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Preface

This volume comprises of papers presented at the 11th IFIP International Conference
on Intelligent Information Processing (IIP 2020). As the world proceeds quickly into
the Information Age, it encounters both successes and challenges, and it is well rec-
ognized that intelligent information processing provides the key to solve many chal-
lenges in the Information Age. Intelligent information processing supports the most
advanced techniques that are able to change human life and the world. However, the
path to success is never a straight one. