of
channel and radio. Due to DA-OSCA is a deterministic algorithm, only need to obtain
one solution, and randomness exists in DBFO, so we use the mean value of 30 times of
experiments. The results are shown in Fig. 12. Figure 12(a) shows the effect of channel
number on QoM. With the increase of channel number, QoMs of two algorithms both
reduce, but QoM of DBFO is better than that of DA-OSCA to some extent, and the
gap between two algorithms reduces. Figure 12 (b) shows the effect of radio number on
QoM. With the increase of radio number, QoMs of two algorithms both increase, and
the gap between them relative increases.

5.2 Practical Network Experiment

In this subsection, we evaluate the proposed DBFO algorithm by practical network
experiment based on campus wireless network (IEEE 802.11.b WLAN). Twenty-one
WiFi sniffers are deployed in a building to collect the user information from 9:00 am to
2:00 pm (over 5 h). Totally 587 active users are monitored working on three orthogonal
channels. The number of users on the three channels is 316, 113, and 158 respectively.
The information transmission probabilities of these users are recorded in Table 3. It is
shown that the activity probabilities of most users are less than 1%. The average activity
probability is 0.0031.
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Table 3. Transmission probability statistics for users

Information transmission probability 0–0.01 0.01–0.02 0.02–0.04

Numbers of users 524 28 35

Figure 13(a) depicts the QoM of network with different number of sniffers. It is
clear that QoM (the number of monitored active users) is growing up with the increase
of sniffers (from 5 to 21). Except the experiment with 21 sniffers, the other sets of
experiments are conducted repeatedly with different sniffers selected randomly from
the 21 sniffers, and the statistical average values of QoM are recorded and shown in
Fig. 13(a). Since the average activity probability is 0.0031, the largest number of active
users is less than 1.9 during every timeslot.

Compared with LP, GSCS, andMQICA, the proposed DBFO exhibits its superiority
and feasibility in the practical network environment. Due to the limited hardware for
multi-radio experiments, we use twowireless sniffers bundled tomake the same neighbor
active users. Experiments are still conducted in the same building, and 16 wireless
sniffers treated as 8 2-radio sniffers complete user monitoring. Compared with DA-
OSCA algorithm, the proposed DBFO also exhibits a better QoM shown in Fig. 13(b).
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Fig. 13. Results of practical network experiment

6 Conclusion

This paper focuses on how to optimize the channel assignment tomaximize the quality of
monitoring in multi-channel multi-radio wireless network, converts channel assignment
problem into two-dimensional channel coding problem. In the two cases of “whether
different radios of the same sniffer can multiplex channel or not”, we define sniffer
monitoring quality and quality of monitoring in wireless monitoring network (QoM),
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and express them formulated, finally, adopt a discrete BFO algorithm to solve. Discrete
each dimension positions of binary 0 or 1 in an iterative process, which can encode for
wireless monitoring network channel assignment problem, by updating and revising of
the three steps of chemotaxis, reproduction and elimination-dispersal, ultimately make
the optimal channel assignment. Large numbers of experiments show that the algorithm
can achieve multi-radio multi-channel assignment to maximize quality of monitoring.
Comparedwith other algorithms, this algorithm is with low complexity, and high-quality
solution, and also makes up defects of the existing literatures lacking study on multi-
radio channel assignment. For the next work, we will further introduce the related theory
of multi-radio channel assignment to distributed achieve, which is conducive to the
applications in large-scale networks and to solving the reliable monitoring problem in
wireless networks.
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Abstract. This paper is concerned with a multiple-objective flexible job-shop
scheduling problemwith dual-resources constraints. Both time and cost-concerned
objectives are taken into consideration and the correspondingmathematical model
is presented. Based on Maximal fitness function, a hybrid discrete particle swarm
algorithm is proposed to effectively solve the problem. The global and local search
ability of the algorithm are both improved by modifying the position updating
method and simulating annealing strategy with Maximal fitness function. More-
over, external archive is used to reserve better particles. Finally, the effectiveness
of the proposed algorithm demonstrated by simulation examples and the results
show that the obtained solutions aremore uniformly distributed towards the Pareto
solutions.

Keywords: Maximum fitness function · Particle swarm optimization ·
Dual-resource constrained scheduling problem · Multi-objective optimization

1 Introduction

In the past decades, flexible job shop scheduling problem (FJSP) has received extensive
research interests due to its practical applications in modern management, supply chain,
manufacturing industry [1–3]. As well known, FJSP is NP-hard and also one of the
most difficult combinational optimization problems. Thus, various methods have been
introduced to solve the problem which focuses on either single resource constraint or
single optimization objective. However, in practical manufacturing systems, there are
always other resource constraints besides machine such as worker constraint and various
optimization objectives [2, 4, 5]. Moreover, the objectives may be conflict, for example,
minimizing the production time requires that competent workers and machines are used
more time and hence increase the cost. Thus FJSP with dual resource constraints (DRC)
and multiple objectives is an interesting and practical issue that deserves investigation
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and we called it DRC-MOFJSP for short. DRC refers to machine and worker constraints
here.

On the other hand, the multiple objective problem of FJSP is also a hot research
topic and various hybrid intelligent algorithms were presented to solve it [6]. As for the
objectives, time-based criteria are critical and always chosen as objectives in FJSP, such
as flow time,makespan and tardiness time.Other objectiveswith respect tomachine load,
for instance, maximal machine workload and the total workload, are also considered [2].
In [7], the total production cost was also pointed out to be one of the main concerns and
it contains the cost of raw material inventory before started and in progress and cost of
tardiness and losing goodwill. Thus we choose the production cost and production time
to be the optimization objectives in this paper.

It is well known that discrete particle swarm optimization (DPSO) is an effective
tool in the combinational optimization area [8] and Maximin Fitness Function (MFF) is
also very useful in multiple objective optimization [9, 10]. However, they have not been
applied for DRC-MOFJSP in the existing literature to the best of the authors’ knowledge.
Thus we aim to propose a hybrid DPSO (MOPSO) based on the MFF to solve the DRC-
MOFJSP in this paper. A three dimension coding scheme is used to represent a particle
due to the DRC feature. Amixed initialization way is employed to improve the quality of
the population. Then DSPO is presented as the global search algorithm, in whichMFF is
used and an improved position updating method is introduced. This is the main novelty
of the proposed algorithm and the searching efficiency is improved. As for the local
search one, a new simulating annealing search (NSA) strategy is designed. A modified
reservation strategy is used to maintain the external archive (EA) based onMFF. Finally,
simulation results are given to the results show that the obtained solutions are more
uniformly distributed towards the Pareto solutions.

2 Problem Description

2.1 Literature Review

The development of research on FJSP can be found in [1–3, 11, 12] and the references
therein. The considered situations varied from the most standard one to complicated
ones such as dynamic scheduling with uncertainty and multiple objective scheduling.
Fruitful results were obtained and here we focus on reviewing the literature on the DRC
and multiple objective issues.

For the DRC issue, two kinds of methods were commonly used for such issue. One
method is first to find the operation sequences by intelligent algorithms and then allocate
the machines and workers by dispatching rules [4, 13]. The main advantages of this
method are less computation time and the reduction of complexity. Though local optimal
solutions can always be found, the global one is difficult to be obtained in this way.
Another is to determine the operation sequence, machine and worker simultaneously
by hybrid intelligent algorithms [14, 16, 17]. An improved variable neighbourhood
search was proposed in [16] the advantage of which is the ability to explore different
neighbourhoods of the current solution and thus is easy for implementation. In [17], a
knowledge-guided fruit fly optimization algorithm was proposed for DRC-FJSP with a
novel encoding scheme.
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Survey of multiple objective optimization problems can be found in [6], which
reviewed existing algorithms of many fields including FJSP. In [2], the objectives were
chosen to be makespan, total machine load and maximal machine load, and a Pareto
method was presented to balance the load of machines and the makespan. A memetic
algorithm was presented in [15] and a novel local search mechanism together with a
hierarchical strategy was introduced to improve the search ability. A set of Pareto solu-
tions were obtained and the method was shown to be effective by comparing benchmark
instances. A hybrid artificial bee colony algorithm and a simulated annealing algorithm
were proposed in [18] and [19] respectively to solveMOFJSP and improved results were
obtained. In [20], a discrete firefly algorithm combined with local search method was
presented to enhance the searching accuracy and information sharing among fireflies.

The aforementioned results considered either DRC constraint or multiple objective
issue of FJSP. However, few research results considered DRC-MOFJSP, especially con-
sidering the production cost as objective. In [7], a novel production cost objective model
was presented for the scheduling of job shop and performance analysis was carried out
with a rolling time horizon approach. In [21–23], the cost objective and the corresponding
job scheduling problem was modified by taking DRC and flexibility into consideration
and hybrid genetic algorithms were presented to solve it. In [24], a inherited genetic
algorithm was proposed to for DRC-MOFJSP with objectives being production time
and production cost.

2.2 Mathematical Model

In this section, the mathematical model of the DRC-MOFJSP is described. The model
is based on [21, 23] and some notations are introduced first.

Notations: Let p, q, h and g be the index of job, operation and machine and worker
respectively.Opq is q-th operation of job p.Mpq andWh are the set of candidatemachines
for Opq and workers for machine h.

Parameters: Denote Nn, Nm, Ng and Np as the total number of jobs, machines, workers
and operations of job p. tpqh is the processing time of operation Opq on machine h. αp,
βh, γg are the cost of material, machine and workers, respectively. η is the holding cost
rate. U is a large number.

Decision Variables: Spq is the starting time of operationOpq. Khg is the starting time of
machine h processed by worker g. Cpq and Cp are the completing time of operation Opq

and job p. Cmax is the maximum completing time of all jobs. Ep and Tp are the penalty
tardiness and advance of job p, respectively. and

σpqh =
⎧
⎨

⎩

1, if machine h ∈ Mpq is
selected for the operation Opq

0, otherwise
, εhg =

⎧
⎨

⎩

1, if worker g ∈ Wh is
selected for the machine h
0, otherwise

χhg−h′g =
⎧
⎨

⎩

1, if worker g is performed on
machine h before h′
0, otherwise

, ςpqh−p′q′h =
⎧
⎨

⎩

1, if Opq is performed on
machine h before Op′q′
0, otherwise
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Some standard assumptions are made before we formulate the DRC-MOFJSP. First,
the initial time for all jobs, machines and workers are zero. Second, each machine can
process only one operation and every worker can operate only one machine at one time.
Finally, any operation cannot be interrupted until its completion once it is started.

Under the assumptions and notations, the mathematical model for the problem is
defined as follows:

⎧
⎨

⎩

F1 = minCmax = min{ n
max
p=1

{Cp}}
F2 = min{F21 + F22 + F23}

(1)

where

F21 = η

Nn∑

p=1

αpSp(np+1)

F22 = η

Nn∑

p=1

Np∑

q=1

(Sp(np+1) − Spq)(βh + γg)tpqhσpqhεhg

F23 =
Nn∑

p=1

Np∑

q=1

(βh + γg)tpqh +
Nn∑

p=1

(φpEp + ϕpTp)

s.t.

Sp(q+1) ≥ Spq + tpqhσpqhεhg (2)

Sp′q′ + (1 − ςpqh−p′q′h)U ≥ Spq + tpqh (3)

Kh′g + (1 − χhg−h′g)U ≥ Khg (4)

Khg + (1 − σpqh)(1 − εhg)U ≤ Spq (5)

Sp(q+1) + (1 − ςp(q+1)h−p′q′h)U ≥ Cpq (6)

Mpq∑

h=1

σpqh = 1,
Wh∑

g=1

εhg = 1 (7)

Cp ≤ Cmax, Spq, tpqh ≥ 0 (8)

σphg, ςpqh−p′q′h ∈ {0, 1}, εhg, χhg−h′g ∈ {0, 1} (9)

where p, p′ ∈ J , h ∈ Mpq, g ∈ Wh, q, q′ = 1, 2, . . . , np, F1 and F2 are the production
time and production cost, respectively. F21 and F22 are the cost of inventory of raw
material and the incremental cost of machines and workers in progressing. F23 is the
sum of processing cost of machines and workers and penalty of tardiness and advance
of jobs. Constraints (2)–(9) are standard restrictions for FJSP and implications of them
can be referred to existing literature.
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3 Design of MOPSO

For the DRC-MOFJSP, we propose a MFF-based MOPSO to solve it. Firstly, a three-
dimension coding scheme is used to represent a particle. Secondly, various methods are
employed in a mixed way for initialization of the particles. Then an improved DPSO and
a NSA mechanism are designed as the global and local search strategies, respectively.
Finally, a modified reservation strategy is used to maintain the EA. Since MFF plays an
important role in the design of the MOPSO, some fundamental concepts and features of
MFF are introduced here first.

3.1 Maximin Fitness Function

MFF was used in [9] to determine whether a solution is non-dominated or not and hence
was employed to solve multiple-objective optimization problems. For an optimization
problem with size N and number of objectives M, the MFF of a solution Xi is defined
by

Fmf (Xi) = max
j=1,2,...,N ,j �=i

{

min
k=1,2,...,M

{
Fk(Xi) − Fk(Xj)

}
}

(10)

Clearly, Fmf (Xi) < 0 and Fmf (Xi) > 0 represent that Xi is a non-dominated and
dominated solution for the problem, respectively. If Fmf (Xi) = 0, then Xi can be a
weakly-dominated, dominated or non- dominated with duplicated solutions, as point B
in (a), points A and C in (b) and points B and D in (c) of Fig. 1. We can see that Fmf (Xi)
= 0 may cause some critical issues such as elimination of non-dominated solutions, and
thus need to be addressed.

Firstly, since dominated solutions have effects on the MFF of non-dominated ones,
they have to be eliminated while evaluating the performance of non-dominated solutions
by MFFs. Thus, if Xi is either weakly-dominated or dominated when Fmf (Xi) = 0, then
Xi should be eliminated. Secondly, for the case of non-dominated with duplicated solu-
tions, if we check themby the standard ofFmf (Xi)= 0, then the non-dominated solutions
will be eliminated. We propose a method called elimination of common solutions (ECS)
to avoid this situation. Find out the solutions with the same MFF, then randomly choose
one and use it to calculateMFF again. Finally we set theMFF value to the other solutions
with the sameMFF. For example, we use ECS to handle (c) of Fig. 1. If we choose point
B to calculate the MFF and set the value to point D, then we have Fmf (B) = Fmf (D) =
−2. Otherwise, Fmf (B)= Fmf (D)= 0 leads to the loss of two non-dominated solutions.

Another issue is that the objectives may not be in the same order of magnitude. This
will make the MFF tend to prefer the objective with smaller magnitude order. Thus a
standardization procedure is employed here to avoid this deviation.The procedure is as
follows:

std_Fk(Xi) =
Fk(Xi) − min

j=1,2,...N
Fk(Xj)

max
j=1,2,...N

Fk(Xj) − min
j=1,2,...N

Fk(Xj)
(11)

where std_Fk(Xi) is the standardized one of Fk(Xi). Considering the calculation load,
we only standardize the particles in the EA.
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Fig. 1. Three cases of Fmf = 0

Finally, it should be pointed out that for the particles with the same MFF, if the
distances among them are too small, then they cannot be identified which one is better
or not. Thus a modified reservation strategy with truncation will be presented to reserve
more sparse particles in EA. The crowding distance of a particle is denoted as follows:

Ddis(i) =
M∑

k=1

|std_Fk(i + 1)−std_Fk(i − 1)| (12)

Clearly, we can see that larger crowding distance means the particle is sparser. If several
particles have the same MFF and only part of them can be reserved, then the particles
with smaller crowding distance should be reserved for further optimization.

3.2 Initialization and Maintenance of EA

The EA is used to store the global best particles and the length is denoted by NG. EA is
very important for the MOPSO since the global best solution used in DPSO is chosen
from EA. The initialized particles with Fmf (Xi) < 0 are included for the initialization
of EA. As for the maintenance of EA, a modified reservation strategy with truncation is
used to make the particles sparser. The benefit of this strategy is that better particles can
be reserved for with the ones same MFF.

Assuming that there are j particles have the same MFF and i particles have smaller
MFF than them, where i < NG. If i + j < = NG, then the j particles are all reserved,
otherwise calculate the crowding distance and eliminate the NG particles with larger
crowding distance. It should be pointed out that this strategy consumes less computation
since only if i + j > NG is satisfied.

3.3 Coding Scheme

A three-dimension coding scheme [24] is employed to represent a particle. Specifically,
each particle has three vectors which are denoted by OS, MA and WA, respectively,
where OS stands for the operation sequence, MA andWA represent for the machine and
worker allocations, respectively. For OS, the i-th appearance of j means the operation
Oij. Each element of MA and WA refers to the index of the corresponding machine and
worker, respectively. The advantage of the encoding method is the avoidance of invalid
solutions. For example, the second column of the particle in Table 1 means the operation
O13 is operated on machine 1 and by worker 2. The whole particle stands for a valid
production process and objectives can be calculated accordingly.
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Table 1. Code of a particle

OS 1 3 3 1 2 3 2

MA 2 1 2 2 3 3 3

WA 1 2 1 1 1 1 1

3.4 Initialization of Population

The quality of population initialization has effects on the convergence speed of the
algorithm. In this paper,we choose amixedway for the initialization. Randomgeneration
and themost number of operations remaining (MNOR) rule are used for the initialization
of OS [4]. For MA and WA, three rules are used in a mixed way, which are random
generating rule, a modified Approach by Localization (AL) and Earliest Finish Time
(EFT) rule [2, 25]. The modified AL is to rearrange the processing time according to
initialized OS, then allocate operations with minimal workload. The EFT rule is taking
into account the processing time and the earliest started time of resources.

3.5 Global Search Mechanism

An improved DPSO is presented as a global search mechanism for the MOPSO. The
position updating equation is given as follows:

X k+1
i = c2 ⊗ f3{[c1 ⊗ f2(w ⊗ f1(X

k
i ), pBk

i )], gBk} (13)

where xik is the k-th generation of particle i, w is the inertia weight, c1 and c2 ∈ [0,1] are
the acceleration coefficients. pBi

k and gBk are the best personal of i-th particles and the
best global particle at k-th generation, respectively. pBi

k and gBk are obtained based on
MFF and will be used in the next updating step of particles. f 1, f 2 and f 3 are operators
of updating. Specifically, the updating consists three part. The first one is

Ek
i = w ⊗ f1(X

k
i ) =

{
f1(X k

i ); r < w
X k
i ; Otherwise

(14)

where r ∈ (0,1), and if r < w, then f 1 is operated for xik . For OS, exchange two different
operations randomly while keep machine and worker allocation unchanged. For MA
and WA, we randomly choose an operation and replace the machine and worker from
the corresponding candidate set, respectively. The second part is adjustment with be best
personal pBi

k which is formulated as

Fk
i = c1 ⊗ f2(E

k
i , pBi) =

{
f2(Ek

i , pB
k
i ); r < c1

Ek
i ; Otherwise

(15)

If r < c1, then a Precedence Preserving Order based Crossover (POX) operation is
carried out for OS, and two Rand-point Preservation Crossover (RPX) are operated for
MA and WA. Specific procedure of POX and RPX can be referred to [26]. They can
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effectively avoid the occurrence of invalid solutions and hence improve the searching
efficiency. f 3 is the operation between Fi

k and gBk

X k
i = c2 ⊗ f3(F

k
i , gBk) =

{
f3(Fk

i , gBk); r < c2
Fk
i ; otherwise

(16)

If r < c2, then f 3 is adjusted with gBk and the operations are similar to f 2. Now we
have a new generation of particles Xk+1 after updating. Then the personal best particles
pBi

k+1 and global best gBk+1 are obtained by calculating theMFF of Xk+1. If Fmf (Xi
k+1)

< Fmf (pBi
k), then pBi

k = Xi
k+1, Otherwise pBi

k is unchanged. Choose gBk+1 from the
pBi

k+1 with the smallest MFF. If more than one particle are the smallest, then randomly
choose one.

3.6 Local Search Mechanism

SA is an effective local search algorithm [27]. In SA, the choice of neighborhood signif-
icantly influences the performance. A DFF-based NSA with two neighborhood NS1 and
NS2, which are used to changeMA andWAvectors, respectively, is presented here as the
local search mechanism [26]. For NS1, we first calculate the load of each machine, then
randomly choose one operation and allocate it to the machine with the least load. If this
machine cannot process the operation, then randomly allocate it to a machine that can
process it. For NS2, the procedure is similar and thus omitted here. Define T0, Tend and
B as the initial and final temperature, and annealing rate, respectively. pr1, pr2 ∈ (0, 1)
are randomly generated parameters and pl ∈ (0, 1) is a parameter to be chosen. The
procedure is as follows.

Step 1. If 0 < pr1 < pl, then NS1 is carried out. Otherwise execute NS2.
Step 2. Calculate the MFF of F1 and F1, denoted by MF(F1) and MF(F1)

respectively. If MF(F1) > MF(F1), then replace the solution with the new obtained
one.

Step 3. Otherwise, if pr2 > e−D/T0 , replace the solution with the new obtained one.
Stpe 4. Let T0 = BT0 and generate new pr1, pr2 ∈ (0, 1) and start another loop if

T0 < Tend .

3.7 Procedure of the MOPSO Algorithm

The MOPSO is carried out by the following procedure.
Step 1. Set the parameters such as population size P, iteration times G and so on.
Step 2. Set k = 0. Initialize the population and then calculate the objectives and

the corresponding MFFs. Initialize the EA0 and choose the personal best pBi
0 and the

global best Gb
0 based on the MFFs.

Step 3. Let k = k + 1. Carrying out the global search mechanism leads to a new
generation of particles Xk . Calculate the objectives and the corresponding MFF of each
particle in Xk . Then obtain new pBi

k and gBk .
Step 4. Choose particles r ∈ [1 , P/2] in the current population, executing local

search based on NSA. Update pBi
k and gBk .
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Step 5.UpdateEAk by the gBk , then carry out the local searchmechanism of particles
in EAk . Then Maintain EAk .

Step 6. Choose the particle from EAk with the smallest MFF as the most updated
gBk . If k = G, then finish and output EAk . Otherwise go back to Step3.

4 Simulation Results

In this section, ten randomly generated instances R1-R10 in [26] are used for the param-
eter analysis first. Then two instances S1 in [22] and S2 in [23] are used to compare the
performance of the proposed MOPSO with other existing algorithms.

4.1 Parameter Analysis

This subsection discusses the impact of parameters w, c1 and c2 on the performance
of the proposed MOPSO. We choose c2 = 2c1 = c for simplicity. The reason why we
make such setting is that the proposed algorithm adjust once with c1 and twice with c2.
Additionally, choosing values too closely will cause too much unnecessary computation
load and get close results. Thus, the testing way is first to set c from 0.4 to 0.9 and
choose six values for w which are, w = 0.1, 0.2,…, 0.6, respectively. While the best w*
is obtained, then fix it and choose c = 0.4, 0.5,…, 0.9 to find the best c*.

Denote yi, i = 1, 2,… 6, and zj, j = 4, 5,… 9, and yi = 1 and zj = 1 mean parameters
w = 0.1 × i with c = 0.4, and w = w* with c = 0.1 × j are chosen, respectively. Each
instance will be run ten times with each combination of w and c.

For each instance, it is clear that a non-dominated solution set will be obtained for
yi= 1, i = 1, 2,…, 6. The set and the number of solutions are denoted by PFwi and ri,
respectively. Then by combining PFwi, i = 1, 2,…, 6, together and calculating the MFF,
we obtain a set with more non-dominated solutions and denote it by PFtruew. Clearly,
more solutions of PFwi in PFtruew means w = 0.1*i is better.

We define ewij, i = 1, 2,…, 6, j = 1, 2,…, ri, to represent whether the j-th solution
of PFwi belongs to PFtruew or not. If yes, then ewij= 0, otherwise ewij = 1, ERwi is
defined to as follows:

ERwi =
ri∑

j=1

ewij/ri, i = 1, 2, . . . , 9 (17)

Similarly, we can obtain PFcj and PFtruec with zj = 1, j = 4, 5,… 9.Define ecjl, j =
4, 5,…, 9, l = 1, 2,…, sj, to represent whether the l-th solution of PFcj within PFtruec
or not, where sj is number of the non-dominated solution of PFcj. Define ERcj as

ERcj =
sj∑

l=1

ecjt/sj, j = 4, 5, . . . , 9 (18)

We can see that that smaller ERwi with w = 0.1 * i and smaller ERcj means c =
0.1 * j are better.
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Other parameters are chosen as P = 50, G = 100, ND = 5 and NG = 10 and the
results are shown in Table 3 and 4, respectively, where SUM-ERw and SUM-ERc are the
sum of ERwi and ERcj, i = 1, 2,…, 9, j = 4, 5,…, 9, respectively.

Explanation of the elements in Table 2 and 3 are given. For example, ERw1 = 0 for
R2 in Table 2 means all the solutions with w = 0.1 and c = 0.4 are in the non-dominant
set PFtruew. While ERw1 = 1 for R2 with w = 0.5 and c = 0.4 indicating that no
solutions are within the non-dominant set PFtruew. So w = 0.1 is better than w = 0.4
for R2. Values between 0 and 1 means part of the solutions are within the set PFtruew.

From Table2, it can be seen that SUM-ERw is the smallest when w = 0.1. Moreover,
part or all the non-dominated solutions can be obtained for all the instances except R7
and R8. For the parameter c, we can see from Table 3 that c = 0.9 results in the smallest
SERc and part or all the non-dominated solutions can be obtained for all the instances
except R3 and R6. Thus, we choose w = 0.1 and c = 0.9 as the best parameters.

Table 2. Performance test result of w

Instance w

0.1 0.2 0.3 0.4 0.5 0.6

R1 0.42 0.75 0.33 1 1 1

R2 0 0.67 1 1 1 1

R3 0 1 0 0.67 1 1

R4 0.70 1 1 1 1 1

R5 0.29 0.57 1 1 1 1

R6 0.88 0.60 0.20 1 1 1

R7 1 0.91 0.89 0.88 1 0.83

R8 1 1 0.33 1 0.8 0

R9 0.39 1 1 1 1 1

R10 0.86 0.57 0.40 0.86 0.8 0.80

Sum-ERw 5.54 8.07 6.15 9.41 9.6 8.63

4.2 Comparison

To test the performance of the proposed MOPSO, instances S1and S2 will be used for
comparison. The parameters are chosen as w = 0.1, c = 0.9, T0 = 3, Tend = 0.01,
B = 0.9, P = 50, G = 100, ND = 5 and NG = 10, respectively. After 20 running
times, the non-dominated solutions are obtained for S1 and S2, respectively.

As shown in Table 4, the proposedMOPSO achieves less production cost than HGAI
[21] and HGAII [22] with the same production time for instance S1. Moreover, we can
see from Table 5 that more non-dominated solutions are obtained by the MOPSO than
HGAIII [23] and DOKIGA [24], such as the ones with F1 = 50, 51, 70. For the solutions
with same production time, less production cost is obtained.
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Table 3. Performance test result of c

Instance c

0.4 0.5 0.6 0.7 0.8 0.9

R1 1 0 1 1 0.87 0.60

R2 1 1 1 0.86 0.50 0.33

R3 0.67 1 1 1 0.40 1

R4 1 1 1 0.14 1 0.80

R5 0.92 0.57 0.60 1 1 0.44

R6 1 1 0.50 1 0.40 1

R7 0.50 1 0.89 0.90 0.62 0.63

R8 0.88 0.89 0.25 0.78 0.78 0.67

R9 1 1 0.89 0.89 1 0

R10 0.67 0.44 0.90 1 1 0.11

Sum-ERc 8.64 7.90 8.03 8.57 7.57 5.58

Table 4. Comparison of MOPSO with other algorithms (S1)

HGAI [21] HGAII [22] HDPSO [28] MOPSO

F1 F2 F1 F2 F1 F2 F1 F2

17 3032.32 17 3012.32 17 2815.47 17 2815.47

Error ratio (ER), Mean ideal distance (MID) andMaximum spread (MS) metrics are
also used compare our method with HGAIII and DOKIGA. ER, MID and MS [29–31],
are defined as follows:

ER =
N∑

i=1

ei/N (19)

MID =

N∑

i=1

√
M∑

j=1
fij

N
(20)

MS =
√
√
√
√

M∑

j=1

( max
i=1:|N | fij − min

i=1:|N | fij)
2 (21)

where N is the number of the elements in non-dominated set and M is the number of
the objectives. ei = 0 if vector i is a member of the set and ei = 1 otherwise. fij denotes
the jth objective value of ith non-dominated solution. ER indicates the percentage of
solutions that are not members of the true Pareto optimal set and smaller ER is better.
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Table 5. Comparison of MOPSO with other algorithms (S2)

HGAIII [23] DOKIGA [24] MOPSO

F1 F2 F1 F2 F1 F2

– – – – 51 6608.06

52 6886.46 52 6886.46 52 6412.84

53 6865.58 53 6865.58 53 6277.05

54 6865.47 54 6821.18 54 6144.09

55 6740.96 55 6740.44 55 6117.61

56 6688.27 56 6695.81 56 6094.14

57 6450.24 57 6450.24 57 6013.39

– – – – 58 5912.85

– – 59 6426.02 59 5897.86

60 6409.74 60 6409.74 60 5896.83

61 6380.62 61 6328.48 61 5856.52

– – 62 6325.31 62 5846.08

63 6368.11 63 6310.66 63 5815.28

64 6272.67 64 6157.51 64 5770.1

65 6206.02 65 6154.03 65 5758.97

66 6147.86 66 6051.08 66 5745.3

67 6028.21 67 6028.21 67 5726.92

– – 68 5991.83 68 5714.96

– – 69 5987.91 69 5667.35

70 5583.71

MIDmeasures the closeness between Pareto solution and an ideal point and smallerMID
means more close the solution to the ideal point. The ideal point is chosen to be [0,0]
here. MS shows the diversity of the Pareto curve and higher value means better diversity.
Computational results are shown inTable 6. It can be seen the proposedMOPSDachieves
better performance for all the three metrics than HGAIII in [21] and DOKIGA in [22].

Table 6. Performance comparison of MOPSO with other algorithms (S2)

Algorithm HGAIII [21] DOKIGA
[22]

MOPSO

ER 1 1 0

MID 81.00 80.29 77.47

MS 858.381 898.71 1024.53
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5 Conclusions

In this paper, a MOPSO algorithm was proposed to solve the DRC-MOFJSP with both
machine and worker constraints. The optimization objectives were considered to be
production time and production cost. A three dimension coding scheme was used for the
representation of particles by considering the DRC feature. Random, MNOR and AL
ways were employed together to improve the quality of the initialized population. Then
a modified DPSO based on MFF was presented to enhance the search ability. As for the
local search one, aMFF-basedNSA strategywas designed for the local exploiting ability.
A MFF-based reservation strategy was used to maintain the EA. Finally, simulation
results were given to show the effectiveness of the proposed MOPSO algorithm. For the
future work direction, DRC-MOFJSP with other objective functions and more realistic
constraints deserve investigation.
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Zhejiang Province (Grant No. LGF21G030001) and General Projects of Zhejiang Educational
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Abstract. Thematerial transportation problem inworkshops under complex envi-
ronment can be idealized as theGeneralized Traveling Salesman Problem (GTSP).
To solve such a problem, an improved firefly algorithm is proposed. Firstly, two-
layer coding is utilized to define the firefly individual, the inter-individual distance
formula and position updating formula in standard firefly algorithm are improved,
and the repaired method for infeasible solutions is defined. Then, in order to
improve the local optimization ability of the proposed algorithm and accelerate
the convergence speed, an improved Iterative Local Search (ILS) strategy and
Complete 2-opt (C2opt) optimized operator are introduced. Moreover, the greedy
firefly mutation strategy is used. Finally, 20 test cases are simulated with the
algorithm. Experimental results indicate that the proposed algorithm has good
convergence speed and problem solving accuracy.

Keywords: Firefly Algorithm · Iterative Local Search · Generalized Traveling
Salesman Problem · C2opt operator

1 Introduction

As an extension of the Traveling Salesman Problem (TSP), the Generalized Traveling
Salesman Problem (GTSP) is also a kind of NP-hard Problem, but its solution is more
complicated than that of TSP. In the 1960s, Heny-Labordere [1], Saksena [2] and Sri-
vastava et al. [3] proposed GTSP in their respective research fields. Nowadays, GTSP
has been widely applied in different fields, including circular logistics system design,
random vehicle scheduling, customer agency service, tool path, etc. [4–6].

The goal of GTSP is to find a least cost Hamiltonian loop on an undirected fully
weighted graphG = (V ,E,W ), where V = {v1, v2, . . . , vn}(n ≥ 3) is a vertex set, E =
{eij|vi, vj ∈ V } is an edge set, W = {wij|wij ≥ 0,wii = 0,∀i, j ∈ N (n)}W = {wij|wij ≥
0,wii = 0,∀i, j ∈ N(n)} is a weight set between vi and vj, andN (n) = {1, 2, . . . , n}. The
vertex set V is divided into m groups: V1,V2, . . . ,Vm, which satisfies: m ≤ n,

∣
∣Vj

∣
∣ ≥ 1,

V = ⋃m
j=1 Vj. GTSP can be divided into two categories, as shown in Fig. 1. The first

category is that the loop can only traverse each group once and can only pass through one
vertex in each group, while the second category only can pass through multiple vertices
in each group. Like most existing studies, this paper only studies the first type of GTSP.

© Springer Nature Switzerland AG 2021
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(a) The first kind of GTSP (b) The second kind of GTSP

Fig. 1. The classification of GTSP

Dynamic programming [1], integer programming [7] and branch and bound [8] are
commonly used exact approaches for solving GTSP. Some researchers also convert
GTSP into TSP [9] for further solving. The above methods can show good calculation
speed and precision when applied to small-scale GTSPs, but faced with difficulty to
large-scale ones that are complex and time-consuming. With the rapid development
of intelligent optimization algorithms, some of them have been gradually applied to
solve GTSP problems, which show better computational performance in large-scale
problems. For example, Wu et al. [6] proposed a generalized chromosomal genetic
algorithm (GCCA) for the GTSP. Although the computational efficiency can be greatly
improved, there is still a great room for improvement in the computational accuracy.Yang
et al. [10] combine dynamic programming with simulated annealing algorithm to obtain
better calculation results formedium-scale test cases. Pintea et al. [11] proposed a kind of
enhanced-ant Colony System (RACS), and introduced a new modified criterion into the
algorithm to obtain a higher solving accuracy. Krari et al. [12], on the basis of breaking
through the meta-heuristic algorithm of Breakout Local Search (BLS), proposed an
improved cultural gene algorithm, which provided a better solution method for GTSPs.

FireflyAlgorithm (FA)was an emerging intelligent algorithmproposed byYang [13].
The Algorithm is simple in idea and easy to implement, but it has disadvantages such as
slow convergence speed and easy to fall into local optimum. The improved algorithms
based on FA have been used in some TSP problems [14–16], and show good adaptability
and solving performance. Since GTSP is an extension of TSP, it is a reasonable idea
to apply FA extension to solve GTSP, but there are few relevant studies in the existing
literature. In this paper, we propose an Improved Firefly Algorithm (IFA) in which
two-layer coding is utilized to define the firefly individual, the inter-individual distance
formula and position updating formula are improved, the optimization operator ILS
and C2opt are introduced, and the greedy firefly mutation strategy is used to improve
the local optimization ability of the algorithm and accelerate the convergence speed.
Comparison results of test cases show that the proposed algorithm has the advantages
of fast convergence and high precision.
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2 The Standard Firefly Algorithm

In nature, fireflies use luminescent behavior to find food, find amate, or communicate and
tend to move toward brighter fireflies within the range of perception. Firefly Algorithm
is a random search algorithm based on this mechanism [17]. At present, firefly algorithm
has been successfully applied in numerical optimization [18], engineering technology
[19], traffic signal optimization [20] and other fields.

In order to build the mathematical model of FA, the following three idealized
assumptions are first given:

1. Fireflies move in a direction based only on brightness, regardless of gender.
2. The attraction between fireflies is proportional to the brightness of the fluorescence

and inversely proportional to the distance between the fireflies.
3. The position and brightness of fireflies can be regarded as the solution of the objective

function and the value of the objective function respectively. The updating of the
position and brightness of fireflies is the process of the constant optimization of the
objective function value.

Assume that m fireflies are located in the n-dimensional search space, then the posi-
tion of firefly i in space can be expressed as: xi = (xi1xi2, . . . , xin). It is defined as
follows:

• The absolute brightness of firefly i is Ii:

Ii = f (xi) (1)

which represents the light intensity at its own position (r = 0), and f (xi) represents
the fitness value of the objective function corresponding to the position of firefly i.

• The relative brightness of firefly i at the position of firefly j is Iij:

Iij = Iie
−γ rij (2)

where γ is the absorption coefficient of light intensity, and rij represents the distance
between Firefly i and Firefly j, which is usually calculated by Euclidian distance:

rij = ∥
∥xi − xj

∥
∥ =

√
√
√
√

n
∑

k=1

(

xik − xjk
)2 (3)

• The attractiveness between Firefly i and Firefly j:

βij = β0e
−γ r2ij (4)

where β0 represents the maximum attractiveness, that is, the attractiveness at the light
source (r = 0), and usually β0 = 1.
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• The position updating formula of Firefly i attracted by Firefly j:

xt+1
i = xti + βij

(

xtj − xti

)

+ αεi (5)

where t is the number of iterations, εi is the random perturbation term, and α is
the perturbation term coefficient. According to Eq. (5), the position update formula
consists of three parts, namely the current position information, attraction term and
disturbance term.

3 The Improved Firefly Algorithm

In this section, an improved firefly algorithm, called IFA, is introduced. Firstly, two-layer
coding is utilized to define the firefly individual, the inter-individual distance formula and
position updating formula in standard firefly algorithm are improved, and the repaired
method for infeasible solutions is defined. Then, in order to improve the local optimiza-
tion ability of the proposed algorithm and accelerate the convergence speed, an improved
Iterative Local Search (ILS) strategy and Complete 2-opt (C2opt) optimized operator
are introduced. Finally, the greedy firefly mutation strategy is used.

3.1 The Two-Layer Coding Method

In GTSP, the vertex set V with n vertices is divided into m groups {V1,V2, . . . ,Vm},
so a feasible encoding can be defined by using a two-layer encoding method. The low
level encodes the number of the group in the form of (v1, v2, . . . , vi, . . . , , vm); The high
level code the vertex number in the form of (a1, a2, . . . , ai, . . . , am); where vi represents
the i th group traversed by the path, and ai represents the ith position of the path, and
for ∀i ∈ [1,m], both satisfy ai ∈ Vvi . The formula for calculating the path length is as
follows:

L =
∑m−1

i=1
d(ai, ai+1) + d(am, a1) (6)

where d(ai, ai+1) represents the distance between Vertex ai and Vertex ai+1.
For example, for aGTSPwith 15 cities, being clustered into 5 groups:V1 = {1, 2, 3},

V2 = {4}, V3 = {5, 6, 7, 8, 9, 10}, V4 = {11, 12, 13}, and V5 = {14, 15}, the low-level
coding can be (2, 3, 5, 1, 4), representing the city clustered order of path traversal as
V2 → V3 → V5 → V1 → V4, and the high-level coding can be (4, 6, 15, 2, 11),
representing the city order of path traversal as 4 → 6 → 15 → 2 → 11.

3.2 The Inter-individual Distance Formula

In this study, the Hamming distance, the number of different bits corresponding to two
groups of codes, is used to simply measure the distance between two firefly individuals.
Assuming that high-level codes of Firefly x and Firefly y are (x1, x2, . . . , xi, . . . , xm) and
(y1, y2, . . . , yi, . . . , ym), then the distance calculation formula is as follows:

d(x, y) =
∑m

i=1
xi ⊕ yi (7)

For example, x = (4, 6, 15, 2, 11), and y = (4, 14, 1, 9, 11), then the Hamming distance
is 3.
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3.3 The Position Update Formula

According to the formula (4)–(7), this paper further proposes an improved position
update formula:

xt+1
i = xti + e

−2.5rij
m

(

xtj − xti

)

+ εi (8)

where, m is the number of city clusters, and εi is a sequence of random numbers with
length m and magnitude between [−0.5, 0.5]. Formula (8) eliminates the influence of
firefly coding length on the calculation of attractiveness. Since rij ∈ [0,m], themagnitude
of attractiveness will always be within the interval of [0.082, 1]. The encoding with the
updated position is no longer an integer encoding, so rounding is used to set the encoding
value to an integer.

3.4 The Repair Method for Infeasible Solutions

After updating the position of fireflies, duplicates of city cluster or city number and city
cluster number lost may occur in the code of fireflies. These are all infeasible codes, so
the following steps are adopted to repair them:

Step 1: Convert firefly high-level code xt+1
i to low-level code x′t+1

i .
Step 2: Find the lost city cluster number set, represented as M =

{

mV1 ,mV2 , . . . ,mVk , . . . ,mVK

}

.
Step 3: The city number belonging to city cluster mVk in firefly xtj is recorded,

represented as S = {s1, s2, . . . , sk , . . . , sK }.
Step 4: In the low-level code x′t+1

i , the second and subsequent repeated city cluster
positions are found, represent as U = {u1, u2, . . . , uk , . . . , uK }.

Step 5: For k ∈ [1,K], sk replaces the code on the uk in the high-level code of Firefly
xt+1
i .

Use the example in Sect. 3.1, and assume xti = (4, 6, 15, 2, 11), and xtj =
(4, 14, 1, 9, 11), according to Formula (8) and rounded, xt+1

i = (4, 8, 12, 4, 11) can

be obtained and converted to the low-level code x′t+1
i = (2, 3, 4, 2, 4). Due to duplicate

cities and city clusters as well as city clusters lost, such xt+1
i and x′t+1

i are infeasible
codes. Using the above method to repair, we can get M = {1, 5}, S = {1, 14}, and
U = {4, 5} from Step 2 to Step 4 respectively. Finally, according to Step 5, we replace
the 4th and 5th codes in xt+1

i with 1 and 14 in S respectively, so the repaired codes

xt+1
i = (4, 8, 12, 1, 14) and x′t+1

i = (2, 3, 4, 1, 5) can be obtained.

3.5 The Improved Iterative Local Search

ILS is ameta-heuristic algorithmproposed byLoureno et al. [21],with good performance
when used in a variety of optimization problems. The algorithm principle of ILS mainly
includes four parts: initial solution construction, local search, perturbation strategy and
acceptance criteria, among which the perturbation strategy has the greatest influence on
algorithm performance. If the perturbation is too small, it may not be able to jump out of
the local optimum. On the contrary, if the perturbation is too large, it will degenerate into
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a random algorithm. Therefore, the design of perturbation strategy is the key to ensure
good search performance of ILS.

In this paper, the disturbance strategy and acceptance criteria are improved to form
an improved ILS strategy. The specific operation steps are as follows:

Step 1: Define the parameter kmax(kmax = 	m/5
), where m is the number of city
clusters, and 	
 is rounded upward. Initialize k = 1.

Step 2: Initialize i = 1.
Step 3: Intercept the [i, i + k] code segment in the high-level code xold of the

individual firefly, and then flip it to obtain the new code xnew.
Step 4: Calculate the changes of path length fold and fnew corresponding to xold and

xnew respectively, and according to the acceptance criterion to decide whether to update
code, we have fold = d

(

xold_(i−1), xold_i
) + d

(

xold_(i+k), xold_(i+k+1)
)

, and similarly,
fnew = d

(

xnew_(i−1), xnew_i
) + d

(

xnew_(i+k), xnew_(i+k+1)
)

.
Step 5: i = i + 1, and jump to step 3 until i = m.
Step 6: k = k + 1, and jump to step 2 until k = kmax.
The acceptance criterion is expressed as follows:

x =
{

xnew finew > fior
fi−finew
finew

≤ p

xold otherwise
(9)

where p is acceptance probability. If the new code is superior to the original one, the
new code is accepted or even not superior, it is also accepted with a certain probability.
Otherwise, the original code is retained.

The pseudo-code for the improved ILS is shown in Fig. 2.

Fig. 2. Pseudo-code of the improved ILS
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3.6 The C2opt Optimization Operator

In TSP, 2-opt [22] is a very effective local search algorithm. Usually, local optimiza-
tion is carried out for 20%–30% of the cities on a path, which can eliminate cross-
paths. The C2opt operator is a further optimization of the 2-opt operator, that is, the
2-opt operator is optimized for all cities on the path. Assume a path is coded as
x = (x1, x2, . . . , xi, . . . , xm). In symmetric GTSP, when a section of code

(

xi, xj
)

is
flipped, the path length in this section of code interval will not change, and the change of
path length is only caused by d(xi−1, xi) → d

(

xi−1, xj
)

and d
(

xj, xj+1
) → d

(

xi, xj+1
)

.
Therefore, the entire path length can be simplified to the sum of the two sections of path
length in calculation. Figure 3 and Fig. 4 respectively show the effect and pseudo-code
realized by using C2opt optimization operator.
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(a) Before C2opt optimization (b) C2opt optimized

Fig. 3. Schematic diagram of optimization effect of the C2opt operator

Fig. 4. Pseudo-code of the C2opt optimized operator
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3.7 The Firefly Mutation

In the GTSP, a city is selected from each city cluster to be added to the path. If
only the fireflies are searched in the solution space due to mutual attraction, then
the search efficiency of the algorithm is very low, and the convergence speed is
very slow, and it is easy to fall into the local optimum. Therefore, a greedy muta-
tion strategy for fireflies is proposed in this study. Assuming (xi+1, xi+2, ..., xi+K )

is a segment of length K taken from the firefly code, and the corresponding
low-level code is (x′

i+1, x
′
i+2, ..., x

′
i+K ), and find cities (xbesti+1 , xbesti+2 , ..., xbesti+K ) in the

K city clusters to obtain the minimum value that satisfies: xbesti+j ∈ Vx
′
i+j
, and

[

d
(

xi, xbesti+1

) + d
(

xbesti+1 , xbesti+2

) + . . . + d
(

xbesti+K−1, x
best
i+K

) + d
(

xbesti+K , xi+K+1
)]

for ∀j ∈
[1,K]. The smaller the value of K, the more serious the greedy thought of fireflies
in mutation, and the greater the probability of falling into local optimal. When K = 1,
although the code of each position of fireflies can optimize the length of local path, the
whole path is usually not optimal. If the value of K is larger, though it can increase the
ability to jump out of the local optimal, it will undoubtedly greatly increase the complex-
ity and calculation time of the algorithm, and at the same time violate the greedy idea.
Therefore, after comprehensive consideration of algorithm performance and operation
time, K is set to 3r. The pseudo-code of firefly mutation process is shown in Fig. 5.

Fig. 5. Pseudo-code of the firefly mutation process

3.8 The Improved Firefly Algorithm Flow Chart

In the proposed algorithm, the fireflies with updated position will carry out iterative local
search, C2opt optimization and mutation operation in turn, so the overall flow chart is
shown in Fig. 6.
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Fig. 6. The flowchart of IFA

4 Simulation Experiments and Result Analysis

In this section, three different experiments were conducted to evaluate the proposed
algorithm-IFA. The acceptance probability P was set by the first experiment. The next
two experiments, using differentGTSP standard instances, with different length obtained
from TSPLIB [23], respectively verify the excellent performance of IFA in error, rel-
ative error and other indicators, as well as the superiority of IFA compared with other
algorithms.

4.1 The Setting of Acceptance Probability

In the improved iterative local search, the acceptance probability P also has a great
influence on the algorithm’s performance. If P is too small, the search ability of firefly
will be reduced, which is not conducive to the comprehensive search of the algorithm in
the whole solution space, and it is easy to fall into local optimum. On the contrary, if P is
too large, it cannot make good use of the firefly algorithm optimization characteristics.
For optimizing algorithm performance, we set the appropriate value of probability P
based on the following experiments: select the two test instances KroA200 and gil262
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from TSPLIB; according to the method proposed by Fischetti method to form the GTSP
test cases 40kroA200 and 53gil262; and P, respectively, set up in five out of 0.1–0.5,
the results are shown in Table 1. Other parameters are set as follows: population size 20,
maximum number of iterations 20, and running times 30.

As can be seen from Table 1, when P is 0.3, both the optimal value and the average
value are the minimum for the two instances. Therefore, P is set to 0.3 to conduct
subsequent experiments.

Table 1. Experimental results with different Acceotance Probabilities P

P 40kroA200 53gil262

Optimal value Average value Optimal value Average value

0.1 13429 14044.03 1026 1084.07

0.2 13491 13909.23 1039 1068.33

0.3 13417 13779.00 1017 1048.70

0.4 13577 13851.37 1025 1062.43

0.5 13818 14357.03 1088 1142.07

4.2 Experimental Results and Analysis

In order to verify the computational performance and effect of the proposed algorithm,
20 medium and small scale problems were selected from the instances of GTSP for
experiments, among them, the first 12 instances are less than 200 cities, and the rest are
greater than or equal to 200 cities. The results were shown in Table 2.

In the Table 3, the calculation formulas of error and relative error are as follows
(Table 2):

error = Minimun value − Optimal solution

Optimal solution
× 100% (10)

Relative error = Average value − Optimal solution

Optimal solution
× 100% (11)
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Table 2. Calulation results of GTSP instances

Instance Optimal
solution

Minimum
value

Maximum
value

Average
value

Average
value

Standard
deviation

Error
(%)

Relative
error
(%)

10att48 5394 5394 5394 5394 5394 0 0 0

11eil51 174 174 174 174 174 0 0 0

14st70 316 316 316 316 316 0 0 0

16pr76 64925 64925 64925 64925 64925 0 0 0

20kroA100 9711 9711 9711 9711 9711 0 0 0

20kroB100 10328 10328 10330 10328.13 10328.13 0.51 0 0

20KroC100 9554 9554 9554 9554 9554 0 0 0

21lin105 8213 8213 8213 8213 8213 0 0 0

25pr124 36605 36605 37097 36783.6 36783.6 122.14 0 0.49

30KroA150 11018 11018 11372 11120.27 11120.27 77.13 0 0.93

31pr152 51576 51576 52528 51984.6 51984.6 261.42 0 0.79

32u159 22664 22664 23186 22829.23 22829.23 140.62 0 0.73

40kroA200 13406 13417 14660 13779 13779 239.51 0.08 2.78

40kroB200 13111 13151 13963 13577.5 13577.5 205.78 0.31 3.56

53gil262 1013 1017 1127 1048.7 1048.7 22.31 0.39 3.52

60pr299 22615 22658 24364 23264.17 23264.17 475.68 0.19 2.87

64lin318 20765 20812 22602 21604.77 21604.77 443.27 0.23 4.04

84fl417 9651 9651 9996 9847.37 9847.37 83.35 0 2.03

88pr439 60099 60540 63228 61440.5 61440.5 559.9 0.73 2.23

89pcb442 21657 22581 23734 23108.67 23108.67 304.01 4.27 6.7

The Table 5 shows that those in less than 200 cities, as well as 84fl417, the proposed
algorithm can obtain the optimal solutions, and the relative errors are less than 1% except
84fl417. Especially for the first 7 instances, whose relative errors are 0%, every run can
reach the optimal solution, so the algorithm in dealing with small-scale cities has reliable
stability. For the problems with 200 or more cities, the solutions are very close to the
optimal ones, their error are all less than 0.73%, and the relative errors are not more
than 4.04% except for 89pcb442. Figure 7 is the iterative evolution curve of the four
instances of 14st70, 20kroA100, 32u159 and 53gil262. It can be seen that the algorithm
can converge to the final value after only 4–6 iterations, so it has a fast convergence
speed.
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(a) Evolution curve of 14st70                         (b) Evolution curve of 20KroA200

(c) Evolution curve of 32u159                             (d) Evolution curve of 53gil262

Fig. 7. Iterative evolution curves of four instances

To further verify the effectiveness of the proposed algorithm (IFA), Algorithm 1
(similar to IFA, the difference only in the parameter K variation; the K is set to 1 in
Algorithm 1, and set K to 3 in IFA, in G Part of Section IV) and other algorithms in
the literature are compared as shown in Table 6 with the optimal results marked as bold
(Table 3).

As can be seen from Table 8, compared with other algorithms, the advantage of the
proposed algorithm is not obvious when the problem size is small, but it significantly
performs better when the problem size is large. On the whole, the proposed IFA has
better global optimization capability.
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Table 3. Comparison of calculation results with IFA and other algorithms

Instance IFA Algorithm 1 Improved ACO [24] SA [25] GI3 [26]

10att48 5394 5394 NA NA NA

11eil51 174 174 176 NA 174

14st70 316 316 315 NA 316

16pr76 64925 64925 65059 NA 64925

20kroA100 9711 9711 9758 NA 9711

20kroB100 10328 10328 NA NA 10328

20KroC100 9554 9554 9569 NA 9554

21lin105 8213 8213 8213 NA 8213

25pr124 36605 36605 36903 NA 36762

30KroA150 11018 11040 11470 11027 11018

31pr152 51576 51576 51602 51584 51820

32u159 22664 22664 NA 22916 23254

40kroA200 13417 13577 NA 13454 13406

40kroB200 13151 13409 NA 13117 13111

53gil262 1017 1053 NA 1047 1064

60pr299 22658 23537 NA 23186 23119

64lin318 20812 21586 NA 21528 21719

84fl417 9651 9655 NA 10099 9932

88pr439 60540 61650 NA 66480 62215

89pcb442 22581 23385 NA 23811 22936

5 Conclusion

In this paper, an improved firefly algorithm (IFA) is proposed to solve the GTSP
problem. The firefly individuals are defined in the form of two-layer coding, and the
Inter-individual distance formula and position update formula are also improved. The
improved iterative local search (ILS) and C2opt optimization operator are introduced
to make the algorithm have better local optimization capability, and the greedy firefly
mutation strategy is used to accelerate the convergence speed of the algorithm. The
experimental results show that the proposed algorithm has the advantages of fast con-
vergence and high precision, and the global optimization ability compared with the rival
algorithms in the literature. In the future, the algorithm parameters need to be further
studied for the optimal setting.
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Abstract. This paper describes an online system to enable a sighted
trainer to train a visually impaired trainee to use various objects in a
daily environment. The system consists of a robot at a trainee’s house
and a trainer computer at a rehabilitation facility, which are connected
with each other via the Internet. The robot is equipped with a camera, a
microphone, and a parametric speaker on a pan-tilt head. The parametric
speaker can acoustically point to target objects to be used by the trainee.
The trainer can observe the situation of the trainee by use of the camera,
and teach him/her where the objects are and how to use them by use
of the parametric speaker. This online-training system was proposed in
our previous works, and in this paper, we report the results of user study
where three blindfolded participants search for a refrigerator and a sink
in a kitchen environment.

Keywords: The visually impaired · Online ADL training · Parametric
speaker · User study

1 Introduction

World Health Organization reported that the number of visually impaired indi-
viduals was at least 2.2 billion worldwide [9]. There are rehabilitation facilities
that provide the training of activities in daily life (ADL), such as walking, read-
ing, writing and cooking, to visually impaired individuals. However, the number
of such facilities is not sufficient yet. Visiting training can be one of the solu-
tions for the problem, but it needs large cost to send sighted trainers to trainees’
houses. Therefore, many visually impaired individuals have not been able to
receive adequate ADL training.

There are several studies for visually impaired individuals. Kane et al. devel-
oped an application called Slide Rule that enabled blind people to interact with
touchscreens based on gesture inputs and audio outputs [4]. Krajnc et al. devel-
oped a user interface on a touch screen which enabled a visually impaired indi-
vidual to control an application on a computer [5]. Yoshikawa et al. proposed a
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haptic map system that enabled the visually impaired to recognize roads, blocks
and buildings [10]. Padmavathi et al. developed a method to convert scanned
braille documents to texts which can be read by a computer [6]. Seki proposed
a system to train a visually impaired trainee to perceive his/her surrounding
in a virtual environment, including cars, walls and so forth, by use of a three-
dimensional acoustic simulator [7]. Garaj et al. proposed a network-based system
that used a camera and a GPS receiver to train a visually impaired pedestrian to
walk in a real road environment [1]. Ge et al. [2] proposed an image processing
based shaping method of line drawings created by visually impaired people with
Lensen Drawing Kit.

In our previous works [3,8], we proposed an online ADL training system, and
reported the results of preliminary user study. In this paper, we conduct more
practical user study and report its results.

Fig. 1. Configuration of online ADL training system.

2 Configuration of Our Online ADL Training System

Figure 1 shows the configuration of our online ADL training system. A sighted
trainer is in a rehabilitation facility, and a visually impaired trainee is in his/her
own house. They use personal computers connected to each other via the Inter-
net. The trainee also uses a robot equipped with a camera, a microphone and
a parametric speaker on a pan-tilt head. These devices are connected with the
trainee computer, and therefore the trainer can use them.
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The parametric speaker consists of ultrasonic oscillators arranged on a cir-
cuit board. The speaker can generate directional sounds, which are diffusively
reflected on the surfaces of objects. The visually impaired trainee can hear the
reflected sounds as if they are generated from the object surfaces. By using this
mechanism, the trainer can acoustically point to the objects.

The trainer can turn the parametric speaker to an arbitrary direction by
controlling the pan-tilt head. The trainer can observe the situation of the trainee
by use of the camera, and talk with the trainee by use of the microphone and
parametric speaker.

3 Online ADL Training

Visually impaired people can receive training necessary to use several objects in
daily environments as follows:

1. The trainer checks the situation of the trainee, and turns the parametric
speaker toward a target object (e.g. a pot) as shown in Fig. 1.

2. The trainer inputs voices with a microphone on his/her computer. The para-
metric speaker irradiates directive sounds to the target object.

3. The directive sounds are reflected on the surface of the target object, and the
trainee hears the reflected sounds as if they are generated from the target
object. The trainee searches for the object and takes it to use.

4. By iterating the above procedure, the trainee can learn the sequence to use
objects in the environment.

4 User Study

We conducted user study where three blindfolded participants in their twenties
searched for a refrigerator and a sink in an experimental environment (kitchen)
shown in Fig. 2. The participants were instructed by a trainer to find and touch
these target objects as quickly as possible according to voice guidance from the
robot. Before staring the user study, the participants visually confirmed the
structure of the environment to ensure their safety.

The user study was composed of two steps. In the first step, the trainee used
the parametric speaker, and in the second step, he used a conventional speaker
as follows:

1. First step
(a) The blindfolded participant was taken to one of two initial locations indi-

cated by A© and B©, and then was randomly rotated in the range of plus
or minus 30◦. He was not informed of his initial location and direction.

(b) The trainer checked the participant, and then pointed to the refrigerator
or the sink by use of the parametric speaker.

(c) The participant moved to the target object, and attempted to touch it.
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Fig. 2. Experimental environment for user study.

2. Second step
(a) The participant was taken to the initial position and randomly rotated

in the same manner.
(b) The trainer taught the participant about the position of the target object

by use of the conventional speaker.
(c) The participant moved, and attempted to touch the target object.

The above procedure was iterated 8 times for each participant. Table 1 lists
the rates that the three participants successfully touched the target objects. The
success rates of the parametric speaker were larger than those of the conventional
speaker. Table 2 lists the mean searching time of the three participants. When
the parametric speaker was used, the participants was able to find the target
objects in shorter time.

5 Discussion

As mentioned above, the original system was proposed in [3,8]. The main contri-
bution of this paper was that the user study demonstrated that the participants
were able to find the target objects more accurately and efficiently when the
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Table 1. Success rates.

Parametric speaker Conventional speaker

Participant 1 100% 87.5%

Participant 2 87.5% 62.5%

Participant 3 100% 62.5%

Table 2. Mean searching time (second).

Parametric speaker Conventional speaker

11.2 20.0

parametric speaker was used. The trainer and the participants were forced to
have extra conversations to adjust the positions of the participants when the
conventional speaker was used, whereas the positional adjustment was easier
when the parametric speaker was used.

6 Conclusions

This paper proposed the online training system of ADL for the visually impaired.
User study was conducted with three blindfolded participants, and its results
demonstrated that the parametric speaker was effective for the online training
of ADL. One of our future works is to conduct user study with actual visually
impaired individuals in various and severe environments.
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Abstract. Video-based estimation plays a very significant role in person identi-
fication and tracking. The emergence of new technology and increased computa-
tional capabilities make the system robust and accurate day by day. Different RGB
and dense cameras are used in these applications over time. Video-based analyses
are offensive, and individual identity is leaked. As an alternative to visual cap-
turing, now LiDAR shows its credentials with utmost accuracy. Besides privacy
issues but critical natural circumstances also can be addressed with LiDAR sens-
ing. Some susceptible scenarios like heavy fog and smoke in the environment
are downward performed with typical visual estimation. In this study, we figured
out a way of estimating a person’s property, i.e., height and age, etc., based on
LiDARdata.We placed different 2DLiDARs in ankle levels and captured persons’
movements. These distance data are being processed as motion history images.
We used deep neural architecture for estimating the properties of a person and
achieved significant accuracies. This 2D LiDAR-based estimation can be a new
pathway for critical reasoning and circumstances. Furthermore, computational
cost and accuracies are very influential over traditional approaches.

Keywords: Person property estimation · 2D LiDAR · Deep neural network ·
Height estimation · Age estimation · ResNet

1 Introduction

From the beginning of artificial intelligence, it was always challenging to accurately
identify persons and their different properties. How a human think, memorizes, and
makes decisions, these techniques were tried to imitate a machine. Over the period,
developments of newdesigns,machine learning algorithms, and increased computational
capabilities help us find some sustainable and reliable models for different property
estimations of a person. All these developments come to a real momentum after the
innovation of deep neural networks. Massive data can be processed with a brain-like
model using deep learning. Our study also finds a breakthrough after usingDNNmodels.
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Video-based surveillance and analysis took a vital role in human property estimation.
Introducing newvideo camerasmade the analysismore accurate and sophisticated day by
day. Depth camera, night vision camera, RGB camera, wide-angle architectures helped
us capture high-definition images and videos in different circumstances. Using machine
learning algorithms and DNN architectures, it is relatively easier to process these data
for any further enhancements. Above all these benefits, video cameras are not error-free
and well accepted in all conditions. Some natural and privacy issues arise while using
surveillance cameras in all situations. Some regulations and confidentiality policies also
prevent us from using video cameras in all areas. Our study aims to focus on all these
issues and find a well-fit alternative of cameras to accurately identify a person’s property.
Here we emphasize height and age for recognition. A very well-suited application of this
property estimation is museum guided robot. By analyzing persons’ walking data, it can
predict his/her height and age-appropriately. Adult and a child can also be accurately
identified and guided. Though walking speed and patterns vary during watching and
working, our proposed system can handle these issues very well. It continuously scans
the persons and can update its previous data simultaneously. Some other applications,
i.e., childcare agents, elderly support robots, aircraft assistance, etc., can easily support
their clients with this application.

This research has used a 2D LiDAR sensor as an alternative to a video camera for
data acquisition. We considered human walking places’ general situation and tried to
gather their data from different analysis angles. As LiDAR sensors provide distance data
of a moving object in its territory, we collected these distance data, placed them on a
particular time on a frame, and created motion history images. We used these images
of different persons for our network as train and test data. We further validated the
model with these data that increased the efficiency of the model. For our research, we
used Residual Network (ResNet) as a backbone of our network. We used twenty-nine-
person data for our analysis and got a significant performance. We categorized our study
in different ways to find the person’s various properties with multiple considerations.
Our study covered the analysis of predicting the height of a person in two and three
categories. We also extended our research to indicate the age of a person with these data.
Even though LiDAR-based applications have a bottleneck of accuracy, we expanded
our study with different neural network models and tried to find an optimal model with
various disjoint data.

In Fig. 1, we can see a block diagram of our proposed system. We collected LiDAR
data by sensing the sensors continuously. For our experiments, we placed LiDAR sensors
at the ankle level. We evaluated four different sensor data for our investigations and
showed significant results with all the data. We processed these LiDAR data and created
motion history images with varying frames per second (FPS). These images are used
as input of the deep neural network (DNN) for analysis. A pre-trained ResNet is used
as modeled network and analyzed for two specific person property: height and age as a
research domain. Our study shows very substantial results in different conditions. We
varied our datasets in various patterns and performed our experiments for fault tolerance
and the model’s sustainability.

Interestingly our model most accurately identified our test set data with disjoint train
and validation data. This study emphasizes the use of a 2DLiDARsensor as an alternative
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Fig. 1. Block diagram of the proposed system

to video cameras.Weenhanced our research tofind the persons’ different properties using
LiDAR sensor as cameras are less performing in some vulnerable situations.

2 Related Works

Many researchers added their contributions to recognizing a person’s height and age
by different techniques. Some people used camera images, some developed algorithms,
and some used new technologies, i.e., artificial intelligence, machine learning even deep
learning. We focused on state-of-the-art technologies to find the best performances on
the topic. Here we will discuss some new approaches of person property estimation
and LiDAR-based applications. Levi G. et al. [1] demonstrated a convolutional neural
network-based age and gender classification. They continued their research based on
facial images and automatic face recognition capabilities. This research was an intro-
duction of deep earning on such a study. Our contributions in this research vary with this
fundamental approach in using video cameras. We initiated LiDAR-based estimation
rather than cameras. Some researchers tried to find a way to handle person recognition
alternatively. Yamada H. et al. [2] describe a 3D LiDAR-based identification. They used
LiDAR data and long short-term memory for gait recognition. A data augmentation
method was used to improve the performance of the system. This approach has a bot-
tleneck performance with multi-line LiDAR data, where we used only 2D LiDAR with
improved property estimation. Some research focused on online learning [3] with the
mobile robot by using 3D LiDAR data. A human classification and tracking were shown
here with self-developed datasets. Benedek C. et al. [4] worked with 3D LiDAR-based
gait analysis in a 4D surveillance system. Here they showed some activities of persons
also.

Research on portable person behavior measurement [5] system by 3D LiDAR also
tried to track the target persons. A large area of people behavior analysis was performed
thatwas relatively tough by typical trackingmechanisms.As 3DLiDARs are not affected
by lighting conditions, some researchers used this for their work in person classification
[6]. But the computational cost is very high in 3D scan and data processing, which
makes this system unacceptable in many applications. Despite this, 3D LiDAR scan is
widely used autonomous driving [7], where deep learning models are applied on point
cloud data to show a visual model. An alternative to dense depth cameras, LiDAR data
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provides graphical models in navigations. These efficacies make this sensor the best
tool in tracking and classifications. The introduction of the pseudo-LiDAR concept [8]
significantly reduced the computational cost and accuracy gap of 3D LiDAR sensors
and typical stereo cameras in the 3D object detection paradigm.

In this study, we focused on human height estimation based on LiDAR data. Some
researchers did this study in video surveillance [9]. Usually, all close circuit cameras
in surveillance systems are installed in topmost positions and want to cover up wide-
angle. By calculating three different parameters in a nonlinear regression model, person
height can be estimated from a video. Our proposed method placed our LiDAR sensor at
ankle level, and based on only distance data, we figured out human height with profound
accuracy. Another researchwas done based on the image to estimate person height where
camera parameters and scene geometry are unknown [10]. They tried to demonstrate that
even though deep learning techniques are used, there may be a difficulty in monocular
height estimation. This research has shown a bottleneck of using images for height
estimation, even in deep learning. Other researchers [11] estimated persons’ height from
the video, taking gravity as a reference. They considered videos of motion as input for
their system.

A trajectory-based clustering approach to the group, an individual people from his
image [12], was performed previously. This research’smain noveltywas to use a person’s
individuality and enhance the gait analysis study. All research, as mentioned earlier, was
conducted on 3D LiDAR or RGB camera-based images. Our previous approaches [13,
14] were based on a 2D LiDAR image to find an effective tracking system by adopting
EDBSCAN and EOPTICS algorithms. Here, based on the LiDAR image, we find a way
to estimate a person’s height and age using deep learning techniques.

3 Proposed Method

3.1 Dataset Preparation

Weprepared our dataset for this research.We considered 29 users in this experiment with
different ages and gender. In our study, various geographical peoples also participated.
Most of the people wore shoes, but few of them wore sandals. In our research person
with different heights and ages were also attended. Sixteen persons were below 170 cm
height, and others were above the threshold. The age limit was between 22 to 36 years
old. Thirteen persons were greater or equivalent to 30 years old, and others were below
30 years. We considered four different LiDAR sensors at different altitudes and angles.
Then captured all these LiDAR data through ROS (Robot Operating System) environ-
ment to a ‘.bag file.’ Individual LiDAR data of every person was stored in a separate bag
file.

All bag files are used for generating LiDAR motion history images (MHI). These
images were used as an input of our proposed method. Figure 2(a) shows motion history
images of LiDAR data. Here different colors (i.e., red, green, and yellow) indicating
different LiDAR data captured from different layers and/or different angles. The corre-
sponding grayscale plot of these data showing the same data. All these lines are for a
specific moment of a single persons’ ankle movement. We accumulated 0.5s (20frames)
data from all LiDARs for generating MHI. These images are being used as an input of
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our system. Figure 2(b) shows the image dataset of different participants. We categorize
these datasets for height estimation and age measurements. Based on height, there are
two classes of data we prepared: tall and short. Sometimes we incorporated another type
as the medium. For age estimation, we grouped these data as young and elder. These
categories help us to accurately identify a persons’ class based on their walking data.

Fig. 2. (a) Motion history images (Color Image and grayscale) (b) Image dataset (Color figure
online)

3.2 Person Property Estimation

For a human, the different properties can be estimated for various purposes. Here we
considered height and age in this circumstance. Estimating a person’s height is a vital
property in other applications. Clothing, defense recruitment, safety and security agen-
cies, rescue measurements, live programs, event management, etc., applications are
closely related to human height. Some cases are restricted to disclose a person’s identity.
Here no video cameras are allowed. Our LiDAR-based property estimation technique is
an excellent alternative to these applications.

Moreover, LiDAR data are independent of bias by light, motion, and natural calami-
ties. We placed our LiDARs in four positions. Two LiDARs are at the same angle but at
different heights, and another two sensors were 2 m apart from the first and at different
heights and angles. These positionings are described here as multi-layer and multi-angle
in this study. In Fig. 3, our experimental setup is shown. Four LiDAR sensors are placed
in multi-layer and multi-angle positions. Persons are walking in front of these sensors,
and they collect data. For training, testing, and validation, we used different LiDAR
images in our experiments.

For person property estimation, we placed LiDAR sensors in ankle level height.
Peoples come in front of these sensors, and it collects their data. A rosbag package
is used for hardware interface with LiDAR sensor and computer. Raw data of LiDAR
sensors were stored as a bag file. We considered a batch program to make a motion
history image (LiDAR image) from a bag file by combining different LiDAR data.
These images are used as an input of our application. We considered PyTorchLightning
to train these images. With the developments of deep learning architectures, possibly
deep Residual Network is the most revolutionary invention in Computer Vision and deep
neural network peoples in the last couple of years. ResNet enabled us to train maximum
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layers, even thousands, with encouraging performances and precise constraints.We used
ResNet 18 andResNet 50 in different conditions in our application and found a significant
improvement in accuracy with all disjoint datasets.

LiDAR 3
LiDAR 4

Multi 
Angle

2 Meters
LiDAR 1
LiDAR 2

Multi-
Layer

Fig. 3. Experimental setup and person walking in front of LiDAR sensors.

3.2.1 Height Estimation

In this research, we considered two properties of a person to estimate by LiDAR data.
The first one is height. Accurate height estimation is essential in different geometric
estimations and scientific research. Some applications are susceptible to accurate height
estimation. Even though verywell-established research has been done on the topic, this is
still a thrust sector. In some recent studies, human height estimation was proposed based
on depth and color information [15]. The human body and head were extracted from
color images and predicted their height based on depth information. Mask R-CNN [16]
was used for extracting data from individual frames. Here, height estimation through
LiDAR data makes this invention eventually excepted to all. It convinced most of the
shortcomings of traditional RGB and RBD-D-based applications efficiently. In Fig. 4,
multi-angle ankle level LiDAR sensors are used for data acquisition. A motion history
image based on the LiDAR sensor’s distance data is used as an input of our system. We
resized all the images as our application that its processing goes unique. A pre-trained
ResNet18 model was used for training our model especially binary classification of
LiDAR images. It requires a 224*224*3 size input image, and 71 deep layers were used
for analysis. For cross-validation, we used resnet34 and resnet50 also.

A prevalent query about using the residual network is what are the benefits it. Signifi-
cantly faster convergence, easy optimization, and significant improvements of precision
over increased depth make ResNet well accepted to all computer vision researchers.
Among all other models, ResNet18 is the best dealing model in contrast to performance.
We discuss this model in detail here. In Fig. 5, a detailed explanation of ResNet18
architecture is explained. We first resize the input images gathering from the rosbag
file. A very well-known image size (224*224*3) is produced from given images. There
are different convolutional layers are responsible for filtering the input image. The first
convolutional layer (Conv: 1) is accountable for providing low-level features, i.e., edge,
gradient, color, etc.

The deeper layer provides relatively high-level features. Finally, a feature map is
created by convolutional layers to predict the class probability for all gained feature
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maps. The pooling layer lessens the spatial volume of the convolution elements. The
influential details, i.e., rotational and positional invariants, are found in the pooling layer
also. Fully Connected Layer (FC Layer) receives flatten output from pooling layer and
acts as a feedforward network. SoftMax layer is responsible for a binary outcome. It
limits the range within [0,1]. Here in our application, the result will remain the classes:
tall and short or aged and young. When we changed binary output into three categories
(tall, medium, and short), we changed the SoftMax layer. The promising efficacy of
ResNet to incorporate the property of skipping connection to add the output of the
previous layer to next ensures the proficiency from beginning to end in deep layers.

3.2.2 Age Estimation

A standalone application to estimate a person’s age from LiDAR images is unique and
might be interesting in different applications. A caregiver company, various public deal-
ings organizations, transport agencies may need to know the person’s age before offering
any amenities to its customers. Video-based applications always suffer false identifica-
tion due to facial expressions and makeup. Our proposed LiDAR-based application can
handle these issues effectively. The process of age estimation is relatively like height
estimation. We prepared our datasets as per the parameter of age. Here we categorize
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all 29 users into two classes. Age below 30 is considered as young and over, and equal
to 30 is elder. These values have been taken heuristically. Other’s thresholds also could
be taken, and similar results could be found. Same disjoint datasets are prepared for
training, testing, and validation. Individual testing sets make the application more robust
and accurate. We also performed cross-validation to check the system performance with
all types of data.

4 Results and Discussion

We implemented our experiments on PyTorch Lightning environments where NVIDIA
GeForce GTX 1060 GPU system. Other system requirements are as, Intel Core i7 pro-
cessor with 3.8 GHz clock speed, 6 GB graphics memory, 64-bit ubuntu 18.04 release,
16 GB RAM, and 1TB SSD.

Our dataset consists of different sizes. We used four different LiDAR sensors to
collect our data. We plotted different LiDAR data on the image and prepared our motion
history image. We were considering different scenarios: two LiDARs data with the same
height, two LiDARs data with two layers, etc. In the two-layer dataset, we considered
1,76,678 LiDAR images. We categorized all images into two main subgroups with a
threshold of the height of 170 cm. Some other subgroups and entries could be taken, and
here we categorize this way. Persons above the size considered as tall and equal or below
are short. In this dataset, we have 89304 images for short persons and 87374 images for
tall peoples. We measured almost 80% of the total images for training our model as a
total of 141309 images. Here 71411 images are for short people and 69898 images for
tall people. We kept almost 10% of the total images as 17681 for testing our model. Here
8964 images were short peoples, and 8717 images were from tall peoples. Around 10%
of disjoint images were considered as validation datasets. Here 8929 images were from
short people and 8759 images from tall people.With rigorous trainingwith the ResNet18
model, we found very impressive accuracy there. In Table 1, a confusion matrix shows
the detail of the system with all disjoint datasets. This matrix is formatted from test data
and significantly found its efficacy here. Among all 8717 images of testing-tall data, our
system accurately identified 8658 images as tall, and only 59 were misclassified. The
same scenario was found for the short dataset also. Here only 62 images were falsely
identified out of 8964 images. The accuracy of 99% relieved the cumbersome of previous
estimations.

Again, we considered two LiDAR sensors at the same height where the only angle
is different. In this condition, we considered 226241 images as a total dataset, where
121244 images for short persons and 104997 images were from tall persons. The same
80% (181016) of total images were kept as test data. The remaining 20% (22632 and
22593) datawere considered test and validation data almost equally. All datawas disjoint
here also, where the same persons were assessed in all three groups (train, test, and
validation). We considered the same residual network ResNet18 for analysis. The right
side of Table 1 shows the confusion matrix of test data. Among 10498 images of tall
people, our model can accurately identify 10411 images, and for 12134 images of short
persons, this can detect 12027 images ideally. The system accuracy is near about 99% in
total. BothMulti-Layer andMulti-Angle show almost the same precision but combining
these two will increase the overall system performance in a complex environment.



Person Property Estimation Based on 2D LiDAR 771

Table 1. Confusion Matrix of resnet18 based height estimation

Confusion Matrix (Test)

Tall 10411 107
Short 87 12027

Tall Short
Height Estimation (Multi-Angle)

Confusion Matrix (Test)

Tall 8658 62
Short 59 8902

Tall Short
Height Estimation (Multi Layer)

Further,we enhancedour studyof height estimation for three categories.Here another
class, ‘medium,’ was introduced. People over 175 cm are considered tall. In between or
equal 170 cm to 175 cm was medium, and below 170 cm was short. In our study, we
assessed a total of 216474 images of two-layer LiDAR data. 80% of the total (173180)
images were considered training data, and the remaining (43294) images were equally
split into the test and validation set. We segmentize all images as a tall, medium, and
short with 59327, 99656, and 57491 images, respectively. The overall accuracy reduced
a little of 4% in total by adding a new category. In Table 2, We placed all test data in this
confusion matrix. Among 5932 images of tall persons, our system accurately identified
5676 images. Some photos were misclassified as tall, but there is no short classification
here. The same scenario is in short type classification. Only 268 images were grouped as
a medium but no tall. Two types of data bias the middle class. Here among 9966 images,
9523 were accurately categorized, but 330 were identified as tall, and 113 were short.

Table 2. Confusion matrix of three classes of height estimation and age estimation

Confusion Matrix (Test)

Tall 5676 330 0
Medium 256 9523 268

Short 0 113 5481
Tall Medium Short

Height Estimation

Confusion Matrix (Test)

Young 11535 412
Elder 483 9217

Young Elder
Age Estimation

Another property of humans is the age that we estimated through 2D LiDAR data.
For this purpose, we considered 216474 images as ‘AgeDataset.’ In this research, people
over or equal to 30 years were considered elder aged and below 30 years were deemed
to be young—a total of 96295 images for older people and remaining images for young
people. As the previous ratio total 80% images were set for training, the remaining
20% were equally distributed as training and validation. On the right side of Table 2.
we see that among 12018 images of young people in the test dataset, 11535 images
could correctly identify by our model. For older people, 9217 images have correctly
identified where only 412 were misclassified. The overall precision of this model is 95%
approximately.

Table 3 describes the overall properties of the experiments that we have performed in
this research. For our investigation, we considered different batch sizes and ten epochs
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for all cases. Here train, test, and validate accuracies showing system performances. On
the other hand, different loss functions showing system integrity and robustness with the
datasets. This research emphasizes the best use of 2D LiDAR data for person property
estimation that could be an excellent alternative to RGB and RGB-D cameras.

Table 3. Overall system performance with ResNet18 network

Data Experiments 
Type

Batch 
Size Epoch GPU Model Train 

Accuracy
Train 
Loss

Test 
Accuracy

Test 
Loss

Valida�on 
Accuracy

Valida�on 
Loss

New data
2 Layer 
LiDAR

Height
3 Category 24 10 Yes Resnet18 0.963 0.0921 0.9599 0.1063 0.9593 0.1028

New Data
2 Layer 
LiDAR

Age
2 Category 34 10 Yes Resnet18 0.959 0.0971 0.9575 0.1032 0.9546 0.1107

New Data
2 Layer 
LiDAR

Height
2 Category, 
Complete 
Random

34 10 Yes Resnet18 0.9939 0.0173 0.9937 0.0178 0.99382 0.01776

New Data
2 Angle 
LiDAR

Height
2 Category, 
Complete 
Random

34 10 Yes Resnet18 0.997 0.00976 0.9958 0.0125 0.99552 0.01187

5 Conclusion

Person property estimation is always challenging and sometimes crucial in different
circumstances. Many efforts have been initiated on this topic from the beginning of
computer vision. Simultaneously some applications were developed with the help of the
LiDAR sensor.We concentrated on the amalgamation of these two phenomena. To find a
suitable alternative of a video camera and improve the property estimation accuracy bring
we out to do so. Our LiDAR-based person property estimation, especially introducing a
deep residual network, gives a well-accepted benchmark here. Preparing a new dataset
and finding its individual properties makes this study abundant. This dataset can be
used for other 2D LiDAR-based research. In the future, we will try to enhance our
study to find more properties of a person that he/she can be accurately traced. We will
combine our previous tracking systemwith this property estimation technique to develop
a LiDAR-based autonomous system. Our impending focus is on group recognition and
the prediction of their behavior without compromising individual identity.
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Abstract. In recent years, voice recognition devices such as smart speakers have
been in the limelight, but intuitive communication such as instructing the target
with ambiguous expressions is difficult with voice alone. In order to realize such
communication, it is effective to combine gestures such as pointing with voice.
Therefore, we propose a method to detect the pointing position from the image
of the omnidirectional camera using a convolutional neural network. Although
many methods have been proposed to detect the pointing position using a normal
camera, the standing position of the person who gives instructions is limited since
the observation area is small. We solve this problem by using an omnidirectional
camera. First, the proposed method converts a hemisphere image taken from an
omnidirectional camera to a panoramic image. Next, the bounding box surround-
ing the person with pointing gesture is detected in the panoramic image by the
object detection network. Finally, the pointing position estimation network esti-
mates the pointing position in the panoramic image from the image in the bounding
box and its location. Since it is difficult to prepare a large number of pointing ges-
ture images, CG images created by Unity are used for pre-training. Experiments
using real images of pointing gesture shows that the proposed method is effective
for pointing position detection.

Keywords: Pointing gesture · Panoramic image · Convolutional Neural Network

1 Introduction

While various smart devices such as smartphones, smart watches and smart glasses are
being developed, voice recognition devices such as smart speakers are in the limelight.
However, it is difficult to perform intuitive communication such as “take that” or “what is
the name of it” by only voice instruction. To indicate an object in an ambiguous expres-
sion, it is effective to use pointing gestures together with voice. Therefore, this paper
proposes a method to detect the pointing position from the image of the omnidirectional
camera using a convolutional neural network.

Many methods using a normal camera have been proposed to detect the pointing
position. However, since the observation area of a normal camera is narrow, the standing
position of a person giving instructions is limited. In addition, the performance is not
sufficient since most of methods use handcraft features for recognition. Therefore, it is
required to realize a high performance method that can observe a wide area.
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In recent years, omnidirectional cameras that can easily acquire omnidirectional
images have begun to spread. In addition, advances in neural networks have led to
the development of methods that cut out persons and recognize their poses with high
accuracy. For this reason, the proposed method uses a convolutional neural network
(CNN) to detect the bounding box of the person performing the pointing gesture from
the omnidirectional image and estimate the pointing position from the image in the
bounding box. Since the omnidirectional camera can capture the entire room in a single
image, the proposed method can detect the pointing position regardless of the standing
position in the room.

We could not find a public dataset of pointing gestures taken by an omnidirectional
camera and it is difficult to collect a large number of those images. Therefore, CG images
created by Unity are used for pre-training.

Although only themethod of estimating the pointing position in an image is described
in this paper, the pointing object can be identified by combining the proposed method
and the image identification network. Therefore, if the proposed method is incorporated
into a voice recognition device, the usability of the device will be significantly improved.

The rest of this paper is organized as follows. Section 2 gives a brief overview of
related works. Section 3 describes details of the proposed method. The experimental
results are shown in Sect. 4, followed by the conclusion in Sect. 5.

2 Related Works

The pointing gesture detection method is roughly divided into a method using a depth
sensor, a method using multiple cameras and a method using a single camera.

As a method using a depth sensor, Dhingra et al. [1] proposes the method in which
3D positions of the elbow and the hand are detected using the RGB-D camera and the
pointing vector toward the target is estimated. Droeschel et al. [2] proposes a method
that detects the positions of the face, the elbow and the hand from 3D point clouds
obtained by a ToF camera and calculates the pointing direction using the Gaussian
Process Regression.

Instead of depth sensors, several methods uses multiple cameras to acquire 3D infor-
mation. Joic et al. [3] detect the pointing position using the dense disparitymaps obtained
by a stereo camera. This method detects the foreground by simple 3D background sub-
traction. The foreground pixels is divided into the arm extending in the direction of the
target and the other body part using the Gaussian mixture model. Park et al. [4] pro-
pose the pointing gesture detection method using a stereo camera, 3D particle filters and
two stage HMMs for mobile robots. Hu et al. [5] estimate hand pointing based on two
orthogonal-views, the top view and the side view. The hand area in each view is detected
by Haar-like features and an AdaBoost cascade detector. Feature points along the hand
contour are detected and tracked by an Active Appearance Model (AAM). Combining
two views of hand features, pointing direction is estimated. These methods are difficult
to apply to applications that point to the entire room since they have a small observa-
tion area. Watanabe et al. [6] propose a multi-camera system to detect omnidirectional
pointing gesture. This method installs eight cameras around the subject and finds which
camera captures the frontal face of the subject. The cameras on both sides of this camera
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are used for stereo measurement. The pointing direction is estimated from the straight
line connecting the face position with the hand position. Although this method can detect
omnidirectional pointing gestures, many cameras must be placed around the room.

Some methods using a single camera have been proposed because they are less
expensive computationally and physically. Cernekova et al. [7] detect and track the
pointing hand by a snake using the gradient vector flow field. The center of the gravity of
the snake is transformed directly into the canvas coordinates using linear transformation.
Huang et al. [8] proposes the method to detect the pointing gesture using egocentric
vision. The bounding box of the hand is detected from the image of the wearable camera
by the Faster R-CNN [11]. In the bounding box, the index fingertip and index finger joint
are detected by the CNN-based framework. They developed the Ego-Air-Writing system
that recognizes characters drawn in the air with the index finger. Thismethod requires the
wearable camera such as the smart grass and it is difficult to detect the target other than in
front of the camera. Mukherjee et al. [9] proposed the method that detects the fingertip
using a standard laptop camera or a web-cam to recognize air writing. This method
detects the hand region using the Faster R-CNN and extracts the binary hand mask by
skin segmentation and background subtraction. The fingertip is detected by signature
function called distance-weighted curvature entropy. Jaiswal et al. [10] estimates the
direction of finger pointing from a single RGB image using a deep convolutional neural
networks. Since these methods use a camera with a normal angle of view, they are not
suitable for applications that point to a large area.

Since the omnidirectional camera can capture a large area in a single image, the
proposed method is suitable for application that point to the entire room.

3 Detection of Pointing Position

3.1 Overview

Figure 1 shows the outline of the proposed method. First, the hemisphere image taken
from an omnidirectional camera is converted to the panoramic image. The origin of the
panoramic image is the upper left of the image. Next, the bounding box surrounding the
person with pointing gesture is detected in the panoramic image by the object detection
network (Faster R-CNN [11]). Finally, the pointing position estimation network esti-
mates the pointing position in the panoramic image from the image in the bounding box
and its location (x, y,w, h). (x, y) is the coordinate value of the center of the bounding
box in the panoramic image and w and h are the width and height of the bounding box.
The pointing position is regressed from the feature map obtained by ResNeXt [13] and
the bounding box location (x, y,w, h). The proposed method can detect the pointing
position regardless of the standing position in the room by inputting the location of the
bounding box.

3.2 Dataset

We prepared two types of pointing gesture images, real images and CG images since it
is not easy to collect a large number of real images in which both the pointing position
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Fig. 1. Outline of the proposed method

and the bounding box are annotated. After pre-training with CG images, the network is
fine-tuned with a few real images.

Figure 2 shows the environment inwhich the real image are taken.Anomnidirectional
camera (Kodax PIXPRO SP360 4K) is placed on a table in the center of the room.
Subjects perform pointing gestures anywhere around the table. The ground truth of
the pointing position in the panoramic image is obtained using a laser pointer held
by the subject. Panoramic images converted from hemispherical images by the polar
coordinate transformation are used as training images. The size of the panoramic image
is 2,048×700 and 887 real images are prepared.

CG images are created by Unity and Unity Recorder. Seven human models shown
in Fig. 3 are prepared. The camera is installed at the origin of the coordinate and four
walls are randomly generated at positions from 5m to 9 m around the origin. The human
model randomly points to the wall with the right hand and the scene is converted into a
panoramic image with a resolution of 2,048 ×700 pixels. To reduce the difference from
the real image, the area of 324 pixels at the bottom of the image is removed. Figure 4
shows the example of the CG image. The number of CG images is 77,000.

3.3 Detection of Person Area

A person area is detected from a panoramic image using Faster R-CNN [11] additionally
trained by CG images. In a panoramic image, when a person stands near the left or right
edge of the image, a person area may be separated into left and right as shown in Fig. 5.
To avoid this problem, the panoramic image is extended to a 2, 448 × 700 pixel image
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Fig. 2. Experimental environment

by copying the leftmost 200 pixels of the image to the right edge and the rightmost 200
pixels of the image to the left edge as shown in Fig. 6. The bounding box of a person is
detected in this extended image. Since the same person area may be detected twice, the
detection range is set to 200 ≤ x ≤ 2, 248.

Fig. 3. Human model used in UNITY

Training of Faster R-CNN is performed with a batch size of 8 and training time is
set to 20 epochs. The leaning rate is 1×10−5. Adam [12] with β1 = 0.9 and β2 = 0.999
is used for optimization. First, Faster R-CNN is pre-trained using 70,000 CG images
and tested with 7,000 CG images. Then, fine tuning is performed using 787 real images.
Evaluation is performed using the remaining 100 real images. Data augmentation that
changes brightness, contrast, saturation and hue is performed during training. Faster
R-CNN is trained independently using training images with a bounding box annotated
and the parameters are fixed after training.
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Fig. 4. Example of CG image

Fig. 5. Separation of person area

Fig. 6. Extension of image

3.4 Estimation of Pointing Position

Figure 7 shows the outline of the pointing position estimation network. Features in
the bounding box are extracted by ResNeXt [13] in which Inception module [14] is
added to ResNet [15]. The bounding box image is normalized to a 224 × 224 pixel
image by resizing and zero padding. ResNeXt inputs the normalized image and outputs
2,048 dimensional features. The location of the bounding box (x, y,w, h) is input to a
fully connected layer of 64 channels and its output is combined with image features.
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Finally, the pointing position
(
xp, yp

)
in a panoramic image is estimated from the 2,112

dimensional features.
The loss function of the pointing position estimation network is given by
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where
(
xp, yp

)
is the predicted value of the pointing position (x, y) and

(
xgt, ygt

)
is its

ground truth. These values are normalized between 0 and 1.
If

∣∣xp − xgt
∣∣ is simply used as an error, the loss becomes extremely large when the

ground truth is at the right end of the image and the predicted value is at the left end of
the image, as shown by the red arrow in Fig. 8. In order to deal with such a case, the L2
norms of sin(2πx) and cos(2πx) are used for the loss. This loss function maintains the
connectivity between the left and right edges of the image because sin(0) = sin(2πx) =
0 and cos(0) = cos(2πx) = 1. When xgt = 0(0.5) and xp = 0.5(0), the loss of the first
term of Eq. (1) becomes 0. However, a complementary relationship holds since the loss
of the second term becomes large.

Fig. 7. Pointing position estimation network
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Fig. 8. Loss function

4 Experiments

Experiments were conducted in the environment shown in Fig. 2. Eight subjects perform
pointing gestures anywhere around the table. The following two types of experiments
were conducted.

1. The pointing position estimation network is trained using only the real image.
2. The pointing position estimation network is fine-tuned with the real image after

pre-training with the CG image.

4.1 Results Using Only Real Image

The pointing position estimation network was trained and tested using only real images
without pre-training with CG images. The number of training images and test images is
787 and 100.

Training is performed with a batch size of 128 and training time is set to 1,500
epochs. The initial learning rate is 1 × 10−5 and it is reduced by a factor of 0.5 if the
minimum validation loss is not updated for 100 epochs. Adam [12] with β1 = 0.9 and
β2 = 0.999 is used for optimization.

Figures 9 and 10 show a histogram representing the error distribution in the x-
direction and the y-direction. The horizontal axis of Fig. 9 shows the bin that divides
the range of x (0 ∼ 2, 048) into 100 sections and the vertical axis shows the number of
errors within that section. The horizontal axis of Fig. 10 shows the bin that divides the
range of y (0 ∼ 700) into 70 sections and the vertical axis shows the number of errors
within that section. The mean and median of horizontal error are 274 pixels and 186
pixels. The mean and median of vertical error are 61 pixels and 49 pixels. This result
shows that the pointing error is considerably large when training is performed using only
a small number of real images since the distribution of the error is wide.

4.2 Results Using CG Image and Real Image

The pointing position estimation network was pre-trained using 70,000 CG images
created by UNITY. Then, it was fine-tuned using 787 real images. The number of test
images is 100.
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Training is performed with a batch size of 128 and training time is set to 1,000
epochs. The initial learning rate is 5 × 10−5 and it is reduced by a factor of 0.1 if the
minimum validation loss is not updated for 50 epochs. Adam [12] with β1 = 0.9 and
β2 = 0.999 is used for optimization.

Figures 11 and 12 show a histogram representing the error distribution in the x-
direction and the y-direction. The mean and median of horizontal error are 134 pixels
and 79 pixels. The mean and median of vertical error are 55 pixels and 38 pixels. This
result shows that the pre-training using CG images is effective in improving the detection
accuracy of pointing position since the distribution of Figs. 11 and 12 is closer to the
left side where the error is smaller than that of Figs. 10 and 9. Since the median of
the horizontal error is 79 pixels and the median of the vertical error is 38 pixels, a
region centered on the predicted point, e.g. a rectangular region whose size is about
150 × 150 pixels, includes a part of the designated object. Therefore, it is considered
that the designated object can be identified from an omnidirectional image.

Figure 13 shows the results of some qualitative evaluations. The ground truth of
the pointing position is indicated by the light blue circle and the prediction is indicated
by the yellow circle. The pointing position close to the ground truth is predicted in all
images even if the subject’s standing position changes in the room. Accuracy tends to
decrease when the subject points to the ceiling as shown in Fig. 14. This problem is

Fig. 9. Error distribution of X (Real) Fig. 10. Error distribution of Y (Real)

Fig. 11. Error distribution of X (CG + Real) Fig. 12. Error distribution of Y (CG + Real)
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Fig. 13. Example results of the proposed method

caused because the CG image dataset does not contain such images. Therefore, this
problem is solved by increasing the number of CG images pointing to the ceiling.



784 Y. Shiratori and K. Onoguchi

Fig. 14. Failure example

5 Conclusions

In this paper, we proposed a method to detect the pointing position from the image
of the omnidirectional camera using a convolutional neural network. The conventional
method using a normal camera has a problem that the standing position of a person is
limited. To solve this problem, we use an omnidirectional camera for pointing position
detection. Our method detects the bounding box of the person with pointing gesture by
Faster R-CNN in the panoramic image and the pointing position estimation network
estimates the pointing position from the image in the bounding box and its location.
Since it is difficult to prepare a large number of pointing gesture images, CG images
are used for pre-training. Experimental results demonstrated that our method can detect
pointing position correctly even if the subject’s standing position changed in the room.

Since we aim to recognize the designated object by the image identification network,
the position accuracy is evaluated by the image coordinates. Currently, since the position
on the wall of the room is used for training, it can be applied only to an object existing
near the wall. However, if the relationship between the image position of a point on
the wall surface and its 3D position is obtained in advance, the 3D direction to the
designated object can be obtained by detecting the 3D position of the fingertip using two
omnidirectional cameras. This is the future work.
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Abstract. Dual Rotor Axial Flux Generator (DRAFG) is a permanent magnet
axial flux generator commonly used for low-speed power generation using wind
power. This generator can generate useful amount of voltage even under very
low revolutions per minute (RPM). Our focus has been to develop a very simple
disk type DRFAG to generate 100W with RPM of no more than 100. This limit
is set so that the generator could be operated from an age-old ‘hit and miss’
engine which is nearly noiseless consuming only a very small amount of fuel.
Our design when combined with an engine is predicted to be operated for 10 h
with one litre of gasoline making it very appealing for sub-Saharan countries. We
accomplished a design that can generate 140Wwith 100 RPM using 12 coils with
a rotor dimension of 40 cm. We optimized many crucial parameters in this design
including the shoulder length of coil, the gap between magnets and the coil, the
coil size compared to the magnet size and so on. Cedrat Flux 12.1 was used to
compute 3D Finite Element Analysis and to perform the simulation. Our design
has optimized all the parameters to realize a low cost and highly efficient device.

Keywords: Dual axial flux generator · Hit and miss engine · Cedrat flux ·
Cogging torque

1 Introduction

Dual rotor axial flux generator (DRAFG) is a type of permanent magnet generators
which consists of rare-earth magnets such as neodymium N52-type powerful magnets
in rotors placed on either side of a fixed stator winding, similar to a sandwich with a very
small airgap creating a very strong magnetic flux between them. Thus, this configuration
induces a powerful Electro Motive Force (EMF) in the stator winding. The major advan-
tage of this disk-type generator is that when the diameter is large consisting of many
individual coils in the stator (9, 12, 16 or more coils), a voltage of around 20V can be
generated with very low RPM. Hence, many designers try to develop their own DRAFG
for power generation for wind turbines and tidal current-based power generation. The
design can generate much more power at higher RPMs. However, there are many design
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considerations for an effective stator and rotor design that would ensure the energy is
not wasted in the process as many designers have ended up with poor designs with very
low efficiencies. A typical design of a DRAFG is shown in Fig. 1 (a).

The major design parameters in a dual rotor axial flux generator can be stated as the
coil shape, coil thickness, number of turns in any individual coil, number of coils in the
stator, the coil gap between each coil in the stator configuration, the type of connection
of coils which is star or delta, the type of magnet (strength) and its shape and dimensions,
number of magnets in each rotor and the gap between the magnets and finally the airgap
between rotors and stator which is extremely crucial for an efficient design for given
materials [1–7]. We have established simulation results that show drastic reduction in
generated power when the air gap increases from even 1 mm to 2 mm.

The goal of this work is to use a typical DRAFG design which complies with both
Fleming’s right-hand rule and Lenz’s Law to maximize the power generation and then to
optimize the parameters that were stated above. We also have one additional constraint;
for practical power generator with low RPM, the design should be adequate to generate
around 100 W with an RPM value of around 100. We believe that this goal will lead
to future designs that will lead to a very quiet power generators consuming only a very
small amount of fuel compared to what is available in the market today. In 1850s in the
USA, an engine called Hit-and-Miss was developed that used momentum in flywheels
to maintain the speed of an engine using very small amount of fuel. These engines were
very quiet as their pistons did not fire continuously as in the engines today.

Developing a generator combining such an engine with a low RPM dual rotor axial
flux generator is one of our goals in the future.

Our work is based on using Cedrat Flux 12.1 to conduct simulations of the basic
designwith our ownobjectives of generating100Wat 100RPMtocarryout finite element
analysis of the magnetic flux distribution of the design. The basic rules to implement
the design is the Fleming’s right-hand rule and Lenz’s Law. Fleming’s right-hand rule
provides the direction of the current flow whenever a conductor is moving inside the
magnetic field. This theory applies whenever the rotor is rotating between the stator
where it creates an induced current in the coils which increases the output power of
the DRAF generator. Lenz’s Law states that when the current is induced, it creates a
magnetic field around the current flow. In order to create significant amount of electrical
energy, significant amount of mechanical energy is also required in the dual rotor axial
flux generator.

There are two different types of axial flux generators; a single axial flux generator
and dual rotor axial flux generator. The main difference between these two types of
axial flux generators is the performance, weight and the cost to build them because the
DRAFG requires twice the number of permanent magnets than a single axial design
[8, 9].

Our simulation of DRAFG design is implemented using Cedrat Flux 12.1 and Solid-
works 2013 software. Solidworks is mainly used tomodel the desired shape of the design
in 3-dimensional geometry and is then imported into Cedrat Flux 12.1 to simulate the
mesh computation at each node.Many parameters of physics, mesh design and geometry
are needed to be considered so that the simulation runs properly.
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Fig. 1. Typical design of a dual rotor axial flux generator (b) top an Axial flux generator and
bottom a Radial flux generator

The design has three phase axial generator that consists of 4 poles (coils) and four
different alternating current circuits for each phase. The material used for each coil
is copper and the permanent magnets used at each rotor were Neodymium Magnets
(N52). Besides that, other parameters such as magnet specifications, coil specifications,
rotations per minute, coil and magnet gaps and air gap between stator and rotors were
also taken into consideration in the design process. Further explanation on the magnetic
field occurrence in the dual axial flux generator will be presented next in the Related
work section.

2 Related Work

Murphy et al. [10] describes that three-phase power is more reliable than single-phase
power for generators. Three-phase power has higher starting torque and each pair is
able to boost the power factor. It allows significant electrical loads control as the current
distributed in each phase is lower. Besides that, the three-phase system is also capable
of producing three different waves of power in sequence which ensures the power flow
is constantly delivered through loads. Comparing this to single-phase system that is
only able to produce single wave of power that may drop to zero during one complete
cycle. Even though the zero drop is undetectable by human perception, power electrical
equipment with high power demand can easily encounter problems in the long-term
operation. The efficiency of three-phase comes with several drawbacks in terms of cost
of installation and maintenance, but it all depends on the power needs and prioritization.
Figure 1(a) shows the two types of common AC flux generators.

As shown in Fig. 2(a) an axial flux generator can comprise of either single or dual
rotors with one stator. In this configuration, the magnetic rotor is sandwiched between
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two stators. Figure 2(b) shows a radial flux generator where the design is much more
complicated as the coil-magnet separation with minimum air gap is difficult to achieve.

Pop et al. [11] evaluated the capabilities axial flux generator and the radial flux
generator. The comparisonmadewas highly focused on the electromagnetic field created
during the current induction between the magnet and the conductor. The radial flux
generator is a three-phase system that has configuration of 18 stator teeth that are glued
to the rotor skeleton and 6 coils. Similarly, the axial flux generator is also a three-phase
system that has one rotor in between of the two stators. The rotor is a 4 pole-pairs while
permanent magnets used are NdFeB type which are glued to the disc rotor. The authors
state that if both axial flux and radial flux have the same air gaps, the machines should
produce the same amount of electromagnetic torque because the area of air gap is directly
proportional to electromagnetic torque. Axial flux generator is preferred over radial flux
generator because of the area of the air gap in axial flux generator can produce higher
torque to weight ratio compared to conventional radial flux generator.

Nasiri-Zarandi et al. investigated the effects of dimension of air-gap and the number
of stator slots available on the performance of axial flux generator [12]. The experiments
they carried out were based on the Finite Element Analysis method and the performance
was evaluated between simulation and the constructed prototype in order to have a
reliable comparison. Three different configurations of axial flux generatorwere proposed
in which the first design had 24 slots of stator followed by the second design that had
30 slots of stator and final design had 36 slots for stators. Each stator also had coils with
the same number of turns. The experiment was performed using same RPM speeds,
same dimensions and the analytical results of the Total Harmonics Distortion (THD)
of the flux density and the output torque were evaluated. Their results showed that by
increasing number of slots results in improving flux distribution in the machine as well
as reducing the THD.

Commonly, there are two types of stators in Axial Flux Generator; coreless and
cored. Coreless Axial Flux Generator mainly consists of vacuum or air such that the flux
dissipation is not controlled while the cored stator is able to control the flux switching.
Zhang et al. conducted an experiment on different shape of cored stator effect to the
back electromotive force and the cogging torque [13]. Three different shapes of cored
stator are shown in Table 1. The results shown in Table 2 suggest that the Back-EMF
(voltage) is the highest when using C-core shape in order to obtain greater output torque
and using E-core shape leads to better fault tolerance [13]. U-shape stator requires
twice the number of permanent magnets than the E-core shape or the C-core shape.
Therefore, the experiments conducted were focused more on C-core and E-core shaped
stators. However, in terms of cost effectiveness, coreless-stator is preferred compared to
cored-stator in order to reduce volumetric usage of metal in the machine.

Hosseini et al. have conducted an experiment on a small and low-cost axial flux
coreless permanent magnet generator [14]. They used a coreless stator which was stated
to be highly efficient as it could eliminate the direct flow of magnetic field in between
the stator and rotors. The proposed design had two outer rotors; one stator in between
the rotors and non-ferromagnetic holders to counteract the forces on magnets during
the process. Materials used in the design were 12 rectangular shaped Neodymium Iron
Boron (NdFeB) magnets and 6 trapezoidal shaped coils as shown in Fig. 2. The results
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Table 1. a) U-core shape stator b) C-core shape stator c) E-core shape stator and their analytical
results are also shown next to each shape.

U-core C-core E-core 
Back 
EMF(V) 
= 1.65 
Cogging 
Torque 
(Nm)= 
0.96 
THD = 
19.4 

Back-
EMF(V)=1.13 

                            Cogging 
Torque(Nm)=1.22 

                               THD= 10.4% 

Fig. 2. (a) Magnets on rotor (b) coils on stator

they obtained show that the increase of RPM greatly increases the output voltage thus
proportionally increasing the efficiency. However, when it comes to comparing the sim-
ulation and practical results, the efficiency was found to be reduced by 6.2% in practice.
For this configuration, the simulation results produced Phase voltage of 56.68 with an
output power of 460 W at 3000 rpm. The Hardware simulation provided 40 V per phase
with 390 W at an rpm of 3000 and efficiency of 78.1% compared to 84.3% for the
simulation. The authors concluded that the shape of the magnets led to poor test results.

Different shapes of perm anent magnets potentially affects the harmonic compo-
nents that is also related to the back-EMF which can result in losses. Shokri et al. have
conducted a research on how the different magnet shapes can affect the performance
of axial flux generator using 3-D finite element analysis method [15]. Three different
shapes of permanent magnets were used which were ‘sector or wedge’ like magnets,
sinusoidal shaped magnets and cylindrical shaped magnet as shown in Table 2. The
results analyzed in the experiments were based on the induced phase voltage that each
shape of magnets could generate and the cogging torque occurrence, as shown in Fig. 3.
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Based on the results, sinusoidal shaped magnets had the lowest cogging torque and the
optimized induced phase voltage at an angle of 180°. Thus, the best performance can be
obtained by using sinusoidal-shaped permanent magnet arrangement.

Table 2. Different shaped permanent magnet configurations

Fig. 3. Comparison between induced phase voltage of different shaped of magnets [14] on the
left, and the comparison between cogging torque of different shaped of magnets [14] on the right

Cogging torque is an unwanted noise that may occur in in any machine that involves
mechanical parts and permanent magnets. The cogging torque is caused by vibration of
objects that usually occur when the machine is working at low speeds. Wanjiku, et al.
have conducted an analytical quasi-3D analysis on the influence of tooth profiles and
slot openings to the cogging torque of an axial flux generator [16]. In order to mitigate
the cogging torque effectively, the stator and rotor need to be modified. The authors
proposed analytical quasi-3D algorithm in the study of these cases. The author used two
profiles for the experiments which were trapezoidal teeth and parallel teeth as shown in
Table 3. Slot opening is the opening in between each magnet. The authors introduced 4
different slot openings for the experiment. The results from the experiment showed that
the smaller the slot opening the lower the cogging torque and the parallel tooth profile
offered lower cogging torque compared to the trapezoidal tooth profile. The results are
also shown in Table 3. Woo, et al. [17] also conducted an analysis on cogging-torque-
effect by experimenting on three different cases involving magnet pole-arc, skewing
angle, back-EMF and cogging torque. Kurt et al. and Gor et al. studied the loses and
efficiency of electromagnetic design of permanent magnet generator [18, 19]. Their
proposed design consisted of two rotors at both sides of the stator containing 32 rare
magnet discs and a stator in between with 24 coils. The machine with its 3-phase design
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was capable of generating 340 W at 1000 rpm with an air gap of 5 mm. The authors
found that the core losses increased as the speed of rotor increased. Besides that, large
amount of losses was accounted due to copper and mechanical losses.

Table 3. Cogging torque analysis on different slot opening and twodifferent teeth profiles. Profiles
are shown in the table.

Slot opening Trapezoidal tooth

 

Parallel tooth 

 
(mm) (Nm) (%) (Nm) (%)
2.00 0.71 9.9 0.54 7.5 
4.25 1.33 18.5 0.26 3.6 
6.50 1.67 23.2 1.01 14 
8.75 1.10 15.3 1.19 16.5 

The core losses were increasing at higher resistance while the copper losses were
decreasing at higher resistance due to lower current at high resistance. Hence, speed also
plays an important role in delivering efficient performance of an axial flux generator.

Axial flux motors can operate at low speeds and capable of producing higher torque.
Ani et al. have evaluated the performance of a simple core structure of a small axial
flux generator for small wind turbines [20]. They explained in detail the design criteria
and manufacturing process in order to develop a low-cost axial flux generator. Coreless
axial flux generator was chosen because of the coreless criteria that can eliminate the
cogging torque activity in the magnetic field leading to a simple design for a low-speed
generator.

3 Preliminary Analysis

We can carry out a simple analysis to determine an approximate value of the EMF that
could be possible with our design using fundamental theory. Using Fleming’s right-hand
rule and Len’s law, we can clearly see that for a ‘wedge’ shaped coil as seen on Fig. 4
(a), when the magnets rotate, only the brown ‘shoulders’ of the coil (shown in Fig. 4
(b)) produce any current as the magnetic flux is only sweeping the coils at zero degrees
there by not producing any current.

Magnetic Field Due to Permanent Magnets
According to Fig. 4(a), in order to analyse the emf generated by dual axial flux generator,
one wedge shaped coil can be enlarged as seen on the right. Here the magnetic field
strength is B, the angular velocity of clockwise rotating rotors is ω, and the area of one
shoulder of the coil is A (these shoulders are the only part of the coil that produces
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emf) and the number of turns in each shoulder is N, then the peak electromotive force
generated without any losses for each coil is

E = A × N × 2 × � × B.

The total amount of power generated from the complete generator with 12 coils at peak
disregarding losses is

ETotal = 24ANB�.

For 100RPM with 100 turns of coil, which is the target of the simulation, the angular
velocity will ETotal = 24ANB� = 24 × A × 100 × B × 2π × 100 be.

If the length of the coil shoulder is 7 cm and the width of the section is 1 cm then
the above Etotal can be expressed in terms of magnetic flux density as ETotal = 1055.5B.
The magnetic field strength B depends on the air gap between the coil and the magnets
from both sides and the type of material used (Neodymium-Iron-Boron N52 in our
experiment). B is a value that is difficult to calculate but can easily be modelled using
the properties and the dimension of the magnets as done in the simulation.

For the dimension of the magnet shown in Fig. 5(a), the magnetic field is given by:

B(x) = Br

π

[
arctan

bc

2x
√
4x2 + b2 + c2

− arctan
bc

2(a + x)
√
4(a + x)2 + b2 + c2

]
.

Fig. 4. (a) (left), An image captured from our DRAFG simulation (b) (right) one ‘wedge’ shaped
coil enlarged along with the four adjoining magnets from both rotors to explain the EMF

For N52, the remanence value Br is about 1.3 T. As shown in the diagram, the B is
essentially a function of distance x from the centre of the magnet’s surface as shown in
Fig. 5(a). However, when two rotors, each containing 16 magnets on each plate facing
each other, the above calculation does not provide any useful means to calculate the
varying magnetic field and hence the total flux. In order to calculate the overall effect,
the model has to be extended to what is shown in Fig. 5(b). This diagram clearly shows a
section of the two-rotor magnetic plate along with the stator containing two coils. It also
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shows the magnetic path for four magnets and how the path is closing the loop through
the air gap.

Price et al. [21] describes how an analytic expression for airgapmagnetic flux density
is determined using the coordinate system of Fig. 6(left) [21]. The circumferential and
axial directions are represented by x and y coordinates respectively. Using the analytical
work of both Price et al. and Brumby et al., the space harmonic flux densities at position
y due to magnets on the rotors 1 and 2 are found to be [21, 22],

Byn1(x) =
(
Ĵnμ0 sinh(unlm)

μn sinh(unY2)
cosh(un(Y2 − y))

)
cos(unx) (1)

Fig. 5. (a) Determining themagnetic flux density of a typical rectangular magnet, (b Construction
of a dual rotor axial generator

Byn2(x) =
(
Ĵnμ0 sinh(unlm)

μn sinh(unY2)
cosh(un(y))

)
cos(unx) (2)

Y2 = lg + 2lm Where un = 2πn/λ; λ = 2πRm/p.

Here, Rm is the mean core radius of the radial slice, p represents the number of pole
pairs and Ĵn is the equivalent current sheet due to permanent magnets 1 or 2. The total
flux density for each slice of the machine is determined by the superposition of Eq. (1)
and Eq. (2). The magnets of each radial slice are modelled as an equivalent current sheet:

Ĵn = 4Br

τpμ0μrec
sin

(
nπτm

2τp

)
(3)

where τm and τ p are the magnet and pole pitches, respectively, for the radial slice under
analysis. The terms Br and μrec are the remanent flux density and permeability of the
permanent magnets.
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The total flux densities due to magnets on rotors 1 and 2 for a single radial slice are
the sum of space harmonics:

By1(x) =
∑
n=1

Bym1(x) (4)

By2(x) =
∑
n=1

Bym2(x) (5)

Fig. 6. (left) Coordinate system of the magnetic flux density (This is a cross sectional view of
machine looking inward radially). (right) Cross sectional view showing the coordinate system for
armature (looking inward radially)

Magnetic Field Due to Armature Reaction
This section discusses the magnetic field due to armature reaction which complicates
the magnetic field generated by the placement of permanent magnets on both rotors.
Figure 6(right) shows the coordinate system used in the expressions for the armature
reaction. According to the expressions of [21, 22] current sheet K and the current sheet
with peak value of K̂ , located at the mean axial position of yc = Y2

2 [22]. The flux density
at the mean axial position using Fourier analysis is

Bn−arm(x) = K̂nμ0

(
cosh(μnYc
sinh(μnY2

cosh(μnY2 − y))

)
cos(μnx), (6)

where the linear current density function is

K(x) =
∑

K̂n sin(μnx). (7)

The peak current density is

K̂n = Ni

xc

4

nπ
sin

(
nxcp

4Rm

)
(8)

4 Simulation

Based on the well-understood theory as outlined in the Related work, a design of dual
rotor axial flux generator has been decided. Axial flux is chosen over radial flux because
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the axial flux design can be easily manufactured due to its volume and round shape of
rotors and stator. The proposed design of DRAFG will have one stator in between the
two rotors. Each rotor will have sixteen rectangular Neodymium permanent magnets and
the stator will have twelve coils. We have the desire to experiment with lower number of
coils and lower number of magnets if those configurations can still generate the desired
output power of 100 W at 100 RPM. The system is an AC generator with 3 phases and
four pole per phase. The stator is coreless type that will have air between each coil to
reduce cogging torque effect. The speed of rotor rotation for the experiment is from
100 rpm up to 400 rpm. The target output power is approximately 100 watts that any
household can use for simple tasks with an estimate induced current of 4 Amperes and
25 V output.

Fig. 7. 2D draft of magnet and coil placement on a 40 cm rotor and stator.

Fig. 8. 2D draft of more accurate coil and magnet positioning based on real coils and magnets in
hand.

The design phase is performed in three steps. The first step is to perform dimension
calculation and 2D drafting of stator and rotor for DRAFG using Qcad 3.15. It is impor-
tant to attempt 2D draft before designing the 3D model of DRAFG in order to avoid
miscalculating the number of permanent magnets used, find the correct angle for each
position of coils and magnets, determine the size of air gap between coils and to find the
best size for each coils and magnets that will fit in the proposed design. The first and
second drawing are as shown in Fig. 7 and Fig. 8 with the dimensions for each drawing.
This 2D draft is then used to generate 3D drawings for stator and rotor. The final step
is to import each part into the simulation software and use the toolbox to perform mesh
analysis and obtain the results.

Cedrat Flux 12.1 is a software that is capable of computing finite element elec-
tromagnetics for both 2D and 3D model. It is a powerful software that is also able to
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optimize any electromagnetic devices using physics analysis. Firstly, the application
chosen is Transient Magneto Analysis to perform movement of object at y-axis. The 3D
model created in Solidworks are imported into Cedrat Flux 12.1 and each of its volume
is defined accordingly to its function. The volume assignment is also created in Cedrat
Flux 12.1.

The pre-processing is a simulation phase to test the magnetic field and operate the
DRAFG similar to hardware testing. The rotors containing the permanent magnets will
rotate in y-axis and the stator containing the coils will have fixed position. Each move-
ment of magnets will be computed to obtain any readings such as voltage induced,
current induced and power output produced at each coil. The magnetic field and the flux
flow also can be analyzed for each rotation of the rotor.

Simulation Results
Several dimensions are set as default value and the output will be based on the rotation
speed and the external resistor value. In order to simulate the DRAFG correctly, an
electrical circuit needs to be constructed and linked to each coil. Here, each coupling
has a fixed copper resistance value of 0.67 � which is due to the 1mm diameter and
the 100 turns in each copper coil. We will experiment with different external resistor
values to produce different output power, induced current and voltage. There are four
cases of study that has been conducted in the experiments. The output power, induced
current and the voltage generated will be tabulated, analyzed and discussed thoroughly.
The focus of the experiment is to find the best design that is capable of producing 100W
of output power at low rpm.

Table 4. Power generated using a rotor and stator with 35 cm diameter at 5 mm air gap
configuration.

We experimented with three different external resistor values; 10 �, 1 � and 0.1
�. The purpose was to find which resistance value will result in reasonable amount of
voltage, low current and high output power. As can be seen from Table 4, we find that the
10 � is suitable for further experimentation in our simulation. Here, the output power
was limited due to the air gap of 10 mmwhich substantially weakened the magnetic flux
sweeping the stator. Usually having a larger gap between rotor and the stator will allow
much more tolerance in designing a practical generator. We then moved onto reduce
this gap. One of our goals in this experiment is to simulate a versatile design that is
compact and uses minimum amount of resources such as copper and magnets so that
a generator could be developed at the lowest cost. Keeping this in mind, we ran few
simulations where the diameter of the rotors and stator were reduced to 35 cm. This
essentially reduces the size of the coils as well as the size of the magnets that can be
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mounted on the rotors. However, the power output was negligible as shown in Table 4.
This indicates that 5 cm drop in the diameter somehow resulted in dimensions that lead
to cancelling of voltages leading to a very poor power output. We discontinued the 35
cm diameter and moved back to 40 cm diameter to systematically analyze the effect of
reducing the airgap on the output power. Next, the simulations were attempted using
multiple air gaps starting from 5 mm and lower.

The design is performing as expected and the reduction in the airgap has increased
the power output. However, keeping in mind that our goal is to produce 100 W at 100
RPM, we did not rush into lower the airgap drastically as a tiny airgap demands precision
workmanship. We would be content with a design that produces our power output goal
with the biggest airgap.

Looking at power outputs at 3 mm and 2 mm, we realized that 100 W is attainable
at 100 RPM. We wanted to see whether we could still attain 100 W if we reduce the
number of magnets so that production cost for such a generator could be lowered as well.
Table 5 indicates that this indeed was not the case as the total power was reduced by
almost 95%. It is possible that magnet placement has resulted in cancelling of voltages
generated in coils.

Table 5. Power generated using a rotor and stator with 35 cm diameter at 5 mm air gap
configuration.

Speed 100 rpm
1-phase 3-phase

200 rpm
1-phase 3-phase

Voltage 0.03 V 0.09 V 0.11 V 0.33 V

Current 0.011 A 0.033 A 0.027 A 0.081 A

Power 0.0003 W 0.0029 W 0.003 W 0.026W

The next set of experiments were conducted to decide how much power could be
generated at different RPMs when the air gap was lowered. The results are shown in
Table 6. In this, it is very clear that reduction in the air gap increases the generated output
as expected for 40 cm diameter rotor and stator combinations. It is also evident that by
increasing the RPMs of the rotors, the power can be substantially increased. According
to this Table 6, highest amount of power that can be generated at 100RPM was when
the air gap was only 2 mm. Next, we would observe whether the power output can be
further increased at our final air gap at 1 mm. The first simulation was run with an air
gap of 1 mm when 12 magnets were used. As outlined in the previous section, reducing
the number of magnets will substantially lower the cost of a practical design. With this
configuration, the generated power was only 5W. This is again due to currents cancelling
out when the magnets are configured in a 12-magnet configuration.

We ran our final simulation with 16 magnets and an airgap of 1 mm. The results
in Table 7 show that the system is capable of generating almost 150 W at 100 RPM
as desired, which would result in a practical system even with substantial loses. It is
also important to look at the waveforms of 3-phase current and voltages to ensure the
generator is capable of supporting a reasonable load.
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Table 6. The impact of generating power at 100 rpm and 200 rpm when the air gap is reduced
from 5 mm To 2 mm (Shown on the right-most column)

Table 7. Power generation at 1 mm Gap with 16 Magnets

Speed 100 rpm
1-phase 3-phase

200 rpm
1-phase 3-phase

Voltage 5.81 V 23.24 V 13.47 V 53.88 V

Current 2.12 A 6.36 A 4.21 A 12.63 A

Power 12.31 W 147.8 W 56.71 W 680.5 W

5 Conclusion

Developing an optimized DRAFG has a great impact on small scale power generation
when lower RPM and low noise requirements are paramount. Our design which had
a goal of generating 100 W at 100 RPM was realized with a diameter of 40 with 16
magnets and 12 coils. We have also realized that changing the diameter of the stator
even by 5 cm using the same magnets and coils can change the configuration drastically
reducing the power by twenty-fold due to currents cancelling each other. This points
out that any DRAFG design should best be simulated first using realistic component
dimensions and properties in order to avoid any inefficiencies associated with coil and
magnet gap variations. We also observed that the airgap is very critical in determining
the final power output and hence kept it to a minimum. This allows the magnetic flux
to flow through the tiny air gap with the least reluctance generating the most amount of
power.
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Abstract. With the rapid development of autonomous vehicles, three-
dimensional (3D) object detection has become more important, whose purpose
is to perceive the size and accurate location of objects in the real world. Many
kinds of LiDAR-camera-based 3D object detectors have been developed with two
heavy neural networks to extract view-specific features, while a LiDAR-camera-
based 3D detector runs very slow about 10 frames per second (FPS). To tackle this
issue, this paper first presents an accuracy and efficiency multiple-sensor frame-
work with an early-fusion method to exploit both LiDAR and camera data for
fast 3D object detection. Moreover, we also present a lightweight attention fusion
module to further improve the performance of our proposed framework. Mas-
sive experiments evaluated on the KITTI benchmark suite show that the proposed
approach outperforms state-of-the-art LiDAR-camera-based methods on the three
classes in 3D performance. Additionally, the proposed model runs at 23 frames
per second (FPS), which is almost 2× faster than state-of-the-art fusion methods
for LiDAR and camera.

Keywords: Three-dimensional object detection · Multiple sensor · Early-fusion
method · LiDAR and camera

1 Introduction

Recently, feature extraction [1–4] with deep learning has drawn much attention. For the
RGB image, a general 2D convolutional neural network (CNN) can be used to extract
its features. For the point cloud however, it is difficult to extract its features due to
its irregular distribution and sparse contributions. Before the advent of highly-efficient
graphics processing units (GPUs), representative studies [5–10] have converted point
clouds into 2D dense images or structured voxel-grid representations and utilized 2D
neural networks to extract the corresponding feature from the converted 2D image. With
the development of computer technology, the authors in [11–14] directly utilized amulti-
layer perceptron (MLP) to aggregate features from point clouds. Shi and Rajkumar [15]
encoded the point cloud natively in a graph using the points as the graph vertices.
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To leverage the mutual advantages of point clouds and the RGB image, some
researchers have attempted to fuse view-specific region of interest (ROI) features. Cur-
rently, there are two mainstream fusion methods. The first is to fuse two view-specific
features and the other method is pointwise feature fusion. Chen et al. [5] and Ku et al. [6]
directly fuse the ROI feature maps output with the two backbones of the point cloud and
RGB image, respectively. On the other hand, Xu et al. [16] and Sindagi et al. [17] fuse
pointwise features. These methods achieve better performance compared with LiDAR-
based methods; however, their inference time is usually intolerable for application in
real-time autonomous driving systems.

To deal with the above issues, this paper proposes a novel point-wise fusion strategy
between point clouds andRGB images. The proposedmethod directly extracts pointwise
features from the raw RGB image based on the raw point cloud first. Then, it fuses the
two pointwise features and feeds them into a 3D neural network. The structure, as shown
in Fig. 1, has only one backbone to extract features, making the proposed model much
faster than state-of-the-art LiDAR and camera fusion methods.

The key contributions of this work are as follows:

• This paper presents an early-fusion method to exploit both LiDAR and camera data
for fast multi-class 3D object detection with only one backbone, achieving a good
balance between accuracy and efficiency.

• We prove that raw RGB image features benefit 3-D object detection.
• We also present a lightweight attention fusion module to further improve the
performance of our proposed framework.

The presented one-stage 3D multi-class object detection framework outperforms
state-of-the-art LiDAR-Camera-based methods on the KITTI benchmark [18] both in
terms of the speed and accuracy.

2 Related Work

2.1 LiDAR-Based 3-D Object Detection

Recently, there have been three main 3D object detectors based on LiDAR: voxel-based
detectors, point-based detectors, and graph-based detectors. Voxel-based methods [7, 8,
19, 20] first voxelize the raw point cloud over a given range and then utilize a 3D CNN
or 2D CNN to extract features. Unlike VoxelNet [7], Yan et al. [19] replaced a 3D CNN
by a 3D sparse convolutional network, and Lang et al. [20] directly organized point
clouds in vertical columns (pillars) to generate 2D BEV images. Point-based detectors
[11–14] directly deal with the raw point cloud. Charles et al. [11] pioneered the method
used to deal with each point independently using their shared MLPs. Based on PointNet
[11], Qi et al. [12] further introduced the metric space distances to learn local features
with increasing contextual scales. Yang et al. [13] abandoned the Upsampling layers in
PointNet++ to boost the inference speed. The proposed method voxelizes a point cloud
using a dynamic voxelization method compared with the hard voxelization method in
[7] and aims to avoid information loss during voxelization.
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2.2 Multi-modal 3-D Object Detection

3-D Object detection in point clouds and RGB images is a fusion problem. As such, it is
natural to extract the RGB image feature and the point cloud feature with two different
backbones, respectively, which is the paradigm present in all previous works [5, 6, 9,
10, 16, 17, 21–24]. Obviously, by employing two heavy backbones, these approaches
are very slow and consume a great deal of memory. In the paradigm, these methods are
designed to either study how to fuse or how to improve accuracy based on state-of-the-
art fusion methods, e.g., AVOD [6] changes the feature generation method in MV3D
[5] from hand-crafted techniques to automation to improve the running speed of the
model. According to different fusion methods, these methods can be divided into two
categories: pointwise fusion [16, 17] and region of interest (ROI)-based fusion [5, 6, 21–
25]. Compared with the ROI-based fusion, pointwise fusion is more flexible. Inspired
by pointwise fusion, this article will explore whether it is possible to directly aggregate
the point features of the raw RGB image with point cloud features.

In this paper, we first present an early-fusion method to exploit both LiDAR and
camera data for fast 3D object detection with only one backbone, and it achieves a good
balance between accuracy and efficiency. Thanks to the novel pointwise feature fusion
module, which makes the fusion between LiDAR and camera data highly efficient.

2.3 Attention Module

Hu et al. report a Squeeze-and-Excitation block [26], which can be inserted into any
2-D networks. It is a simple attention module with a global average pooling (GAP)
operation. Follow after the GAP, they adopt two fully connected (FC) layers to reduce
feature dimensions. Wang et al. conduct massive experiments and show the dimension
reduction after the FCs reduce the performance [27]. However, if the FCs keep the
feature dimension same as the input and the computation cost must be increased. Hence,
they propose a cross-channel interaction. Qin et al. proof the GAP is a special case of
the feature decomposition in the frequency domain [28]. In this paper, we propose a
lightweight attention fusion module.

3 Proposed Method

The proposed model, as shown in Fig. 1, takes point clouds and RGB images as inputs
and predicts oriented 3D bounding boxes for cyclists, pedestrians, and cars. This model
includes fourmain parts: (1)A point feature fusionmodule that extracts the point features
from the RGB image and fuses the extracted features with the corresponding point
cloud features, (2) a voxel feature encoder (VFE) module and a 3D backbone to process
the fused pointwise features into a high-level representation, (3) a detection head that
regresses and classifies the 3D bounding boxes, and (4) a loss function.

3.1 Point Feature Fusion Module

The fusion module, shown in Fig. 2, consists of three submodules: the point transform
module, the voxelization of point clouds, and the pointwise fusion module. Since this
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Fig. 1. The architecture of the proposed one-stage 3D object detection network for the LiDAR
and camera. It mainly includes the input data, the point feature fusion module, the 3D backbone,
and the detection head. The gray box and green box represent the convolutional block and feature
map, respectively. (Color figure online)

module involves the input of raw data, before introducing the module, the input data is
first introduced.

Fig. 2. Visualization of the point feature fusion module. N is the number of points in a point
cloud, and MLP denotes one multiple perceptron layer.

Input Data. This model accepts point clouds and RGB images as the input. Points {(x,
y, z) | x ∈X, y ∈Y, z ∈ Z} and point clouds (X, Y, Z) are mapped onto the original image
(W × H) plane as follows

(μ, ν, 1)T = M · (X ,Y ,Z, 1)T, (1)
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M = Prect

(
Rcam
velo t

cam
velo

0 1

)
, (2)

Where (μ, ν) are the image coordinates, Prect is a project matrix,Rcam
velo is the rotation

matrix from LiDAR to the camera, tcamvelo a translation vector, and M is the homogeneous
transformation matrix from LiDAR to the camera.

Point Transform Module. This module extracts point features from the raw RGB
image I ∈ RH×W×3 based on the raw point cloud. First, a point cloud P ∈ RN×3 is
projected onto its corresponding image by Eq. 1 to obtain the corresponding image
coordinates (μi, νi). Second, the RGB and the (μi, νi) are fed into the image sampler,
outputting the image point feature Pi ∈ RN×3, where N is the number of points in the
point cloud.

Voxelization. Voxelization divides the point cloud into evenly spaced voxel grids and
then generates a many-to-one mapping between 3D points and their corresponding vox-
els. Currently, there exist two voxelization methods: hard voxelization and dynamic vox-
elization. Compared with the former, dynamic voxelization makes the detection more
stable by preserving all the raw points and voxel information. This work applies the
dynamic voxelization method. Given a point cloud P = (p1, p2, · · · , pN ), the process
assigns N points to a buffer of size N× F, where N is the number of points and F denotes
the feature dimension. Specifically, each point pi = [

xi, yi, zi, ri
]
(containing the XYZ

coordinates and the reflectance value) in a voxel is denoted by its inherent information
(xi, yi, zi, ri), its relative offsets (xv, yv, zv) with respect to the centroid of the points in
the voxel, and its relative offsets (xp, yp, zp) with respect to the centroid of the points in
the pillar. Finally, the output point-wise feature is Pv ∈ RN×10, and the resulting size of

the 3D voxel grid is
(
W
sx

, H
sy

, Z
sz

)
, where (sx, sy, sz) gives the voxel sizes, and (W, H, D)

are the ranges along the Y-axis, X-axis, Z-axis, respectively.

Fig. 3. The proposed lightweight attention fusion module.
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Pointwise Fusion. Thismodule fuses the pointwise featuresPi andPv. Since the dimen-
sions of the two features are different, two multiple perceptron layers (MLP) are used,
one for each feature, are used to adjust their dimensions to be the same. There are three
common fusionmethods for ROIs: addition, concatenation operation and the lightweight
attention fusion module (LAFM), as shown in Fig. 3. Therefore, this paper will analyze
which fusion method is the most suitable for the pointwise features in Table 3 in the
ablation section. After the fusion operation, one FC layer is utilized to further merge the
fused features and output the result as Pf .

Fig. 4. The details of the voxelization, point-wise fusion, and the voxel feature encoder mod-
ule (VFE). The VFE module adopts MLP to learn representative features and concatenates the
representative feature to each pointwise features to generate the final voxel-wise features.

3.2 Voxel Feature Encoder Module and 3D Backbone

This section introduces the voxel feature encoder module and the 3D backbone, in that
order.

Voxel Feature Encoder Module. Upon completing the pointwise fusion, the fused fea-
ture Pf is transformed through the VFE layer which is composed of a fully connected
network (FCN), into a feature space, where information from the point features f i ∈ R

m

can be aggregated to encode the shape of the surface contained within the voxel [7, 8,
17], where i ∈ [1,N ] and m is the feature dimension of a point. The FCN consists of a
linear layer followed by a batch normalization layer, and a ReLU layer. An elementwise
max-pooling process is used to locally aggregate the transformed features and output a

feature
−→
f for Pf . Finally, the max-pooled feature Ef is concatenated with each point

feature fi to generate the final feature Pvf e. his work stacks two such VFE layers and
both of the output lengths are 128. This means the shape of Pvf e is N × 128.

The details of the voxelization, point-wise fusion, and the voxel feature encoder
module (VFE), as shown in Fig. 4.
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3-D Backbone. The 3-D backbone takes the feature Pvf e and its corresponding index
of 3D coordinates (X, Y, Z) as inputs. The backbone is widely used in [30], [31] and has
twelve 3D sparse convolutional layers and is divided into four stages according to feature
resolution, as shown in Fig. 5. The four-stage feature resolutions in the order of (W, H,
D) are (1600, 1408, 41), (800, 704, 21), (400, 352, 11), and (200, 176, 2). Specifically,
each stage has two kinds of 3D convolutional layers: the submanifold convolution [19]
and the sparse convolution. The former does not generate new points and shares the point
coordinate indices in each stage; hence, the submanifold convolution runs very fast. The
latter is a sparse version of the dense 3D convolution. Usually, these two convolutions
are used in conjunction to achieve the speed/accuracy balance. The details and numbers
of input and output channels are illustrated in Fig. 5. The sparse feature map after the 3D
sparse convolution needs to be converted into the dense feature mapFd ∈ R

200×176×256.

Fig. 5. The 3D backbone architecture. Conv3D (cin, cout, k, s) denotes a convolutional block,
where the parameters cin, cout, k, and s represent the input-channel numbers, the output-channel
numbers, the kernel size, and the stride, respectively. Each block consists of a 3D convolutional
layer followed by a batch normalization layer and a ReLU layer.

Detection Head. The input data of the detection head is the dense feature map Fd . The
detection head is comprised of three convolution blocks. Block 1 has five 2D convolu-
tional layers and outputs the feature map F1 ∈ R

100×88×256. Similarly, block 2 also has
five 2D convolutional layers and takes the featuremap F1 as input and outputs the feature
mapF2 ∈ R

50×44×256. Block 3 has two transpose layers and one 2D convolutional layer.
F1 and F2 are transposed as the feature map F3 ∈ R

100×88×256 and the feature map
F4 ∈ R

100×88×256, respectively. Finally, the feature maps F3 and F4 are concatenated
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as the feature map F ∈ R
100×88×512. The feature map F is mapped to three desired

learning targets: (1) a classification score mapFscore ∈ R
100×88×18, (2) a box regression

map Fbox ∈ R
100×88×42, and (3) a direction regression map Fdir ∈ R

100×88×12.

Loss Function. This work utilizes the same loss functions in PointPillars [20] and
SECOND [19].

4 Experiments

4.1 Dataset

The proposed model is trained and evaluated on the KITTI dataset [18]. The KITTI
object dataset possesses 7,518 testing frames and 7,481 training frames. Each frame is
comprised of a point cloud, stereo RGB images (the left image and the right image),
and calibration data. In this research, only a point cloud and the left image with their
calibration data are used. To impartially compare the proposed approach with existing
methods, the training dataset is divided into two subsets (training subset and validation
subset) based on the same criteria, and the ratio of the two subsets is 1:1.

For KITTI’s criteria, according to the size, truncation, and occlusion classes of
objects, all objects are grouped into three difficulty classes: easy (E), moderate (M),
and hard (H). Before October 8th, 2019, KITTI’s object detection metric was defined as
the 11-point average precision (AP)metric. Since then, themetric has been defined by 40
recall positions. Comparedwith the 11-point AP, the 40-point APmore properly assesses
the quality of an algorithm based on the infinite approximation. Intersection-over-Union
(IoU) is the generic evaluation criterion for object detection. In the evaluation of 2D,
3D, and bird’s eye view (BEV) detection, the IoU is at the threshold of 0.7 for the car
class and 0.5 for the pedestrian/cyclist class.

4.2 Experimental Setting

The proposed model is an end-to-end 3D detector for three classes: the car, pedestrian,
and cyclist. When designing the anchors for the three classes, different classes employ
different sizes (w, l, h). The sizes (1.6, 3.9, 1.56), (0.6, 0.8, 1.73), and (0.6, 1.76, 1.73)
are for the car, the pedestrian, and the cyclist, respectively. Note that each anchor has
two directions

{
0

◦
, 90

◦}
, which means that each location has six anchors. The detection

area in the point cloud is {(x, y, z)|x ∈ [0, 70.4], y ∈ [−40, 40], z ∈ [−3, 1]}.
The framework is based on Pytorch and programmed by the python language. This

model is trained from scratch based on Adam optimizer. The whole network is trained
with a batch of size 10 and the initial learning rate is 0.003 for 80 epochs on one TITAN
RTXGPU. This work also adopts the cosine annealing learning rate for the learning rate
decay. The entire training time is around 12 h.

For data augmentation, this work employs the widely used augmentations found
in [7, 19, 20], including global scaling [0.95, 1.05], global rotation around the Z-axis
[−45

◦
, 45

◦
], and the random flipping along the X-axis.
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4.3 Results

To fairly compare the results with the existing methods, the proposed model is evaluated
using the more challenging dataset: the KITTI testing dataset. In Table 1, this part only
compares the proposed method with state-of-the-art methods in two aspects: BEV and
3D. Since it requires a great deal of data to compare these three performances, here,
the results are simply compared based on the mean average precision (mAP). For the
3D performance, the proposed model has the best performance. For the BEV and 2D
performances, the proposed method is the second-best, but the overall performance of
the proposed method outperforms state-of-the-art methods when taking accuracy and
speed into account.

Table 1. Performance comparison using the KITTI testing dataset. The results of cars are
evaluated by the mean Average Precision with 40 recall positions. The top performance is
highlighted in bold only for the mAP columns and FPS column, and the second-best is shown in
blue.

Method FPS APBEV(IOU = 0.7) AP3D(IOU = 0.7)

E M H mAP E M H mAP

MV3D [5] 3 86.0 76.9 68.5 77.1 71.1 62.4 55.1 62.9

F-PointNet [21] 6 88.7 84.0 75.3 82.7 81.2 70.4 62.2 71.3

AVOD [6] 13 86.8 85.4 77.7 83.3 73.6 65.8 58.4 65.9

AVOD-FPN [6] 10 88.5 83.8 77.9 83.4 81.9 71.9 66.4 73.4

ContFusion [22] 17 94.1 85.4 75.9 85.1 83.7 68.8 61.7 71.4

MVX-Net [17] 7 89.2 85.9 78.1 84.4 83.2 72.7 65.2 73.7

PFF3D [29] 18 89.6 85.1 80.4 85.0 81.1 72.9 67.2 73.8

Ours 23 90.0 86.1 80.9 85.7 83.9 73.8 68.1 75.3

4.4 Ablation Study

This section analyzes the proposed methods individually by conducting ablation
experiments using the KITTI validation dataset.

Effect of the Lightweight Attention Fusion Module. This section analyzes the point
feature fusion module based on the three classes in detail. In Table 2, the ‘Addition’ and
‘Concatenation’ represent the respective addition and concatenation fusion methods.
The parameter ‘MLP’ means the multiple perceptron layer followed after the fusion
operation, as shown in Fig. 2. The experimental results show that the combination of the
addition operation andMLP of the proposed module is best for the three classes: the car,
pedestrian, and cyclist. The data in the first row give the results of the proposed method
when only taking a point cloud as input. Compared with the LiDAR-based method
(the first row), the proposed method (the fourth row) achieves 0.6% gains in the 3D
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performance. Compared with the performance improvement of cars, the proposedmodel
is more helpful for improving the identification of pedestrians and cyclists. Compared
to other fusion operations, the proposed lightweight attention fusion module (in the fifth
row) outperforms other methods in the three classes with a large margin.

Table 2. Effect of the proposed LAFM.

Method 3D Performance
(IOU = 0.7)

Addition Concat. MLP LAFM Cars Ped. Cyclists

77.0 56.2 55.7√
76.6 57.7 59.7√
77.0 57.4 60.5√ √
77.6 60.2 60.0√ √
77.1 59.7 59.4√
77.5 60.5 60.9

(A) Fine features from Faster R-CNN 

(B) Coarse features from a backbone (C)Raw image feature 

Fig. 6. Three kinds of image features used to fuse the corresponding point cloud features.

Effect of RGB Image Features. Three kinds of image features used to fuse the corre-
sponding point cloud features, as shown in Fig. 6. This work explores which kind of
RGB image features are better for 3-D object detection. Three kinds of image features:
the fine features from Faster R-CNN [30], the coarse features from a backbone, and the
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raw image features, as shown in Fig. 6. The ablation experiment results are shown in
Table 3.

Table 3. Ablation study for RGB image features. The “Time” column denotes the training time
and the “Memory” is the memory needed when the model is run for four batch sizes. The “Speed”
column denotes the runtime. “Image Feature” denotes that if the model uses a full 2D image
detection branch. The results of the cars are in the’Moderate’ difficulty category for the BEV and
3D.

Image Feature Backbone Time
(hour)

Memory
(MB)

Speed
(FPS)

BEV
(%)

3-D
(%)

Faster
R-CNN

ResNet101 28.0 19,500 9.5 85.95 76.82

ResNet-50 23.5 12,550 11.0 86.29 76.92

ResNet V1–50 25.0 12,700 10.6 85.51 76.48

VGG-11 16.0 11,900 12.0 85.96 76.44

Only
Backbone

VGG-16 15.0 9,000 14.0 86.11 76.75

Raw
Image

No 11.5 4,200 23.0 86.67 77.45

4.5 Visualization

Fig. 7. The qualitative results on 2-D RGB images. The green 3-D bounding boxes are ground
truth. The red, cyan, and yellow colors denote the predictions for car, pedestrian, and cyclist
classes, respectively. (Color figure online)
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Figure 7 presents some qualitative results. As can be seen in the figures, each object
can be detected by the proposed model and the predicted bounding boxes are well-
matched with their corresponding ground truth boxes. Even in very complex scenes, the
proposed model can detect objects quite well.

5 Conclusions

This paper is the first to propose a lightweight, memory-saving, and energy-saving
framework for 3D object detection based on LiDAR and an RGB camera. Different
from the existing frameworks, the proposed framework only employs one backbone
to extract features from a point cloud and RGB image. The framework benefits from
the proposed module, i.e., the point feature fusion module. The fusion module directly
extracts the point features of RGB images and fuses them with the corresponding point
cloud features. The experimental results using both the KITTI validation dataset and
testing dataset demonstrate that the proposed method significantly improves the speed
(23 FPS) of LiDAR-camera-based 3D object detection compared with other state-of-
the-art approaches. Note that the proposed native model can achieve an inferring speed
23 FPS.
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Abstract. Pedestrian detection and tracking in video surveillance systems is a
complex task in computer vision research, which has widely used in many appli-
cations such as abnormal action detection, human pose, crowded scenes, fall
detection in elderly humans, social distancing detection in the Covid-19 pan-
demic. This task is categorized into two sub-tasks: detection, and re-identification
task. Previous methods independently treat two sub-tasks, only focusing on the
re-identification task without employing re-detection. Since the performance of
pedestrian detection directly affects the results of tracking, leveraging the detec-
tion task is crucial for improving the re-identification task. The total inference time
is computed in both the detection and re-identification process, quite far from real-
time speed. This paper joins both sub-tasks in a single end-to-end network based
on Convolutional Neural Networks (CNNs). Moreover, the detection includes the
classification and regression task. As both tasks have a positive correlation, sepa-
rately learning classification and regression hurts the overall performance. Hence,
this work introduces the Regression-Aware Classification Feature (RACF)module
to improve feature representation. The convolutional layer is the core component of
CNNs, which extracts local features without modeling global features. Therefore,
the Cross-Global Context (CGC) is proposed to form long-range dependencies for
learning appearance embedding of re-identification features. The proposed model
is conducted on the challenging benchmark datasets, MOT17, which surpasses
the state-of-the-art online trackers.

Keywords: Pedestrian detection · Tracking and Re-identification · Video
surveillance system · Convolution Neural Networks (CNNs)

1 Introduction

Nowadays, surveillance systems have been universally employed in many applications
such as intelligent transportation systems, prevention of crime, military supervision sys-
tems, prisons, hospitals, industrial applications. The objective of the most surveillance
system is to detect and track abnormal pedestrian activities in a video scene. The pedes-
trians are always walking or running on the street under a supervision camera. For
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example, the first pedestrian detection and tracking benchmark [2] is proposed, cap-
turing real human activity on the street by CCTV. Pedestrian detection and tracking in
video surveillance systems is a challenging task because of real dynamic environments
such as illumination variation, crowded density scene, complicated distractor, shadows,
occlusion, object deformation.

Recently, the accelerated development of deep learning, especially for Convolutional
Neural Networks (CNNs), has brought a bright future in solving computer vision tasks
such as pedestrian detection and tracking.

Pedestrian detection and tracking are one of the core applications of multiple object
tracking for understanding visual objects in video. It includes two sub-tasks: detection
and data association (re-identification). The pedestrian detection is to determine what
objects are presented and where objects are located in each frame. Data association
groups the same objects in different frames to output trajectories, assigning and track-
ing unique identification (ID) to each object across all frames. Previous methods, Sort
[3], Deep-Sort [4], Poi [5] treat two sub-tasks independently. Specifically, re-ID is a
secondary task in which the performance of it heavily depends on the main detection.
Accordingly, leveraging the detection task is important for enhancing re-IDperformance.
The model complexity is calculated in both the detection and re-ID task, affecting the
total inference time. Therefore, this work joins detection and re-ID task in the single
end-to-end network based on the single object tracking paradigm, reducing the model
complexity.

The generic detection consists of the classification and regression task. However,
RetinaNet [15], BNL [14] only used classification performance for ranking detection
during inference without considering regression score. There is inconsistency in object
detection. PISA [16] showed that both of tasks have positive correlation. Mean that
the detection has high classification quality corresponding to high regression quality,
otherwise. Accordingly, this paper introduces a novel module, named Regression-Aware
Classification Feature (FACF), to guide regression distribution to classification feature
with ignored computational cost. During backward, the gradient is propagated from the
classification branch to the regression branch.

The single object tracking follows the Siamese method learning the similarity using
correlation filter of the search feature and template feature to emphasize the interest of
objects. In this paper, similarity learning is employed with global feature modeling to
get informative features from the input. The convolution operation is the main compo-
nent of CNNs, only extracting local features. As a result, the receptive field is limited
inside local neighborhoods. To overcome this problem, many convolution layers can be
deeply stacked up to 50 layers or 100 layers. This strategy is not efficient, leading to high
computational cost and difficulty to perform back-propagation. Inspired by BNL [14]
and GCNet [19], Cross-Global Context (CGC) with an additional computational cost is
proposed to model long-range dependencies, i.e., global feature, and additionally learn
similarity between features of the current frame and previous frame. Moreover, CGC
improves appearance embedding for learning re-ID features. In another aspect, GCNet
includes context modeling utilizing the global context pooling and transformation step
using two convolutional layers with channel reduction to learn channel dependencies.
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Although the channel reduction strategy avoids the high computational cost, it is inef-
fective because channel reduction can lose important information of input. Therefore,
Cross-Global Context avoids channel reduction by using lightweight 1D convolution to
excite the importance of each channel without affecting the overall performance.

The proposed method is evaluated on two challenging benchmarks, that are MOT17,
andMOT17Det. Compared to previousmethods, the performance achieves highmultiple
object tracking accuracy (MOTA), ID switch, andhigher order tracking accuracy (HOTA)
with additional computational cost.

2 Related Works

Pedestrian Detection and Tracking. Pedestrian detection and tracking are grouped
into the online method and offline method according to input frame. For the online
method, the input employs the current frame and past frame, while the offline method
relies on the whole frame. Most of the online methods [3–5], and offline methods utilize
available object detection and only consolidate data association performance. The data
association includes the Kalman filter predicting future motions and the Hungarian algo-
rithm for tracking. Several methods such as JDE [9], Tracktor [6], and CTracker [10]
introduced single end-to-end networks leveraging re-detection to improve appearance
features for the re-ID step. Accordingly, this paper inherits “re-detection” method to
combine detection and re-ID into one network, inspired by CTracker.

Correlation Between Classification and Regression. GA-RPN [17] presented the
feature adaptation module between classification and regression branch using
deformable convolution to add offset prediction into the rectangular grid sampling loca-
tions in regular convolution, thus enhancing feature representation. PISA [16] proposed
the positive correlation module between classification and regression, improving the
overall performance. The classification score is inserted to regression loss to re-weight
prime samples, i.e., give more contribution to easy samples. However, the classification
score and regressed offsets are computed independently during testing. Mean that there
is inconsistent computation during training and testing. Alternatively, this work intro-
duces a simple but effective module performing the correlation between classification
and regression during training and testing without relating to the loss function.

Global Feature. GCNet [19] introduced global context module modeling long-range
dependencies. This module includes the global context pooling and transformation step.
Theglobal context pooling squeezes the input tensor to vector to calculate the relationship
between a query position and all positions and aggregate features of all positions by
taking an averaging. The transformation step using two convolutional layers excites
channel dependencies, i.e., whether certain channels are important or not. BNL [14]
proposed the bidirectional non-local network by the dissecting global context module to
gather and distribute features between query position and key position, which applied
to object detection task.
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3 The Proposed Method

This section analyzes theproposed end-to-end architecture,Cross-GlobalContext (CGC)
module, and Regression-Aware Classification Feature (RACF) module.

Share 
weights

Classification
H×W×2A

Regression
H×W×8A

Identification
H×W×A

4× 

4× 

4× 

frame t-1

frame t ResNet-50

ResNet-50

CGC Head CGC Head CGC Head

RACF

Head

CGC Cross-Global 
Context Module

RACF
Regression-Aware 

Classification Feature

Matrix Multiplication

Fig. 1. The overall architecture of the proposed method. The two adjacent frames, frame t – 1,
and frame t, are the input of the single end-to-end network. The backbone ResNet-50 extracts
feature from two input frames. Then, the feature pyramid is constructed from stage 3, stage 4, and
stage 5 of the backbone structure. CGC is the cross-global context module to model long-range
dependencies and perform similarity learning between the feature at frame t – 1 and feature at
frame t. Each head predicts classification score, regressed offset of paired bounding boxes of the
same target, and Re-id score according to IoU score between paired bounding boxes with the same
ID. 4 × denotes four convolutional layers, each convolutional layer includes 3 × 3 convolution
following by group normalization and ReLU activation function. A indicates the number of anchor
boxes per location.

The overall architecture is shown in Fig. 1. The input continuous video of this task
is captured by CCTV, separated into discrete frames at a certain frame rate. Following
the online method, the input only takes the current frame and last frame. Inspired by
CTracker, two adjacent frames are used as input. The shared backbone extracting feature
is ResNet-50 pre-trained on ImageNet. Similar to EFPN [13], and FPN, a feature pyramid
is constructed to detect the objects with different scales, i.e., solve scale imbalance
problem. For example, the large objects, medium objects, and small objects are assigned
to a small feature, medium feature, and large feature, respectively. The CGCmodule will
be discussed inSubsect. 3.1.Note that three featuremaps corresponding to three heads are
selected as a pyramid. Each head includes the classification, regression, and identification
branch. The classification branch outputs objectness scores of each anchor box (pre-
defined box) because the network only contains the pedestrian class. The regression
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branch predicts eight offset values corresponding to paired bounding boxes of the same
target (the first four values for a target in the previous frame and last four values for a
target in the current frame). The RACF module will be described in Subsect. 3.2. The
identification branch predicts re-ID score learning IoU (Intersection of Union) between
paired bounding boxes with the same ID. It means that the data association tracks IoU
matching between paired bounding boxes of two adjacent frames without applying the
Hungarian algorithm for tracking. Therefore, the proposed network is a one-shot tracker,
which reduces inference time.

3.1 Cross-Global Context

The cross-global context models long-range dependencies avoiding channel reduction
and performs correlation learning between two adjacent frames, shown in Fig. 2.
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Fig. 2. The Cross-Global Context (CGC) takes two adjacent features as input. For each input,
the CGC consists of the global context pooling and transformation step. The global context pool-
ing learns the correlation between a query position and all key positions, which models long-
range dependencies. The transformation step using light-weight convolution computes channel
dependencies.

The input takes two adjacent features at frame t – 1, and frame t. For featureFt−1 with
dimension C × H × W, CGC includes the global context pooling and transformation
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step. The global context pooling according to GCNet [19] gathers features from a query
position and all key position by computing average, as follows:

ωt−1
ij =

∑H*W

j=1

exp
(
WkF

t−1
j

)

∑
m exp

(
WkF

t−1
m

)Ft−1
j , (1)

where H, W, C is the height, width, and number of channels of the input feature map.
ωij

t−1 is a correlation function between the query position Fi
t−1 and key position Fj

t−1,
in which the input tensor is squeezed to vector C × 1 × 1. Wk is a 1 × 1 convolution
operation to gather feature of all positions. The exp is the exponential function. In CNNs,
this function is softmax operation to output the attention map of each position, i.e.,
which positions contain the informative feature. Then, the matrix operation is performed
between attention map and the reshaped input Fj

t−1 to create a channel vector.
The transformation step learns channel dependencies by using excitation operation.

In GCNet [19], the two 1 × 1 convolution layers with the channel reduction excite
channel relationship, leading to losing information. To avoid channel reduction, CGC
only utilizes lightweight 1D convolution with a kernel size of 5, learning cross-feature
interaction. This computation is defined as:

et−1 = δ
(
Wzω

t−1
ij

)
, (2)

where et−1 is a re-scale function. δ is the sigmoid function to output the probability of
each channel. Wz is a 1D convolution with a kernel size of 5 and padding of 2.

Similarly, the global context pooling function ωij
t and transformation function et of

current feature at frame t are computed as Eq. 1, and Eq. 2, respectively. The rescaled
features of two transformed features are crossed to learn similarity between the current
and previous features, defined as:

Rt−1 = et−1 � Ft, (3)

Rt = et � Ft−1, (4)

where Rt−1 and Rt are crossed features at frame t and t – 1 by using broadcast element-
wise multiplication. et−1 and et are re-scale functions computed as Eq. 2. Ft and Ft−1

are input features at frame t and frame t-1.
Finally, two crossed features are concatenated as input of head part:

CF =
[
Rt,Rt−1

]
, (5)

where CF is the concatenated feature with dimension 2C × H × W.

3.2 Regression-Aware Classification Feature

The head consists of classification, regression, and identification branch, shown in Fig. 1.
The detection quality depends on classification quality and regression quality. Inde-
pendently learning the classification and regression branch is a straightforward way to
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improve detection quality. This paper introduces Regression-Aware Classification Fea-
ture (RACF) to positively correlate two branches, shown in Fig. 3. RACF module is
computed consistently during training and testing. The easy samples and hard samples
are measured by regression quality (IoU score). Specifically, the easy samples normally
have a high IoU score corresponding to high regression quality. It means that the regres-
sion branch gives more contribution (more signals) to easy samples through the FACF
module. Alternative speaking, the network focuses on easy samples. Otherwise, the hard
samples have low regression quality. The regression branch gives less contribution to
hard samples. During Non-maximum Suppression (NMS), the low-quality samples are
filtered out.

Classification
H×W×2A

Regression
H×W×8A

4× 

4× 

1×1 conv, 
ReLU

1×1 conv, 
ReLU

1×1 conv, 
ReLU

sigmoid

H×W×N

H×W×N

H×W×1

H×W×1

RACF

Fig. 3. The Regression-Aware Classification Feature (RACF) takes regressed offsets of paired
bounding boxes as input. H,W,N is the height, width, and number of hidden channels, respectively.

To measure regression quality, the topk function is applied to select two maximum
values from the regression distribution of each sample. Regularly, the regression distribu-
tion isGaussian distribution. The three convolutional layers learn the correlation between
regression and classification quality to improve classification feature which is aware of
regression feature. Each convolutional layer includes a 1 × 1 convolution operation fol-
lowing by a ReLU activation function. Since regression quality and classification score
are different ranges, the sigmoid function normalizes the regression quality between 0
and 1. Finally, the matrix multiplication is performed between learned regression quality
and classification to enhance the classification feature.

During optimization, the gradient from the classification branch is propagated to the
regression branch. The samples with higher classification loss will bring a larger gradient
for regression quality, which means higher suppression on the regression quality.

4 Experiment Setup

The proposed method conducts the experiments on the challenging benchmark MOT17
[1]. This dataset includes 7 training videos and 7 testing videos. Pedestrian tracking is a
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complex task depending on classification, localization, and re-ID task. Tomeasurewhole
aspects of performance, all results are evaluated by three primary metrics for tracking,
detection, and ID assignment such as multiple object tracking accuracy (MOTA), and ID
switch (IDF1) proposed by CLEARMOT [11]; higher order tracking accuracy (HOTA)
proposed by [12].

For implementation details, all experiments are implemented by the deep learning
Pytorch framework. The parameters of the ResNet-50 [18] are pre-trained on ImageNet
as initialization. The added convolutional layers in FPN, three branches in the head part,
CGC module, and RACF module are initialized by selecting values from the normal
distribution. The model is trained for 100 epochs with a batch size of 8. The learning
rate is set to 3 × 1e−5 for all experiments. Adam optimizer is employed to optimize
objective function defined as:

L = Lreg

(
bt−1
i , gt−1

i ; bti, gti
)

+ Lcls
(
s, ŝ

) + Lid

(
d, d̂

)
, (6)

where Lreg is regression loss for paired bounding boxes of the same target at frame t-1
and frame t, which uses smooth-L1 loss. Lcls is the classification loss using Focal loss
[15] in which s, s

∧

is classification score and target label. Lid is defined by CTracker [10]
for identification loss, utilizing Focal loss [15] to predict ID according to IoU matching.

5 Results

This section analyzes how to select the hyperparameters in the CGC, RACF module and
the importance of each component in Subsect. 5.1. The results of the ablation study are
measured on the sub-set of the training set since the MOT benchmark did not provide
ground truth annotation for the testing set. The main results tested on theMOT17 testing
set are shown in Subsect. 5.2, which are submitted to the evaluation protocol system1.

5.1 Ablation Study

The Number of Hidden Channels in RAFA. Several implementations are conducted
to select the hyperparameter N in the RAFA module. We select N ∈ {16, 32, 64, 128,
256} to train the single-end-end model. The results are shown in Table 1, measured by
the evaluation tool2.

Where MOTP is Multiple Object Tracking Precision. MT, ML is Mostly Tracked
Trajectories, Mostly Lost Trajectories. FP, FN is the number of False Positives and False
Positive. IDS is the number of Identity Switches. #par is the additional parameter of the
RAFA module to the total parameters.

Theperformanceof thewhole network is insensitive to thenumber of hidden channels
N. The small N will output coarse features for the classification branch. Alternatively
speaking, the 1 × 1 convolution with output channels, 16 or 32, does not satisfy to learn
variables of regression distribution. The model with a large N means that RAFA can

1 https://motchallenge.net/.
2 https://github.com/dendorferpatrick/MOTChallengeEvalKit.

https://motchallenge.net/
https://github.com/dendorferpatrick/MOTChallengeEvalKit
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Table 1. The effects of the number of hidden channels on the performance

N MOTA↑ IDF1↑ MOTP↑ MT↑ ML↓ FP↓ FN↓ IDS↓ #par

16 74.3 65.8 85.1 259 60 1954 25927 1015 +0.4k

32 74.6 66.6 85.2 270 53 2060 25413 1032 +1.3k

64 75.7 66.3 85.7 270 55 1493 24807 998 +4.7k

128 76.1 67.3 85.6 278 51 1668 24190 977 +17.5k

256 74.8 66.2 85.2 266 57 2115 25158 1033 +67.8k

learn rich information of regression quality. Specifically, the proposed method achieves
the best results at N = 128 with 76.1% of MOTA. Hence, we select N = 128 for all
experiments. In another aspect, the RAFAonly takes 17.5k (thousands) parameters while
the total parameters of the whole network are up to million parameters. Therefore, it
demonstrates the RAFA module is simple but effective.

Avoiding Channel Reduction in CGC. This experiment analyzes the effect of channel
reduction on the CGC performance, which is shown in Table 2.

Table 2. The effect of channel reduction on the results

Method MOTA↑ IDF1↑ MOTP↑ MT↑ FP↓ IDS↓ #par

CGC w/ CR 74.9 65.3 85.1 273 1836 1038 2 × C2/r

CGC w.o/ CR 75.6 65.7 85.1 283 2280 989 k = 5

As expected, the CGC module with channel reduction (use two 1 × 1 convs with a
reduction ratio of r) decreases the MOTA score by 0.7% when compared CGC module
without channel reduction (use 1D convolution with the kernel size of 5). Moreover,
the lightweight operation only takes 5 parameters while using 2 consistent convolutions
is still high computational cost. Usually, the number of channels C is 256 and r = 8,
the number of parameters is 16.4k parameters in which larger than our method by 3280
times.

The Effect of Each Component. We investigate the importance of individual compo-
nents on the sub-training set. The results are shown in Table 3.

The baseline is the simple version of the proposed method, which outputs 73.1%
MOTA. When CGC is added to the baseline, the results gain the MOTA score of 2.4%.
Similarly, the RAFA boosts the baseline performance by 1.8%. Remarkably, the full
version includes the CGC and RAFA module, which increases the baseline results by a
large margin, 3.0% MOTA score. It is easy to understand that the proposed model can
learn finer features from global features and regression quality, effectively.
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Table 3. The importance of each component

Error Tracking Decomposition. To measure the error of the proposed method, we
decompose the trackingperformance into three components: detection errors, association
errors, and localization errors, shown in Fig. 4.

Fig. 4. HOTA and decomposed components

Where alpha indicates the performance at different localization score thresholds
from 0.05 to 0.95 with step size 0.05. DetA is the detection accuracy score achieving
the average score of 0.66, which decomposing to DetRe (Detection Recall) and DetPr
(Detection Precision). For localization error, we compute LocA (localization accuracy
score) at various alpha and average LocAα. Accordingly, LocA achieves a score of 0.87,
high localization quality because of that the RAFA learns localization quality to guide
classification features in which the detection works well at the high alpha threshold. For
association errors, the AssA (association accuracy) is employed for assigning predicted
IDs to ground truth trajectories, which decomposes to AssRe (association recall) and
AssPr (association precision).

5.2 Comparison with State-of-the-Art Methods

This subsection shows the main results of the proposed method tested on MOT17. The
performance of the whole network is compared with other methods, listed in Table 4.
The bold font indicates the best results among trackers.
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Table 4. Comparison with state-of-the-art online methods on MOT17 test set

Method MOTA↑ IDF1↑ MOTP↑ MT↑ FP↓ IDS↓
DMAN [8] 48.2 55.7 75.9 19.3 26281 2194

MOTDT [7] 50.9 52.7 76.6 17.5 24069 2474

Tracktor [6] 53.5 52.3 78.0 19.5 12201 2072

Tracktor +
CTDet

54.4 56.1 78.1 25.7 44109 2574

DeepSORT
[4]

60.3 61.2 79.1 31.5 36111 2442

CTracker
[10]

66.6 57.4 78.2 32.2 22284 5529

Ours 67.3 54.7 78.6 32.9 18771 5910

The proposed method achieves 67.3% MOTA, outperforming all trackers by a large
margin. Specifically, our tracker surpasses the DMAN [8] at 48.2% MOTA, MOTDT
[7] at 50.9% MOTA, Tracktor [6] at 53.5% MODA, Tracktor with CTDet [6] at 54.4%
MOTA, DeepSORT [4] at 60.3% MOTA, and strong tracker CTracker [10] at 66.6%
MOTA. The visualization of the tracking performance in each sequence is shown in
Fig. 5.

frame 1 frame 100 frame 400

Fig. 5. The qualitative results on some sequences of MOT17 benchmark.

6 Conclusion

This paper introduced the online single end-to-end network joining detection and data
association in the one-shot tracker for pedestrian detection and tracking in video surveil-
lance systems, which reducing computation cost.Moreover, the RACFmodule with sim-
ple but effective learned regression distribution to guide classification feature, leveraging
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the positive correlation between classification and regression task. TheCGCmodulewith
lightweight operation is proposed by investigating channel reduction in transform step
to model long-range dependencies and similarity learning between two adjacent frames
(current frame and previous frame). The performance is evaluated on the challenging
benchmark MOT17, which outperformed all online trackers by a large margin.
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Abstract. The practical application requires a vision-based face detector to work
in real-time. The robot application uses the face detectionmethod as the initial pro-
cess for the face analysis system. During its development, it utilizes an edge device
to be used to process sensor information. Jetson Nano is a mini portable computer
that is easily synchronized with sensors and actuators. However, traditional detec-
tors can work fast on this device but have low performance for occlusion cases,
multiple poses, and small faces. On the other hand, CNN-based detectors that
implement deep layers are slow to run on low memory GPU devices. In this work,
an efficient real-time face detector using a simple spatial attention module was
developed to localize faces rapidly. The proposed architecture consists of the back-
bone module to efficiently extract features, the light connection module to reduce
the size of the detection layer, and multi-scale detection to perform prediction of
faces on various scales. As a result, the proposed detector achieves competitive
performance from state-of-the-art fast detectors on several benchmark datasets. In
addition, this efficient detector can run at 55 frames per second in video graphics
array resolution on a Jetson Nano.

Keywords: Face detector · Efficient network · Jetson Nano · Real-time
application

1 Introduction

Face detection is a popular field in computer vision for localizing facial areas in an
image. This method is the initial process used for advanced vision systems such as face
recognition, emotion, gender, and landmarks [1–4]. Face analysis is widely used in intel-
ligent video technology. It encodes data from specific facial components to determine
the characteristics and models of that information. Besides, face detection is a current
technology required in a portable device to unlock mobile phones and log in payment
accounts.

Nowadays, a security system is needed in every aspect to monitor the environment.
It is used to prevent crime that occurs in public areas [5]. Even developed countries use
it to find missing people. Intelligent video surveillance not only applies this monitoring
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application, but it can also explore the control system to optimize its performance.
The system needs to be supported by massive process memory availability because
the face detectors work with heavy compressing data. It requires expensive hardware
for the detector to work optimally. Another application is for Human-robot Interaction
(HRI) to implement a face detector on a robot supporting the facial recognition system’s
capabilities [6]. Even emotion recognition is applied to a robot service to predict the
expressions of the customer. Both methods require a face detector as an initial step to
localize the face area.

A face has a distinctive texture and color against the background. It is unique because
every human being has a different characteristic [7]. Information from facial organs is
important feature data to identify them. The eye has an ellipse shape and a characteristic
color that is different from the nose. The lips contain a reddish color that is different
from the eyebrows and chin. Although each organ’s shape is almost the same as the
other background features, the relationship between these features generates a facemodel
strengthening the distinguisher against the background. Therefore, the extraction of faces
and the relation between features is essential information to identify a face in the image.

Several works have presented conventional methods for detecting faces in an image.
The Viola-Jones discovered important facial features by applying Haar-like features
that were moved around using a sliding window [8]. The difference between light and
dark areas is used to identify interest facial features. Combining an integral image and
AdaBoost Learning generates a learning model that can work quickly to classify facial
and background features. Although this detector can work in real-time, it has low accu-
racy in occlusion cases, multiple poses, and small faces. The Haar-like feature has
limitations in capturing facial feature information that is blocked and small sizes. The
rotation-invariant drops the performance of this method in a real-case application for
finding parallel facial features.

The modern method introduced the Convolution Neural Network (CNN) as a robust
features extractor feature [9]. It employs convolutional operations on input features and
kernel shape. It adopts a neural network approach that updates the kernel weights to
improve network performance and minimize error rates. This method obtains a high
degree of accuracy for image classification work [10]. It can distinguish categories from
images by extracting specific information.

On the other hand, CNN capabilities have been implemented to distinguish facial
and background features to localize facial areas in an image. Several studies [11–13]
achieved high accuracy for the complicated challenge, but practical applications prevent
thesemethods fromworking in real-time.Moreover, robotic applications require a vision
system to work quickly on low-cost devices. The deep backbone tends to employ huge
filter layers, resulting in over a million total parameters. VGG-16 [14] and ResNet [15]
are benchmark backbones that have successfully filtered out important object features,
but these models also generate large parameter weights.

Additionally, MobileNet [16] and ShuffleNet [17] have been introduced as
lightweight CNN backbones, but these models have stagnated in real-time work when
implemented a low-cost device. Jetson Nano is an edge device generally used in IoT
(Internet of Things) and robotics application [18]. The CNN method is relatively
implemented in this hardware as a visual approach to sense the object and environment.
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The lightweight architecture employs a few slim layers of convolution and delivers
efficient computation power. Apart from preventing premature saturation, this network
produces a small number of parameters. However, superficial networks do not produce
high accuracy. Several methods apply an attention mechanism to improve the feature
extraction performance [19]. This module summarizes the essential features and gener-
ates attention weights to update the feature input. The spatial attention module captures
specific information based on the feature map’s size representing valuable information
from each cell element [20]. This block employs sigmoid activation to generate proba-
bility weights and produces low computation costs and parameters. It is very efficient to
increase the performance of a shallow backbone implemented in a real-time detector.

Based on the above issues, this study proposes a lightweight CNNwith simple spatial
attention to rapidly localize facial areas. The contributions of this work are as follows:

1. A new efficient CNN architecture is used to build a face detector that is fast works
in a real-time application.

2. A simple spatial attentionmodulewas introduced as a reinforcingmodule for shallow
backbones to support the network’s efficiency and effectiveness.

Fig. 1. The proposed architecture of face detector. It uses a combination of 1 × 1 and 3 × 3
convolution as extractor features. Multilayer detection with anchors assignment plays a role in
predicting faces at various scales.

2 Proposed Architecture

In this section, the detail of our proposed architecture is explained. The proposedmethod
applies a shallow layer of Convolutional Neural Network and combines each module
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to produce an efficient architecture. Instead of significantly reducing the detector per-
formance, the main module consists of backbone, connection, and multi-scale detection
layers, as shown in Fig. 1.

2.1 Backbone Module

CNN-based architectures tend to use multiple layers in the backbone to extract essential
information. This layer has an impact on a large number of parameters and computations.
The proposed detector employs nine layers of convolution by combining 3 × 3 and 1
× 1 filters. Specifically, the backbone module consists of a shrink layer for reducing
the feature map size and a stem module that sequentially discriminates against facial
and background features. The shrink module employs a 7 × 7 filter at the beginning
of the stage to significantly reduce the feature map’s size [9]. It is followed by a 3 × 3
convolution with a stride of 2, generating the 32× 32with 128 channel featuremap. This
filter effectively and efficiently captures facial features of various sizes [14].Additionally,
in order to prevent saturation and vanishing gradients, ReLU and Batch-Normalization
are used after the convolution process at each layer. ReLU selects positive values and
ignores negative values from feature input, while Batch-Normalization maintains the
average distribution is close to 0 and the output standard deviation close to 1 for each
mini-batch.

The proposed detector is designed as a low weight efficiency detector by applying a
partial transfer structure at the stemmodule.Anefficient split-residual blockdivides input
features map into two parts and unites them at the end of the module. Figure 2 (a) shows
that the split approach reduces computation at the start of the module without removing
other parts’ information. Half of the feature map is processed in feature extraction,
sequentially applying convolution. At the same time, the attention mechanism is applied
to other chunks. Finally, the efficient module concatenates the representation of the
essential elements and other extraction parts.

2.2 Simple Spatial Attention

Attention mechanism increases the interest features intensity by eliminating distinctive
features and reducing trivial information [20]. The feature location on each feature
map is valuable information. Thus, spatial information tends to show cues of extracted
facial features. The spatial attention module is proposed as an enhanced module without
producing excessive computation. Figure 2 (b) shows that average pooling for each cell
of the input features is applied to summarize the channel array information. The simple
spatial attention is defined as follows:

Satt = σ(Wc1AVG(xi)) (1)

where σ is sigmoid activation to generate probability weights from a single feature map
representation of the simple convolution (c1). This module updates each element of the
input features and implements element-wise multiplication with weighted maps. There-
fore, this module reduces non-facial features and enhances distinctive facial features to
strengthen the discrimination process.
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Fig. 2. The efficient split-residual as a stem module that sequentially extracts features and pro-
duces a few parameters and low-cost computation power (a). Simple spatial attention is employed
at part of the input feature map to capture the representation of the valuable elements (b).

2.3 Connection Module

CNN-based detectors use the connection module to link between the prediction layers.
Multilayer detection uses prediction layerswith various scales and employs shrink blocks
to create featuremaps of different sizes. Instead of using standard convolution, it employs
Depth-wise convolution with a stride of two to save the parameters. This convolution
does not apply a multi convolutional filter to each input channel, but it only uses a
single convolutional filter. This block emphasizes computational efficiency with fewer
multiplication and addition operations on each channel. Besides, this approach also
specifies that the number of relations between each kernel and input elements is equal
to the number of channels. A 3 × 3 kernel with linear operations is used to filter specific
object features. Furthermore, this is also followed by ReLU and BatchNormaliszation
to maintain network performance and to avoid accuracy dropped in the training process.

2.4 Multi-scale Detection and Anchor Assignment

The proposed detector is a one-stage architecture that predicts classes and face bounding
box location. It also assigns anchors of various sizes as initial bounding boxes. This fea-
ture map is generated by a 3× 3 convolution, which predicts the category and regression
layers. Category prediction is face and none, while regression determines the location
coordinates (x, y) and fits the scale of bounding boxes, namely height (h) and width (w).
The variation in face size emphasizes that the detector needs to assign predictions with
various scales. A three-layered detection handles small, medium, and large faces, with
feature map sizes including 8, 16, and 32, respectively. In addition, anchor assignments
of various sizes are placed on each prediction layer. Anchors 32, 64, 96, and 128 were
assigned to predict small faces, while 192 and 256 for medium and large faces were
applied 384 and 512.
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2.5 Multi Boxes Loss Function

The CNN-based detector assigns a loss function to measure each prediction error com-
pared to the ground-truth label and location. Backpropagation exploits the performance
of this function to optimize the weight neurons and minimize prediction errors. The end
of the detection layer predicts regression (x, y, h,w) and label classes. Each prediction
variable has calculated the difference with the ground-truth value. Then the total loss
applies two objectives with the imbalanced parameter. The multi boxes loss is assigned
to each predicted anchor (i-th), which is defined as

Loss
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∑
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applies Softmax-loss [12] to calculate losses from predictive class classes,

while L1-smooth loss [11] is used to calculate regression losses Lreg
(
r, r∗i

)
. It gives

greater weight to the loss classification side, which tends to produce lower scores at
the default training stage. Therefore, this manipulation balances the updating weight’s
performance in neurons to work fairly on both sides of the function.

3 Dataset and Implementation Setup

Proposed models are trained on a WIDER dataset containing 32,203 total images, with
only 12,800 of the training set is used by detector as knowledge to learn the characteristics
of facial features. Additionally, PASCAL face, AFW (Annotated Faces in theWild), and
FDDB (face Detection Data Set and Benchmark) are test datasets for evaluating training
models. In order to enrich training data variation, random cropping, scale transformation,
color distortion, and horizontal flipping are applied as augmentation methods. The end
of this process produces 1024 × 1024 RGB as the input image size of training.

The training process divides all images dataset into 32 batches, shortening the time
from the network for learning data on small partitions. Proposed models are trained
through the end-to-end stage with random weights at the beginning of the epoch. The
Stochastic Gradient Descent (SGD) was used to optimize the neuron weights in the
backpropagation process with 5 · 10−4 weight decay and 0.9 momentum. It assigns
different learning rate weights for the variation in the number of epochs. The initial
stage uses a 10−3 learning rate for 200 epochs, followed by a 10−4 learning rate for
100 epochs, the next 10−5 learning rate for 50 epochs, and the last 20 epochs at a 10−6

learning rate. Intersection over Union (IoU) of 0.5 is used to select predicted anchors that
overlap in the evaluation process. Finally, the training, evaluation, and real-time testing
processes of this detector are implemented in the PyTorch framework.

4 Experiments and Results

In this section, the proposed detector is tested for the performance of each module
and evaluates on benchmark datasets. It also compares Average Precision (AP) with
various competitors. Besides, the efficiency of the face detector is also tested in real-time
applications on the Jetson Nano device.
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4.1 Ablative Study

This ablative study comprehensively shows the strength of each proposed module,
including shrink, stem with attention, connection, and multi-scale detection module.
Each proposed module gradually is removed, it analyzes the accuracy and number
of parameters with the same training configuration. Table 1 shows that each module
increases the accuracy and number of parameters of the detector. The stem module
increases the accuracy of this detector by 4.12% and adds 220K parameters. Addition-
ally, the proposed attention module also increases the accuracy by 1.08%, but this only
adds a few parameters.

Table 1. Ablative study of the proposed modules on FDDB dataset

Modules Proposed detector

Simple spatial attention
√

Stem
√ √

Connection
√ √ √

Multi-scale detection
√ √ √ √

Shrink
√ √ √ √ √

Number of parameter 433.363 405.700 186.448 152.656 152.656

Average precision (%) 96.46 95.38 91.26 90.50 82.71

Fig. 3. Evaluation of proposed detector on AFW dataset
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Fig. 4. Evaluation of proposed detector on PASCAL face dataset

4.2 Evaluation on Datasets

AFW Dataset. This dataset is obtained from Flickr images and has 205 images with
473 faces. It contains various background and viewpoint faces (e.g., ages, glasses, skin
colors, expression, etc.). Figure 3 shows that the proposed detector achieves 98.87% of
AP, which outperforms the STN detector. However, this detector is below the accuracy
of FaceBoxes [11] and FFCPU [12]. It has a more robust performance than commercial
detectors (Face++ and Picasa). Figure 6 (a) shows the prediction results for face locations
on several images. However, the proposed detector generates a false positive for the
texture of the background and the human component. It is successful in detecting faces
of various poses, occluded and of various sizes.

PASCAL Face Dataset. This dataset contains 1,335 faces from 851 images obtained
from the test set of PASCAL person dataset. It provides a variety of face appearances and
poses with indoor and outdoor backgrounds. Figure 4 shows that the proposed detector
outperformed FaceBoxes in this dataset by achieving 97.51% of AP. The qualitative
results in Fig. 6 (b) show that the detector can detect faces at various brackets and
produce error prediction on textures and colors similar to faces.

FDDB Dataset. This dataset obtains from news articles on Yahoo websites, which con-
tains 5,171 faces annotated in 2,845 images. It provides a variety of challenges, such
as occlusions, large poses, and low image resolutions. Proposed detectors are evaluated
on discrete criteria, as shown in Fig. 5. The AP on this graph means the true-positive
rate at 1,000 false positives. The performance of proposed detector is below LFFD [13],
FFCPU, and FaceBoxes. The shallow layer of the detector cannot correctly discriminate
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Fig. 5. Evaluation of proposed detector on FDDB dataset at 1000 false positives

facial and non-facial features, as shown in Fig. 6 (c). Hand features are predicted as
facial features. However, the proposed detector produces a lower number of parameters,
and it can work faster on the Jetson Nano device.

4.3 Runtime Efficiency

The CNN-based detector is useful if it can work quickly on low-cost devices. The CNN
models require large and expensive GPUs to work in real-time. In general, robotics
applications use a portable computer that can acquire sensor and actuator data. Jetson
Nano is an edge device that is easily connected and synchronized with robotic devices.
However, heavyweights detectors are slow to work in real-time on this device. The pro-
posed detector generates 433,363 parameters which are lower than the other competitors.
The LFFD detector achieved the best performance. However, this produces 2M train-
able parameters, as shown in Fig. 7. Therefore, this detector works slowly in real-time
applications.

Testing of the real-time application using a webcam as an input device, this data
is directly processed on each detector. The speed of each detector at different video
input sizes is shown in Fig. 8. The proposed detector outperformed competitors’ speed
by achieving 54.87 FPS at VGA resolution. It differs 13 FPS from the slower FFCPU
detector. The implementation at Full HD resolution shows that the proposed detector can
work in real-time by reaching a speed of 25.89 FPS, while other detectors work slowly
with speeds below 20 FPS. The superficial model of the proposed detector emphasizes
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Fig. 6. Visualization of result from proposed detector on AFW (a), PASCAL face (b), and FDDB
datasets (c)

the computational efficiency and the number of parameters. The backbone module pro-
duces a small number of parameters, but it maintains the quality of feature extraction.
Furthermore, the simple spatial attentionmodule improves detector performancewithout
significantly slowing down the real-time detector speed.
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Fig. 7. Comparison of trainable parameters detector with other competitors

Fig. 8. Comparison of data processing speed in real-time application with other competitors at
different video input sizes.

5 Conclusions

This work presented an efficient real-time face detector using a simple spatial attention
module implemented on a Jetson Nano. The proposed architecture consists of three main
modules, a backbone, a connection, and multi-scale detection. The backbone plays an
essential role in discriminating facial and background features by applying a simple spa-
tial attention block. This module effectively improves backbone performance without
adding significant number of parameters. Proposed detectors produce trainable param-
eters that are lower than CNN-based fast detectors. Finally, the results showed that the
proposed detector achieved competitive performance with state-of-the-art fast detectors
and outperformed their speed by 55 FPS in real-time on a Jetson Nano. In the future,
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the quality of model training can be improved by implementing and exploring IoU loss
and Focal Loss without reducing speed in real-time applications.
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Abstract. The thumb is the only finger that has a high degree of freedom of
articulation and can face the other four fingers, and functional training is significant
after injury surgery. We propose a system to measure and visualize the range of
motion of the thumb during rehabilitation in a non-contact manner using a depth
sensor and a deep neural model.

Keywords: Finger tip measurement · Rehabilitation · Non-tactile

1 Introduction

When you injure your thumb, you need to do rehabilitation to recover your physical
functions after treatment. When rehabilitating the thumb, it is important for the therapist
to understand the degree of recovery in order to rescheduling the therapy plan. It is
more important for the patient to keep motivation for rehabilitation. The thumb is the
only finger that has a high degree of freedom of articulation and can face the other four
fingers, and functional training is significant after injury surgery. The movable range
of the thumb joint is one of difficult to measure because the thumb has complicated
structure. Currently, the movable range of the thumb joint is measured by directly fitting
an protractor to the joint. Figure 1 shows an example ofmeasurement using a goniometer,
which is a kind of protractors [1]. It is measured numerically but quite just roughly and
difficult to visually understand how much it has become possible to move.

In order to solve the problem described above, we propose a system that measures
the thumb without contact, and an application that visualizes the range of motion of the
thumb tip when rehabilitating the thumb. In order to measure the thumb without contact,
we propose a measurement system with a depth sensor and an estimating method thumb
tip position using a deep neural model. Finally we developed a tablet application to
visualize the estimated results (see Fig. 2) by creating CG trajectory mesh around the
observed thumb tips.

2 Related Studies

According to Ishida [2], the movable range of joints is often measured by using an
measurement method based on the experience of therapists, which is based on the “Joint
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Range of Motion Indication and Measurement Method (1995)” issued by the Japanese
Orthopedic Association and the Japanese Society of Rehabilitation Medicine. He stated
that themeasurementmethodwas built just based on the experience of therapists. He also
stated that the inter-examiner measurement error of the movable range of joints for hip
flexion and straight leg rising (SLR) had a maximum value of 20 deg (minimum 5 deg)
for hip flexion and a maximum value of 30 deg (minimum 5 deg) for SLR. This means
that the accuracy of measured values strongly depends on the skills of the therapist and
the measured values may vary.

Fig. 1. Example of measurement using a
goniometer [1]

Fig. 2. Estimation result of the tip of the thumb
coordinates

As a previous study, Kaneda et al. [3] proposed a method in which a therapist mea-
sures the movable range of joints using an angle gauge on a computer by taking pictures
using a 3-D scanner and using the 3-D data obtained from the images. By capturing the
images on a computer, making the 3-D data translucent, and moving it around to make
it easier to measure, he stated that the 3-D scanner was able to reduce the measurement
error between examiners compared to the traditional method of directly fitting the angle
gauge to the patient. How- ever, the problem is that the measurement time is longer due
of the 3-D scanner. Miyake et al. [4] proposed a system that uses depth images of the
entire hand obtained from a depth sensor to estimate thumb tip coordinates through a
deep neural model. They used ResNet to estimate the thumb tip coordinates from the
depth image of the hand. They also tried to visualize them in 3-D in computer display.
However, it was difficult for therapists in the field to visually understand and handle
thumb tip estimation coordinates because they were displayed as points. Based on this
study, our solutions employing computer vision and graphics will be explained in the
following sections.

3 Image Acquisition Using Depth Sensor

We employ Intel RealSense Depth Camera D435 (Realsense) as the depth sensor, which
is developed and marketed by Intel Corporation. It has a depth sensor, RGB sensor,
and IR projector to acquire RGB images and depth images. Realsense acquires depth
information using active IR stereo method. The active IR stereo method is a method
of measuring depth by projecting infrared light from an IR projector and capturing the
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image with a camera, andmeasuring the difference between the projected pattern and the
captured pattern. The depth image is captured as an unsigned 16 [bit] integer, and each
pixel contains depth information as an integer value from 20 to 10000 in millimeters.
In order to capture images under the same conditions as in the previous study [4], the
distance between the hand and Realsense was set to 60 [cm], and the left hand was
placed on a table with two boxes of 10 [cm] height fixed so that the hand would appear
in the center of the depth image. The booklet was placed at a distance of 80 [cm] from
the Realsense in order to reduce the noise around the hand during the capture. Figure 3
shows the scene during the capture.

Fig. 3. Image capturing setup

4 Thumb Tip Position Measurement by DNN Model

4.1 Extraction of Hand Areas

The depth image taken by Realsense is shown in Fig. 4. Originally, the depth information
of the depth image is recorded in 16 [bits], but it is converted to 8 [bits] and visualized.
Since the depth image contains not only the hand but also a table and background objects,
we first perform masking on the depth image to extract the hand area. Next, in order
to remove background objects and regions other than the hand, subtract 550 from the
depth value to extract only the area whose depth is between 550 [mm] and 705 [mm]
in the depth image, considering the capturing conditions and the movable range of the
thumb, set the depth of 550 [mm] to 0, and fill the background area of the hand with 0.
The size of depth image captured by Realsense is 640× 480 [px], but it needs to be 227
× 227 [px] for the input to ResNet model, so we extracts only the hand region based
on the center of the captured depth image. Figure 5 shows the depth image created by
extracting the hand region through these operations.

4.2 Assigning Teacher Signals

We will use the depth image created in Sect. 4.1 and the X and Y coordinates of the
tip of the thumb for machine learning, so we need to specify the correct coordinates of
the tip of the thumb (hereafter referred to as the teacher signal). Click on the thumb tip
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Fig. 4. Part of the depth
image taken by Realsense

Fig. 5. Depth image
with the stand portion
removed

Fig. 6. Enlarged view of the thumb
area of the screen where the teacher
signal is being given

Fig. 7. Creating a dataset from depth images

in the depth image to add a teacher signal. In order to make it easier to understand the
position of the tip of the finger and to click on it, the depth image of 640 × 480 [px]
is doubled to 1280 × 960 [px] and visualized in 24 [bit]. In order to correct the depth
value to the Z coordinate on the tip of the thumb even if the teacher signal is shifted, the
median of the depth values in the range of 5 × 5 [px] centered on the X, Y coordinates
clicked as the teacher signal is used as the true depth value. Figure 6 shows a magnified
image of the thumb area. The clicked area is shown as a yellow cross, and a 5 × 5 [px]
area around the clicked X and Y coordinates is surrounded by a red frame as a teacher
signal.

4.3 Creating Data Sets

In order to improve the performance of the estimation, a large number of images are
required during the learning process. Therefore, in this study, in order to prepare a large
number of depth images efficiently, multiple depth images are cut out from a single
depth image to create a data set. As shown in Fig. 7, from one depth image, we shift the
image by 4 [px] vertically and horizontally based on the center of the image, and shift
it by 2 steps vertically and horizontally. As shown in Fig. 7, 25 depth images of 227 ×
227 [px] are created from one depth image by performing the above data augmentation.
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After that, the dataset is divided into the created depth images in chronological order,
one for validation data and two for train data, and then 1/3 of the total data is used for
validation and 2/3 for training.

5 Experiments of Thumb Tip Measurement

5.1 Dataset and Prediction Model

In this section, we examine whether we can estimate the thumb tip coordinates even
for unknown hand shapes. Since there are only a few subjects, we will evaluate the
performance by cross-validation. This experiment was conducted with the cooperation
of 10 subjects, “A” to “J”, who belonged to our laboratory. We captured image data for
each of them. The data of 9 subjects were used as training data for building theResNet [5]
prediction model with MSE loss function. Those of the rest one subject was not used for
training but as test data to evaluate the model’s prediction performance. The trials were
repeated in the way of LOOCV. We also visualized the estimated thumb tip trajectory.
Their finger actions were captured for each person: 1) move your thumb in a big circle
(large movement), 2) move your thumb in small circles (small movements), and 3) move
your thumb freely for 10 s (free movement). Table 1 shows the specifications of each
subject: [size of the palm] the length from the wrist to the tip of the middle finger, and
[thumb length] the length from the end of the first metacarpal bone to the tip of the
thumb. There are 114750 instances in the dataset.

5.2 Estimation Results

Table 2 shows the square root of the mean square error when one subject is used as the
test data and the remaining subjects are used as the training data. The average of the
square root of the mean square error is 3.72 [px] (out of 227× 227 [px]) and 5.98 [mm].

Figure 8 shows the relative frequency of errors for each movement of subject F. An
example of the estimation results for the data of subject F is shown in Fig. 9. The white
crosses in each figure represent the teacher signal and the pink crosses represent the
estimated coordinates. The number in the upper left corner of each figure represents the
estimated coordinates [x,y]. These figures are selected when the position of the thumb
is different.

5.3 Visualization of Thumb Tip Trajectory

Figures 10, 11, 12 show the visualization of the movable range of thumb tip for the data
of the three movements of subject F based on the results of Sect. 5.2 by creating a mesh.
The blue points in the figure are hands, the orange points are thumb tip coordinates, and
the gray mesh is a mesh that surrounds the points of the thumb tip.
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Fig. 8. Relative frequency Fig. 9. Thumb tip estimation and GT for
subject F

Table 1. Subject data

Subj. Gender Palm
length
(cm)

Thumb
length
(cm)

A Male 18 11

B Male 17 11

C Female 16 9

D Male 20 10

E Male 19 9

F Male 18 9

G Male 18 8.5

H Female 18 8

I Female 18 10

J Female 18 8

Table 2. SD of error [px(mm)]

Test
subj.

Movement

Large Small Free

A 5.05(8.07) 5.20(8.26) 3.48(5.56)

B 2.56(4.14) 1.39(2.32) 2.21(3.43)

C 2.41(3.93) 2.25(3.68) 3.47(5.57)

D 4.36(7.04) 1.99(3.30) 3.08(4.97)

E 3.30(5.04) 3.13(4.85) 4.24(6.39)

F 6.01(8.85) 3.63(5.70) 5.08(7.97)

G 3.95(6.08) 2.13(3.42) 2.21(3.47)

H 1.84(2.92) 2.10(3.41) 1.95(3.15)

I 9.58(16.13) 9.36(16.15) 7.71(13.07)

J 2.42(3.85) 1.93(3.21) 3.44(5.54)

Fig. 10. Thumb tip trajectory of subject F in large movements
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Fig. 11. The thumb tip trajectory of subject F in small movements

Fig. 12. Thumb tip trajectory of subject F in free movement

5.4 Evaluation

From Table 2, we can see that we can estimate the thumb tip coordinates, although there
is small error. The reason why SD is larger for subject I is because subject I had a depth
of about 3 cm deeper than the other subjects (he placed his hand about 3 cm away from
the camera). In addition, Table 2 and Fig. 8 show that the larger you move your thumb,
the larger the error becomes. The actual maximal error was between 32 [px] and 33 [px],
here we truncated the long tail in Fig. 8, because the ResNet detector missed the thumb
tip positions for the case of large movements. Although some outliers are removed,
Fig. 10 shows that some outliers are also in the mesh. In some cases, the outliers are
slightly different from the actual point cloud of the estimated thumb coordinates. From
the above, we found that we can get some results for data of people with unknown hand
and thumb shapes that are not included in the training images. If we use more thumb
data and larger movements for training, we can expect to get more accurate results for
unknown data. Here the movable range of thumb tip is displayed as a mesh polygon and
we have some outliers. Its removal process will be explained in the following Sect. 6.2.

6 User Application for Capturing and Visualizing Measurements

Based on the model for estimating 3-D thumb tip position from depth images, we next
developed an application for users to easily acquire the depth images of palm and fingers.

6.1 Depth Image Acquisition

We implemented image capturing and playback functions in the application on a tablet
PC using Unity and Realsense, using the wrapper provided to enable Realsense in Unity.
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It acquires a 640× 480 [px], 16-bit depth image at 30 fps from Realsense, converts it to
Texture2D format, and then displays it on the screen of the app. In addition, surround the
227× 227 [px] area in the center of the depth image with a white frame to show the area
used for machine learning. It also displays the current status (capturing or playback) in
the upper left corner. The capture depth images are stored as the PNG format. To play
back the captured images, select the folder that contains the PNG images to be played
back on the file dialog, and then display one image per frame on the screen.

Capture Function. Whenyoupress the “StartRecording”button in the lower left corner
and select the destination folder until you press the Stop Recording button in the lower
left corner, a folder with the date as the folder name will be created and the PNG image
will be saved in it.

Playback Function. After pressing the Play button in the lower right corner and select-
ing the folder containing the PNG image to be played, the PNG image will be played
repeatedly until the Stop Playing button in the lower right corner is pressed.

6.2 Outlier Removal for Visualizing Thumb Tip Trajectory

For visualization of the 3-D estimated thumb tip trajectory, we convert the point cloud
data into polygonmeshdata for rapid rendering so that users canoperate (move, rotate and
scale) the displayed trajectory or information on the tablet. First we remove outlier points
in the trajectory data. In order to remove outliers, we used the Local Outlier Factor (LOF)
algorithm [6] using Python’s scikit-learn library. LOF is an outlier detection algorithm
that focuses on the density of data in space and uses the local density to describe how
dense a point is with its k nearest neighbors.

6.3 Creating Mesh Visualizing Thumb Tip Trajectory

We converted the outlier-deleted point cloud created in Sect. 6.2 into voxel data. Since
the point cloud was relatively sparse, we created a voxel of 9 × 9 × 9 [mm] and then
voted each cloud point into the voxels. Then we converted the voxel data into polygon
mesh that surrounds the point group that is the movable area of the thumb tip by using
marching cube method [7] as shown in Figs. 10, 11, 12. The blue dot represents the
hand, the orange dot represents the tip of the thumb, and the gray object represents the
mesh surrounding the point group of the tip of the thumb.

6.4 Application Displaying Thumb Tip Trajectory

Data Files. Three files are fed into the app: a text file that contains the estimated coor-
dinates of the thumb tip, a text file that contains the contour coordinates of the hand, and
an object file that contains the movable range of the thumb tip. The contour data of the
hand is created by extracting the contour of the hand from a 227× 227[px] 16-bit depth
image of the hand using the following procedure in Python script.
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1. Convert to 8-bit depth image
2. Convert to RGB image
3. Perform threshold processing
4. Perform contour extraction
5. Perform contour approximation so that it is not too heavy when displayed in the

application.
6. To unify the Z-coordinates for better appearance, the median of the non-zero depth

values in 7× 7[px] centered on the extracted vertex is used as the depth value of the
vertex of the contour, and the average of the depth values of all the vertices is taken
as the Z-coordinate of all the vertices.

7. Perform coordinate system transformation to convert from image coordinate system
to camera coordinate system.

8. Subtract 650 from Z and save it in a text file because you want it to appear near the
origin in the app.

Fig. 13. Display the movement of the tip of the thumb

Displaying Thumb Tip Trajectory. The thumb tip trajectory and the con- tour of the
hand are displayed on the tablet. The outline of the hand is depicted by chain of cylinders.
You can freely translate, rotate and scale the displayed trajectory by drag and pinch on
the tablet panel. You can also confirm the name of the currently open file at the top of
the screen. In addition, the name of the currently open file is displayed at the top of
the screen. If you touch the fifth button from the left at the bottom, you can change the
viewing mode. Each time you touch the button, you can switch between three viewing
modes: one instance view, side by side view for two instances, and overlay view stacking
two instances for comparison to each other. Figure 14 shows how this works.
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Fig. 14. Multiple display modes

Displaying Thumb Tip Motion. When you click the “Show thumb tipmovement” but-
ton (the sixth button from the left), the app displays the animation of the thumb tipmotion
in time order to describe the movement. Figure 13 shows how it works.

Measuring Any Length Using a Virtual Scale. The application has “virtual scale”
function to measure length between any two points you want to measure. After press-
ing the “Virtual Scale” button, you can place the virtual Scale by swiping on the tablet
screen, by stretching the scale from the starting point to the end of swiping point. When
the user releases the scale, it will continue to be installed. Since the numerical length in
the virtual space is automatically calculated and displayed along the scale, the measured
length can be quantitatively recorded. When the user swipes it again, a new scale can be
placed, allowing multiple scales to be installed. Figure 15 shows a scene in which the
virtual scale is installed and measured lengths are displayed.

Fig. 15. Dimension measurement display
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7 Conclusion

This study improved UI and UX of measuring the movable range of thumb tip by using
depth images taken by depth sensors, estimating the position of the thumb tip by the
DNNmodel, visualizing the movable range of the thumb tip in 3D space and enabling it
operable on the touch screen of tablet PC. In the experiment, we showed the effectiveness
of finger tip detection and measurement of its 3-D position from depth image by ResNet
regression. We created an application to take depth images of the hand and to display the
range of motion of the thumb tip so that therapists in the field can use the measurement
system easily.

One of the future tasks is to addmore training images formore accuracy. The training
images created in this studywere taken from themovements of nine subjects, but in order
to use them in actual rehabilitation rooms, more subjects and various thumb movements
in the training images are needed in order to correspond to hands with various shapes
and conditions. Second one is building more sophisticated application interface. The
tablet PC can be easily and intuitively operated for visualization of 3-D information,
but UI and UX should be developed by listening the user’s feelings and opinions. After
releasing the beta version of the application, the user surveillance is the next important
task.
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Abstract. This paper describes a method for prediction of 3D human pose using
an RGB-D camera in real-time for personalized robot services. In input frame
from RGB-D camera, 2D pose as a skeleton represented by 2D keypoints on an
RGB image is estimated by OpenPose: an image-based human pose estimation
technique. 3Dpose represented by a set of 3Dkeypoints is estimated from the depth
at the keypoints of 2D keypoints. Daily actions of a person, which are represented
by a sequence of 3D keypoints, are measured by an RGB-D camera fixed to a
daily environment. After the sequences of measured 3D keypoints are learned by
a motion predictor of RNN, the future 3D keypoints are predicted by the RNN
from the sequential input of 3D keypoints, which are measured in real-time by
RGB-D camera. Experimental results show the predicted 3D pose and errors for
standing from and siting on a chair in a room of daily environment.

Keywords: Prediction of future 3D human pose · 3D human motion estimation ·
RGB-D camera

1 Introduction

It is expected that service robots support and help human daily activities in the environ-
ment of everyday life. For supporting human daily activity, personalization to the user
becomes important key technique in robot services. For realizing personalized robot
service of supporting daily activity, it will be useful that home service robots and envi-
ronmental robot systems watch a person’s actions and know the required help and the
best time to help for the person by predicting the personal motion.

There have been proposed many not only 2D human pose estimation methods [1–3]
but also 3D human pose estimation methods [4–9]. Most of the methods learn relation
between 2D human pose and 3D human pose data measured by 3D mocap. There are
also many studies for prediction future human pose [10–14]. These methods also predict
general motions of people by learning many persons’ motion in database. In general,
human pose data sets include many people, these methods will be applied to general use.
However, human motions of different persons are slightly different even in the same cat-
egorized actions such as “standing” and “sitting”, since each person has personal motion
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habit and features in an action. For prediction of personal motion for the personalized
robot service, it is better to create and use personal motion database for learning personal
motion by Deep Neural Network.

Recently, RGB-D camera become popular to use. It can be useful as a visual sensing
device for robot vision and computer vision. RGB-D camera can obtain not only RGB
image but also depth information of the scene in real-time like a usual camera. Advantage
of using RGB-D camera is that depth information can be directly measured by RGB-D
camera without using and learning general human motion database measured by 3D
mocap. In [15], the methods predict a person’s body future position after 0.5 s in real-
time using RGB-D camera, Kinect v2. The method predicts the body position. However,
it does not predict person’s arm and legmotions. For personalized robot service in human
daily activity, it will be useful to predict future 3D pose and motion including personal
motion habit and features in actions so that service robot can start to move earlier to help
the person at the best time.

In this paper, we propose a method for prediction of human motion by RGB-D
camera. Human 2D pose of a person is estimated as a 2D skeleton from RGB image
by OpenPose [2]: an image-based pose estimation technique. The depth information
corresponding to the 2D keypoints of the skeleton is obtained from the depth measured
by RGB-D camera. Then the 3D skeleton of the person is estimated. The sequence of the
measured 3D skeleton of a person represents the motion of the person. The motion of the
person is learned usingRNN(RecurrentNeuralNetwork), the future 3Dpose represented
by the 3D skeleton is predicted from the inputted sequence of the 3D skeleton of the
person. The error of the prediction is evaluated based on the experimental results.

2 Proposed Method

2.1 Measurement of 3D Pose of Human Using RGB-D Camera

An RGB image and a depth image are captured at the same time by an RGB-D camera.
First, 2D human pose of a person is estimated from RGB image by OpenPose [2].
OpenPose detects 25 keypoints of the 2D skeleton of a person estimated on the RGB
image. Example of an estimated 2D pose for a scene “a person is sitting on a chair”
is shown in Fig. 1. As an RGB-D camera for measuring 3D human pose, we use Intel
RealSense L515.

The captured RGB image and depth image are aligned for corresponding the pixel
position on the image. Then the depth data are obtained by corresponding aligned pixels
of the 2D keypoints of skeleton and depth image. Then a 3D pose as a set of 25 3D
keypoints is obtained by an RGB-D camera. Example of an estimated 3D pose for a
scene “a person is sitting on a chair” is shown in Fig. 1.

Let a 3D coordinates of keypoint at time tn is denoted by P(tn). A 3D pose Pose(tn)
is represented by a set of 25 keypoints of P(tn) for representing 3D skeleton at time tn.
3D motion is represented by a time sequence of Pose(tn). If the current measurement
depth data at the 2D keypoint is not available, in this case the depth value becomes zero
in RealSense L515, the current depth data is extrapolated from the recent past data. This
case may happen when the reliability of the measured depth data becomes low. If the
depth data is not available at the pixel corresponding to the 2D keypoint on the RGB
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image, the depth data at time tn is extrapolated from the 3D coordinates of the keypoint
of the previous frame at time tn−1.

P(tn) = P(tn−1)+ P(tn−1)− P(tn−2)

tn−1 − tn−2
(tn − tn−1) (1)

Extrapolation of keypoint is illustrated in Fig. 2. In Fig. 2, extrapolated keypoint at time
tn is represented by green color.

The frame rate of the 3D pose estimation is 10 fps.

Fig. 1. Example of an estimated 2D and 3D pose for a scene “sitting on a chair”.

Fig. 2. Extrapolation of keypoint from the recent past keypoints. (Color figure online)

2.2 Training of 3D Motion of Human

Many3Dpose can be obtained byobserving humandaily activity after setting theRGB-D
camera in the daily environment. We use Recurrent Neural Network (RNN) for training
and prediction of 3D pose. We use Gated Recurrent Unit (GRU) for the hidden layers.
The 3D pose data at current and previous m frames, totally (m + 1) frames, are input,
and network outputs 3D pose after T frames. Figure 3 shows a model of the RNN. 3D
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pose is represented by 25 keypoints. Then the number of nodes for inputting a frame
data becomes 75, since a keypoint has three data (x, y, z) in a 3D space. The number of
nodes of output layer is 75 also. The number of nodes of the middle layers are 4, 32, 64
from the input to output layer. In the paper, 3D pose P(tn),. . . ,P(tn+m) are sequentially
used for input data frames to RNN, and 3D pose P(tn+m+T) after T data frames are used
as teaching data for the output layer. Mean squared error (MSE) is used as error function
for evaluation of error in the output layer. Adm is used as optimizer.

In our approach, since our system is used for personal use, the RGB-D camera is set
at a position in a room of everyday environment, and the measuring actions for training
and prediction is performed in the same setup.

A motion predictor of RNN is trained with the following conditions. The number of
input data frames m of a sequence and future prediction frames T are the conditions for
training a motion predictor of RNN. Future prediction frames T represents the number
of frames after the last input data frame. Input data are successive (m + 1) data frames,
and corresponding teaching data frame for prediction is 3D pose after T frames from the
last input data frame. The number of data frames of an action is denoted by NF.

We obtain several motion predictors by training with different conditions m, T, and
coordinate systems to represent 3D pose. In the experiment in Sect. 3, the number of
frames of an action NF is 60. We set an iteration times N to 200 for training motion
predictors of RNN.

Fig. 3. Motion predictor of neural network model

2.3 Prediction of 3D Pose of Human

In future prediction of 3D pose, time sequence of a set of 25 3D keypoints of (m + 1)
data Pose(ti), …, Pose(ti+m) measured in real-time by RGB-D camera are input to the
input layer successively, then the network outputs 3D pose Pose(ti+m+T ) represented
by a set of 25 3D keypoints at future time ti+m+T after T frames from the current time
ti+m.
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3 Experiments

3.1 Training and Prediction in Experiment

For preparing action data set for trainingRNNand evaluation of prediction test, a person’s
actions are measured and recorded. We use Intel RealSense L515 as an RGB-D camera
for measuring 3D pose of a person. A device is set around 1.2 m height from the floor. A
person performs 41 daily actions in a room in front of an RGB-D camera. The 41 daily
actions include 18 different kinds of daily actions often occurred in everyday activity
such as “standing from a chair”, “sitting on a chair”, “picking up a box”, and “calling
with mobile phone” of a person in a room. In the action data set, it includes 7 actions of
“standing from a chair” and 7 actions of “sitting on a chair”. We use these two actions,
“standing from a chair” and “sitting on a chair”, for evaluation of prediction.

For evaluation of prediction error, we obtain 12 motion predictors by training RNN
with 12 combinations of input and output conditions. In the experiment, we set a number
of input frames m to 3 and 5. As a future prediction, we set a number of future prediction
frames T to 3, 5, 10. As coordinate systems, camera-centered coordinate system C
and person-centered coordinate system P are both used for training and prediction. In
the person-centered coordinate system, the origin is the coordinate of the 3D keypoint
corresponding to the waist (Mid Hip) of the person. In the camera-coordinate system,
the motion predictor learns the person’s motion depending on the position of the person.
Since the frequent actions may occur in the same position in a room, it will be suitable
for the motion prediction for the actions depending on the position. On the other hand, in
the person-centered coordinate system, the error of the estimated position of the person
is canceled. It will be suitable for predicting motion independently of the position in a
room.

Table 1 shows the list of the 12 motion predictors. In this paper, a motion predictor
trained with different conditions is named as (Coordinate system) (number of input
frames) (T = (future prediction frames)). For example, in a motion predictor P_3(T =
5), P represents the person-centered coordinate system, 3 represents the number of input
data frames, and 5 represents the number of the future prediction frame after the last
input frame.

3.2 Experimental Results

In prediction, we use the same RGB-D camera under the same condition in the training.
We evaluate the error of prediction for “standing from a chair” and “sitting on a chair”.
The other measured action data are used for only training in the evaluation.

We predict a motion of the person for two actions of “standing from a chair” and
“sitting on a chair”. As examples, 6 predicted skeletons and measured skeletons are
shown in Fig. 4 and Fig. 5 for the two actions, respectively. The skeletons are drawn
in camera-centered coordinate system. The predicted skeleton is represented in green
color. The measured skeleton is represented in orange color. These prediction results are
obtained by the motion predictor P_3(T = 5). The future prediction time is about 0.5 s.
In this case, a future 3D pose after 5 frames (about 0.5 s) is predicted from successive
three input data frame. Next future 3D pose is predicted by inputting the next data frame
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Table 1. Parameters of motion predictors

Motion predictor Coordinate
systems
camera/person

Number of input
frames m + 1

Future frames
(times) T (s)

Future times s

C_3(T = 3) Camera 3 3 (0.3 ± 0.003) 0.3 ± 0.003

C_3(T = 5) Camera 3 5 (0.5 ± 0.005) 0.5 ± 0.005

C_3(T = 10) Camera 3 10 (1.0 ± 0.010) 1.0 ± 0.010

C_5(T = 3) Camera 5 3 (0.3 ± 0.003) 0.3 ± 0.003

C_5(T = 5) Camera 5 5 (0.5 ± 0.005) 0.5 ± 0.005

C_5(T = 10) Camera 5 10 (1.0 ± 0.010) 1.0 ± 0.010

P_3(T = 3) Person 3 3 (0.3 ± 0.003) 0.3 ± 0.003

P_3(T = 5) Person 3 5 (0.5 ± 0.005) 0.5 ± 0.005

P_3(T = 10) Person 3 10 (1.0 ± 0.010) 1.0 ± 0.010

P_5(T = 3) Person 5 3 (0.3 ± 0.003) 0.3 ± 0.003

P_5(T = 5) Person 5 5 (0.5 ± 0.005) 0.5 ± 0.005

P_5(T = 10) Person 5 10 (1.0 ± 0.010) 1.0 ± 0.010

successively. Then, future 3D pose is predicted at each frame successively. The sequence
of predicted 3D pose shows the motion of the action. In Fig. 4 and Fig. 5, 6 skeletons
are selected to roughly show the motion of the action. From the figures, we can see the
future predicted 2D pose almost match to the measured 2D pose. We also find that the
predicted error becomes large in the middle of the frames especially in the action “sitting
on a chair”.

In discussion about personal motion habit and features in an action, we found the
prediction error becomes large in the case the person has similar motions in different
daily actions. This may be caused by the personal motion habit. For example, in the
middle of Fig. 5, the top of the body in prediction, green colored skeleton, is shifted
to left lower direction. It means the top of the body directs to the right lower in the
person-centered coordinate system. In the action “picking up a box” of the action data
set, the person picks up the box in front of the right foot. In this action, the top of the
body of the person directs to right lower in the person-centered coordinate system. On
the other hand, we examined the action data set, and found the person has a personal
motion habit that the top of the body directs to right lower at the beginning of the action
“sitting on a chair”. Then we found the motions are similar to each other at the beginning
of the action “picking up a box” and “sitting on a chair”. This may be the reason that
the prediction error becomes large in the middle of the sitting action of Fig. 5. This
kind of error may happen more in prediction in the person-centered coordinate system.
This kind of error will decrease if more action data are used for training. This will also
show the possibility that the motion predictor can predict the person’s motion including
personal motion habit by learning the many motion data in many actions. Furthermore,
we can see that, even when the predicted pose has large error at the beginning of the
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action like this, the predicted pose gradually converged to the sitting pose by successive
input of the measured data frames of sitting action.

time
Fig. 4. Example of predicted pose by P_3(T = 5) for standing (Color figure online)

time
Fig. 5. Example of predicted pose by P_3(T = 5) for sitting (Color figure online)

As evaluation indices, we use MPJPE and PCKh@0.5. MPJPE is a mean distance
between the predicted 3D keypoint and the measured corresponding 3D keypoint for the
whole 25 keypoints of the body skeleton. PCKh@0.5 is a ratio that predicted keypoint
is within the radius of the sphere which approximates the head of the person. In the
experiment the radius is 0.110 m. We compare these indices for evaluation.

We show the evaluation of prediction error for 7 pair of actions “standing from a
chair” and “sitting on a chair”. When we evaluate the prediction error for a pair of
“standing from a chair” and “sitting on a chair”, the pair of action data are removed from
the training action data set. Then the remaining 39 action data are used for training, and
the pair of “standing from a chair” and “sitting on a chair” is used for test.

For evaluation, first we calculate the moving average of MPJPE for the predicted
actions “standing from a chair” and “sitting on a chair” in the time length of the action
(the number of data frames NF). Next we calculate the average MPJPE of the moving
average for 7 actions of “standing from a chair” and “sitting on a chair” each. We show
the average MPJPE of 7 actions of in Table 2. In Table 2, if the average MPJPE is under
110 mm, it is represented in bold. We can find a tendency the prediction error becomes
large in the far future prediction from Table 2. Table 3 shows the average PCKh@0.5 in
2D and 3D. The average PCKh@0.5 is the average of 7 moving average of PCKh@0.5.
In Table 3, if the average PCKh@0.5 is over 50%, it is represented in bold. In 2D image
space, all the cases are over 50%. The average PCKh@0.5 in 3D is relatively lower than
that in 2D. This shows the prediction error is large in depth. We can find a tendency the
prediction error becomes large roughly in the far future prediction also from Table 3.
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Table 2. Average MPJPE [mm] for 7 pair of standing and sitting actions, and average

Action Stand from a chair Sit on a chair Average

Future
prediction
frames (T)

3 5 10 3 5 10 3 5 10

Ours (3D) C_3 208.4 171.0 228.6 109.7 94.3 200.7 159.0 132.7 214.6

C_5 176.4 202.3 303.2 106.4 122.9 166.7 141.4 162.6 234.9

P_3 262.6 243.5 261.6 200.3 196.5 229.8 231.5 220.0 245.7

P_5 256.1 250.9 248.2 176.4 177.1 241.2 216.3 214.0 244.7

Table 3. Average PCKh@0.5 [%] for 7 pair of standing and sitting actions, and average

Action Stand from a chair Sit on a chair Average

Future prediction
frames (T)

3 5 10 3 5 10 3 5 10

2D PCKh
@0.5

C_3 89.3 83.9 64.8 95.4 90.1 70.8 92.4 87.0 67.8

C_5 82.3 82.9 60.2 91.3 83.8 69.1 86.8 83.4 64.7

P_3 92.0 93.7 70.5 90.2 89.6 64.7 91.1 91.6 67.6

P_5 97.9 92.4 78.5 91.3 87.4 65.5 94.6 89.9 72.0

3D PCKh
@0.5

C_3 72.9 54.7 42.2 73.9 56.8 42.2 73.4 55.7 42.2

C_5 69.9 52.1 43.0 63.6 53.8 42.9 66.8 52.9 42.9

P_3 63.4 66.1 42.6 48.4 63.4 50.0 55.9 64.8 46.3

P_5 68.1 59.0 51.0 67.4 54.0 37.2 67.7 56.5 44.1

4 Conclusion

We proposed a method for prediction of 3D human pose using an RGB-D camera in
real-time for personal use. We measured a 3D pose of a person using an RGB-D camera
and trained RNN to predict future 3D pose as an output from a sequence of input data
frames in real-time. The trained RNN outputs a future predicted 3D pose in real-time
from a successively input sequence of 3D pose measured RGB-D camera.

We evaluated the prediction error for two motions “sitting on a chair” and “standing
from a chair” as representative daily actions. In the experiment, we used a small action
data set for training RNN. The action data set includes only 41 actions. Even from the
small action data set, the predicted future pose approximately matches to the measured
pose, especially in 2D pose.We can expect prediction of future pose will be more precise
using the bigger action data. Then the prediction of motion will be more personalized.
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Abstract. This research implements a system that detects and records various
human activities in indoor scenes. For example, it detects who brings in or takes
out an object and the handled object’s image with the incident timestamp. It’s
constructed over ROS2, a widely used distributed communication framework for
robotic implementation based on micro-services architecture, so that it can sepa-
rate each subprocess of detection and improve the maintainability of each module.
This paper reports the constructed system with visual human and pose detection,
object detection, and recognition of object handling activities. Since the system
was able to separate hardware not only service process, it was able to employ
computationally heavy machine learning models simultaneously on multiple PCs
with GPU.

Keywords: Interactive human-space design and intelligence · Human-robot
interaction · ROS2

1 Introduction

1.1 Research Background and Objectives

In recent years, cameras have become smaller and higher quality, and camera devices
such as surveillance cameras anddrive recorders havebeen installed everywhere.Devices
that can simultaneously acquire both color images and depth information, such as the
Intel RealSense [2] and some recent models of smart phones like iPhone12 and Galaxy
have been introduced. There is a limit to how much of this information can be used by
humans to monitor and accurately detect important events. In addition, recent develop-
ments in technology and SDK libraries have made it possible to recognize transition in
indoor or outdoor scene, people’s activities, and various objects in real time from color
and depth information.

In a previous study, Maki et al. [8] proposed an integrated system to automatically
detect and store indoor scene changes. This system automatically detects and stores
changes in indoor events such as objects being brought in and out of a room.However, the
implementation of most systems is tightly coupled, which makes it difficult to maintain.
In addition, they are not scalable. Even if a new algorithm is proposed to detect an event,
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Fig. 1. Loose-coupling nodes in distributed architectures

it is difficult to replace the implementation or to add a new function to detect a new
event.

In order to solve this problem, we attempt to design and implement a system that
automatically detects and stores changes in indoor events using a micro-service archi-
tecture (hereinafter referred to as the “indoor event detection system”). This system is
expected to make all functions in the system loosely coupled. ROS [9] and its next gener-
ation, ROS2 [5], are the de facto standard communication framework for such purposes
in robotics field.

Loosely-coupled programs have an advantage of requiring minimal changes when
their modules inside are upgraded as shown in Fig. 1. If we can sophisticatedly design
common “API” between any modules, we can replace any module to another as long as
the module can be accessed via the common API. If the implementation of program A
is upgraded, program B needs only to be modified for switching its information source,
and program C is not affected at all. This architecture is similar to networking protocol
(TCP/IP). In addition, since the hardware can be divided in the case of distributed
cooperation through process communication, it is possible to scale computational loads
that could not be handled by a single piece of hardware like GPU. The implementation
of loosely coupled programs is less complicated than that of tightly coupled systems. In
this paper, a loosely coupled program design is adopted because the system is designed
for under-development and growing systems for long-term operation. We aim to create
a system that is easy to maintain and expand, and easy to replace functions, which has
been a problem in previous studies. For such a purpose we adopt ROS2 as the core
platform of the whole system.

2 System Overview and System Configuration

2.1 System Overview

Figure 2 shows an overview of the system we have been building in this research. The
system is roughly divided into an input section, an event detection and interpretation
section, a plug-in section, and an output section.

The input section acquires information about the indoor situation and provides it to
the processing server. This system requires color image information, depth information,
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and camera information (e.g., intrinsics and extrinsics of each camera). Any type of
device fixed to any fixed place in the space or even on moving robots can be used. In
this research, we use an Intel® RealSense™ [2] (hereinafter referred to as RealSense)
fixed to the ceiling.

Fig. 2. Indoor scene logging system

The event detection/interpretation section detects events occurring in the video for
human actions and objects based on the color image and depth information obtained
from the input section. Here, targeted events are defined as “when, Where, Who, What,
or What happened”. The event detection and interpretation section obtains information
in real time, processes it sequentially, and notifies the output section when an event is
detected. The internal processing is described later.

The plug-in part provides functions to support the event detection and interpretation
part. This section includes functions that use external libraries and machine-learning-
based estimation, which are complicated to install. We have made it easier to separate
the hardware by configuring them as plug-ins instead of including them in the event
detection part. Plug-ins require only the construction of an environment for the plug-in,
which reduces the cost of system installation. For example, the use of estimation for
machine learning generally requires a machine equipped with a GPU, but the machine
running the event detection and interpretation part does not need a GPU.

The output section displays and stores the detection results output from the event
detection and interpretation section. It also has functions to search and retrieve past
events from outside. In this study, we implement a function to save event information in
a DB, a function to save color images and depth information before and after an event,
and a function to retrieve past events via a Web API.

2.2 System Configuration

In this study, the hardware and software to run the system were configured as follows.
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Server for Input Section

OS: Ubuntu 18.04 LTS
ROS distribution: ROS2 Dashing Diademata
Input device: Intel® RealSense2.0 [1]
Python version: 3.6.9
Image processing: OpenCV-Python 4.4.0.46 [3]

Server for Event Detection and Interpretation Section

OS: Ubuntu 18.04 LTS
ROS distribution: ROS2 Dashing Diademata
Python version: 3.6.9
Image Processing: OpenCV-Python 4.4.0.4

Server for Plugin Section (HumanSkeletonEstimation,HumanRegionExtraction)

OS: Ubuntu 18.04 LTS
ROS distribution: ROS2 Dashing Diademata
Python version: 3.6.9
Estimation Model: OpenPose v1.7.0 [7] (human skeleton estimation), YOLACT [6]
(human region estimation)
GPU: GeForce RTX 2070 SUPER

3 System Design

This section describes the design of the system implementation. In this section, we
describe three aspects of the system: the ROS package configuration, the node con-
figuration, and the internal configuration of the event detection and interpretation
unit.

3.1 ROS Package Configuration

The ROS package configuration of this system is shown in Fig. 3. ROS packages are
created for the input section, the event detection and interpretation section, and the plug-
in section. However, the output part is included in the event detection and interpretation
part package. For the plug-in part, one package is created for each plug-in. The green
package corresponds to the input part, the orange package to the event detection and
interpretation part and the output part, and the blue package to the plug-in part. In par-
ticular, in this study, the package of the event detection and interpretation part including
the output part is called the core system package, and the group of these functions is
called the core system “Shigure”.



866 K. Yoshida et al.

Fig. 3. ROS packages configurations (Color figure online)

3.2 Node Configuration

In this system, multiple ROS nodes send and receive messages from each other and
operate cooperatively to form a single large system, and the “service” described by
Thönnes [10] is realized in each node in this system. In other words, one node per
function is implemented as a single node. This makes the services loosely coupled to
each other, which facilitates functional expansion and maintenance. For example, when
a new method is proposed for an object detection algorithm, only that node needs to be
rewritten, thus allowing for low-cost functional expansion.

Figure 4 shows the node configuration of our system. Green is the input node,
orange is the object detection node, blue is the person detection node, and the black
area surrounded by orange is the event detection and storage node.

Fig. 4. ROS nodes configurations (Color figure online)
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3.3 Internal Structure of Event Detection and Interpretation Section

The event detection/interpretation section is further divided into subsections due to the
large number of processingmodules. In this study, the nodeswere designed based on hier-
archical event detection. Figure 5 illustrates the hierarchical event detection architecture.
In this architecture, information obtained from input devices is defined as lower-level
information, and more specific information is defined at higher levels. In this study, we
implement LV4 as the responsibility of the core system. The process flow of the core
system is shown in Fig. 6.

Fig. 5. Hierarchical event detection

This section describes the flow of event detection. Event detection can be roughly
divided into object detection, person detection, and event judgment and storage. The
parts other than the input part of Fig. 4 fall under this category.

The object detection process is to detect objects that have been brought in or brought
out. The object detection process uses the depth information. The background difference
extraction node estimates the background from the depth information, compares it with
the current frame, and extracts the difference. The background difference analysis node
receives the result, and analyzes the part of the frame that has a temporal difference and
is not the human area as an object candidate. The object estimation node then estimates
the object region by labeling the background subtraction analysis image. Finally, the
object tracking node assigns an object ID for each detected object, and the unique ID is
associated to the objects that are considered to be identical by tracking.

The person detection process involves estimating the skeletal structure and area of a
person, as well as the identity of the person. The person detection process uses a machine
learning model with color images as input. The person skeleton estimation node uses
OpenPose [7] to estimate the skeleton of a person from a color image. The person region
estimation node uses YOLACT [6] to estimate the region of the person from the color
image. The person tracking node estimates the same person from the depth image and
the person skeleton estimation information, and assigns a unique person ID.
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Fig. 6. Flow of image based detection and logging

The event type classification and storage process combines the results of object
detection and person detection to classify the event, and stores the event information
when it is judged that an event occurred. The contact event detection node detects
“contact” between a person and an object. When an object is detected as being brought
in or taken out, the event information is stored in the DB.

4 Experimental Result

4.1 Object Detection Process

The object detection process cascadesmodules and treats the depth information obtained
from the input section in the following order: background difference extraction node,
background difference analysis node, object estimation node, and object tracking node.
The object detection process treats the depth information obtained from the input section
in the following order: background subtraction extraction node, background subtraction
analysis node, object estimation node, object tracking node. The process finally converts
it into information about the object, such as the area where the object exists and the state
of the object (brought in, brought out, existing in the scene). In this section, we describe
the processing results of each node.

4.2 Background Subtraction Extraction Node

The pixel region with temporal changes is extracted by background subtraction as shown
in Fig. 7. The background image is continuously changed due to human activity or tem-
poral progress. For robust background subtraction we maintain the background image
by averaging recent frames of input. The threshold of subtraction is dynamically deter-
mined by considering standard deviation for each pixel. In temporal averaging pixels,
we remove pixels on which has no depth available.
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Fig. 7. Robust background subtraction

Frame 1370 is a scene where a person enters the space and places an object on a
desk. Since the background information does not contain depth information between
the person and the object, it is extracted as a difference. In frame 1500, the background
information is updated to show that the object is now blended into the background.

4.3 Background Subtraction Analysis Node

In the background subtraction analysis node, only the differences that changed over
a certain period of time were obtained from the background subtraction image from
which the human region was deleted. In addition, the information for estimating the
human region was obtained from the human region estimation node. All processing is
implemented by OpenCV standard API [3]. The processing results are shown in Fig. 8.

Object Detection Node. In the object Detection node, the background subtraction
image after the subtraction analysis process was labeled and divided into object regions.
At this time, events that occurred to the object, such as being brought in or taken out,
were also determined: if the depth value of the region decreases (namely the region
gets nearer to camera) the action should be “bring-in”, otherwise “take-away”) Since
the same object is detected in consecutive frames of the background subtraction, the
node verifies whether the object is the same as the one detected in the previous frame
by detecting the start and end frame of the subtracted region is existing. The results are
shown in Fig. 9. It can be seen that the object is clipped and its detected action type is
shown.

Object Tracking Node. The object tracking node issues an object ID and links the
events of bringing in and taking out with the same object. The tracking results are shown
in Fig. 10, which shows that an object brought in at frame 136 is detected and put into
the waiting state, and is tracked as the same object until the object is taken out at frame
941.
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Fig. 8. Object and person extraction by background subtraction

Fig. 9. Non-registered object detection

 
(a) frame = 136 (b) frame = 250 (c) frame = 941 

Fig. 10. Feature-based object tracking

4.4 Person Detection Process

In the person detection process, the color image obtained from the input section is sent to
the person skeleton estimation node and the person region estimation node. The results
of the processing of the human skeletal estimation node are sent to the person tracking
node. The final result is converted into information such as the range of the person and
the person ID. In this section, we describe the processing results of each node.
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People Region Segmentation Node. We employed YOLACT [6] to segment people
regions from color images. The estimation result is shown in Fig. 11(a) and (b).

Personal Skeleton Estimation Node. We estimated the skeleton of a person from a
color image using OpenPose [7]. The implementation of OpenPose functions for ROS
platform is provided from [4] and here it was imported to the system. The estimation
result is shown in Fig. 11(a) and (c).

(a) Input image (b) Output image (c) Output image 

Fig. 11. Person segmentation skeleton detection by deep neural model

Person Tracking Node. This node is used to track a person by combining the person
information of consecutive frames using the person skeleton estimation information and
depth information. The person ID is issued at this node so that the user can make queries
for that person later using DB. The tracking results are shown in Fig. 12. It can be seen
that the same person is tracked as the same person across frames.

(a) frame = 136 (b) frame = 250 (c) frame = 941

Fig. 12. People tracking over sequential frames

4.5 Event Detection and Storing to DB

In the event judgment and storage process, the contact event detection node detects the
contact between an object and a person using the information of the object tracking node
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and the person tracking node. It also stores the detection results such as “who, what, and
how” in the DB.

In this study, the detection events are limited to taking out, bringing in, and touching
of objects, however, it can be easily expanded to other activities using machine learning
technique. According to ROS-based distributed architecture, hardware constraints (ex.
the number of GPUs) are comparatively relaxed. The contact detection result is shown
in Fig. 13. It can be seen that bringing in, taking out, and contact are detected.

(a) Take in (b) Bring out (c) Contact

Fig. 13. Detection of human-object interactions

5 Conclusion

In this study,we implemented a system that candetect and recordvarious events involving
objects and people that occur in an indoor scene, and search for event scenes about that the
usermake queries, according to aROS-basedmicro-service architecture.By constructing
the total system from themicro-service, wewere able to implement a complicated system
on the distributed hardware resources. As the side effects of the partitioning of the
hardware resources, the visibility of the implementation code was also improved, which
made it relatively easy to incorporate the machine learning inference model into the
image understanding processes. In addition, the frame rate was improved compared to
the previous monolithic system because the ROS-based architecture enables to process
heavy computations of GPU-driven DL methods in the distributed environment. We
believe that this will make it easier to scale up the system in the future.

One of the future tasks is to upgrade each image processing modules to SOTA
methods. The false positives that occur when a person remains in the space should be
eliminated. This is caused by the fact that the difference is extracted after the person
has left. We consider that this problem can be solved by buffering tens of frames of the
person mask image in the past. Another issue is the tracking of the same person who has
left the screen once. In the current implementation, a new ID is assigned to the person.
To avoid this problem, we need to consider using color information or combining it with
face recognition for example.
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The Virtual Camera Path in 3D Animation
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Abstract. Unlike real-world filmmaking, the camera track in 3D animated films
is more complicated. The location and shooting angle of the virtual camera need
to be more accurately computed to achieve the correct delivery of information to
the audience. Although there are many technologies that study camera movement
in a virtual scene, they have not considered how to automatically generate camera
path in complex situations. Based on the above consideration, this paper pro-
poses a new method to automatically compute the camera path in a 3D animation
scene. Our method first samples the initial camera path that reflects the complex
motion of the character in the scene, then processes the complex original path by
using the segmented and differentiable Bezier curve algorithm and finally uses
nonlinear programming to further optimize the motion. We verify and advantage
of the method through experiments, which demonstrate its effectiveness in the
production of 3D animated moves.

Keywords: Camera path · Sampling method · Segmented and differentiable
Bezier curve · Nonlinear programming

1 Introduction

Nowadays, there are many modeling engines that make it easier to create 3D anima-
tion movies [1, 2], such as the movie Baymax Dreams by Unity’s Cinemachine [3] and
cutscenes of the game Diablo made in Unreal Engine [4]. However, most filmmaking
techniques are to edit multiple simple scenes or relying on script-based animation shoot-
ing, which produce a relatively blunt video effect. The scene processing in [5] is based
on the standard cinematic idioms to represent the movement of a character, rather than
controlling the camera in the scene to achieve the desired shooting effect. The rule-based
engine in [6] is used to interpret the text script into the relevant movie effect, but the
movement connection of the character is rigid and the shooting angle cannot be adjusted
flexibly. Moreover, when faced with more rich scenes, such as passing through obstacles
or dramatic movement of characters, it is more difficult to be dealt with and the results
are often relatively simple and crude, because of the complex computation of the virtual
camera paths. Li and Jin [7] model the camera path to achieve video stabilization such
as linear and parabolic, but SFM they proposed is restricted to partially static scene
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videos, otherwise, camera motion would be blurred. Based on a binary tree structure
and a greedy traversal strategy the method in [8], they obtain high-quality viewpoints to
approximately compute a smooth camera path, and presents the motion features of the
characters.

The virtual camera is required to capture the movement process of the 3D character,
and the camera itself needs to move continuously and steadily. Therefore, the gener-
ation of the virtual camera path first computes a rough camera path according to the
requirements of animation shooting (for example, the positions and angles of virtual
cameras), and then generates a smooth camera moving track based on this path, and
finally optimizes the camera motion details between frames to ensure that the visual
result is reasonable and smooth. In [9], only a Bezier curve was used to fit the original
camera path with multiple turns, resulting in the camera path ignoring these turning
details. The method [8] based on the binary tree structure and the greedy traversal strat-
egy requires a larger amount of computation to get the camera position of each frame
and does not deal with the problem of audience perception.

Our method provides the ability to extract virtual camera motion attributes from
long-time scenes and to automatically compute the camera motion path as natural as
possible. Of course, it can also connect multiple long shots into a complete scene that
continuously cover the whole movement of the character.

Contributions of this paper are as follows:

– Sampling method on the raw paths of the virtual camera: conditional selection con-
sidering the movement changes of a character to automatically compute the raw path,
which reduces the computing burden for generating Bezier curves;

– Employing segmented Bezier and differentiable curves: for complex motion, it is
divided into multiple motion tracks and smoothly connected.

2 Problem Formulation

Our goal is to provide a complete computationmethod from input X to output Y, inwhich
character positions are {x1i}Ni=0, body orientations are {x2i}Ni=0, and camera positions are
{yi}Ni=0 where {x1i, x2i} ∈ X and yi ∈ Y . Our method includes three transformations
FSample:X → R, FBezier:R → B, andFnonLinear:B → Y , whereR represents the original
camera path by sampling strategy, B represents the camera path obtained by using the
segmented and differentiable Bezier curve algorithm.

2.1 Raw Path

We apply the filtering conditions to generate a reasonable part of positions from all
the inputs, which can represent the complete movement as much as possible. Then the
camera’s raw path can be computed based on sampled information. For the filter function
S1 and computation function of raw path FSample, we expressed the objective as:

R = FSample(S1(X ,Cond), d) (1)

where Cond includes conditions, and d is the fixed distance between the camera and the
character.
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2.2 Segmented and Differentiable Bezier Curves

The raw path obtained by sampling is discrete and is not suitable as directly camera
path. We need a curve fitting process to get a smooth curve. Considering the large
turning points in the raw path, a smoothing is used by controlling the derivative at the
turning points. Therefore, the raw path is divided into s segments, and each segment
is computed separately for Bezier curve. The formula of cubic Bezier curve [10] is as
follows:

FBezier(u) = U ∗ Mbezier ∗ P,

Mbezier =

⎡
⎢⎢⎣

−1 3 −3 1
3 −6 3 0

−3 3 0 0
1 0 0 0

⎤
⎥⎥⎦

(2)

whereU = [u3, u2, u, 1] is the parameter matrix containing the position of points on
the curve,Mbezier is the cubic Bezier curve coefficient matrix, and P is the control point
matrix (P = [P0,P1,P2,P3]T ). In order to obtain as close to the raw path as possible
while keeping the curves smooth at the connection points, the error function ε [11] and
the derivative at the junction of the curve are introduced:

minε =
∑N

i=0
(B(ui) − Ri)

2 (3)

Constrains
−→
P01 × −→

Ni = 0,−→
P32 × −−→

Ni+1 = 0
(4)

Where
−→
Ni = Ni+1 − Ni,−−→

Ni+1 = Ni+2 − Ni+3
(5)

Decision variables
−→
P01 = P1 − P0,−→
P32 = P2 − P3

(6)

As shown above, the Eq. 3 is our objective function, inwhichB(ui) is the cubicBezier
curve computed by two known control points (P0,P3) and two unknowns (P1,P2), and
Ri is the position on the raw path, and our goal is to select the appropriate P1 and P2
to make the Bezier curve fit the original path as much as possible. The cross in Eq. 4
between vectors is designed to remain the same direction from the end control point to
its neighboring control point as the direction of the derivation at this connection point.−→
Ni and

−−→
Ni+1 in Eq. 5 represent the directions of derivation and compute as the vector of

the angle bisector at the start and end of the curve at segment i using analytic geometric
method (see Algorithm 2). The decision variables of this error function are

−→
P01 and

−→
P32

which represent the directions from the end control points P0 and P3 to their neighboring
control points P1 and P2 separately.
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2.3 Camera Path

In order to have a smoother visual effect, the constraints of velocity and acceleration are
added to the nonlinear programming to improve the process of camera movement on the
computation curve. The nonlinear programming function [11] is expressed as follows:

Y = FnonLinear(B, vmax, amax) (7)

where, vmax represents velocity constraint and amax represents acceleration con-
straint.

3 Path Computation of Virtual Cameras

In this section, we introduce three important algorithms in the process of computing the
camera path based on the moving character in the virtual scene.

3.1 The Sampling Strategy

In the sampling process, we consider two aspects: (1) retain as little position data as
possible, that is, to construct a more complete target path with as few points as possible;
(2) keep orientation information as much as possible in order to describe more complete
orientation changes of the character. For the above requirements, we use two parameters
distance and perspective rotation. Samples are takenwhen the cumulative distance di and
straight-line distance ri are greater than or equal to the threshold δd and δr, and when
the angle of view change αi is greater than or equal to the threshold δα. The sampling
algorithm is detailed in Algorithm 1.

3.2 Segmented and Differentiable Bezier Curve Algorithm

We set the segmenting conditions to automatically identify the locations, where original
paths were divided into s segments, each of which will be used for the Bezier curve
algorithm. Cubic Bezier curve needs four control points (N0,N1,N2,N3) as shown in
Eq. 2. The algorithm [12] inserts two control points (N1,N2) between N0 and N3 and
ensures that the connection point and the newly inserted control points on both sides
remain collinear. Also, there is a derivative at the point of connection as shown in Fig. 1.
The construction algorithm of control points uses the principle of angular bisector [12].
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Algorithm 1. Sampling Strategy.

Input:

Output:

The set of character data including orientation and position, ;
; ; ;

The set of sampling points, ;

1. initialize the number of sampling points ;
2. for each do
3. if then
4.
5. else if then
6.
7. end if
8. if then
9.

10. end if 
11. end for

Fig. 1. The segmentation points and inserted points of segmented Bezier curve [12]

3.3 Control Points and Nonlinear Programming

Four control points (P0,P1,P2,P3) are needed to fit the raw path with Cubic Bezier
curve, where P0,P3 are the end control points of the curve and represent the endpoints
of the raw path, and P1,P2 represent the points on the tangent of the two endpoints. The
matrix formula is the cubic Bezier curve is shown in Eq. 2.

By controlling the two control points P1,P2, the fitting curve will have different
curvature and shape. In order to fit the raw path as much as possible, an error function ε

is defined as shown in Eq. 3. This equation represents the sum of the squares of distances
between the position B(ui) on the Bezier curve and the position Ri on the raw path for
N frames. The better the fit between the Bezier curve and the raw path, the smaller the
error function value. Since P1 and P2 are unknown, these two control points and Bezier
curves can be obtained by combining Eq. 3 to Eq. 6.

In the process of optimizing the camera position for each frame on the curve, we
took nonlinear programming from [11], adding acceleration and velocity constraints.
Assuming the input duration d including N frames, the camera position is represented
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by ui, the optimized camera position is u
′
i, and the main part of nonlinear programming

is as follows:

min
∑N

i=0
|u′

i − ui| (8)

Constraints ∣∣u′
i − u′

i−1
∣∣ ≤ vmax·dt

L∣∣2u′
i−1 − u′

i − u′
i−2

∣∣ ≤ amax·dt2
L

u′
1 − u′

0 ≤ amax·dt2
L

u′
N − u′

N−1 ≤ amax·dt2
L

(9)

The velocity vmax and acceleration amax define implicit constraints. When the mini-
mum acceleration and velocity are satisfied, the camera accelerates before reaching half
and then decelerates after reaching halfway of the distance with the beginning and end
velocity of zero.

4 Experimental Results

In this section, we apply our method on a dataset introduced by [9] and conducted
ablation experiments. The computation program of the virtual camera path is written by
MATLAB R2020b, the scene rendering engine is the 2018.4.31f1 version of the Unity,
and the operating system is Windows 10.

Fig. 2. The results of our method: the movement of the character is green; the camera raw path
is blue; the computed camera path is red. (Color figure online)

4.1 Performance

We implement a camera 3Dpath planning for a single scene on the data set. It is a complex
scene in which the character rides off on a bicycle for 25 s and consists of two dramatic
turns, the first being a 180◦ turn and the second a 90◦ turn. Using a conditional sampling
strategy, the camera’s raw path adds loop lens rotation to the cycling action, which is
similar to a close-up movie effect. Figure 2 shows the movement of the character, the
camera raw path, and the computed camera path.
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Fig. 3. Comparative experiment results: (a) Our method; (b) Segmented Bezier curve algorithm
without derivative control; (c) The direct Bezier curves algorithm.

4.2 Comparison

In the ablation experiment, the results of our method are compared with the direct Bezier
curves algorithm [11] and piecewise Bezier curve algorithm uncontrolled curvature at
the piecewise points. The results are shown in Fig. 3. It is obvious from the results of
the unsegmented Bezier curve that the camera path is poorly fitted and lacks a cinematic
close-up effect. In the case of only segmenting but not controlling the derivative at the
segmenting points, the situation of over-fitting occurs, and a relatively sharp turning
occurs at the dividing points, which affects the visual effect. Therefore, the proposed
method has good fitting performance and better visual effect.

4.3 The Segmentation Results

In segmenting the raw path, it takes many experiments to adjust the parameters to get the
best segmentation results in order to better use the segmented and differentiable Bezier
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Fig. 4. The segmentation results: (a): δd = 18, δr = 15 and δα = 60; (b): δd = 18, δr = 15 and
δα = 30; (c): δd = 20, δr = 20 and δα = 60. The segmentation results are the left; the fitting
results with derivative control at the junction of curve are the right.

curve and partial results are shown in Fig. 4. When each segment after segmentation
roughly presents a trapezoid as shown in Fig. 4(a), the fitting effect is the best, because
it is more conducive to obtain the four control points in the cubic Bezier curve.

5 Conclusion

Camera path planning considering character movement in 3D animation is a significant
challenge. In this paper, we have proposed a new way which automatically computes
and smooths camera path with sampling movement features of the character. We rely
on the sampling strategy to obtain the original path which can simplify complex scenes.
The camera paths are expressed by segmented and differentiable Bezier curve. The
camera motion details are then optimized by nonlinear programming with velocity and
acceleration constraints.
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At present,we focus on single-camera path computation for single-character complex
scenes.We also would like to extend our method to the case of multi-camera cooperation
or scenes with multi-objectives. The switching of perspectives will be smoother and the
connection of multi-scenes will be more natural by multi-camera coordination.
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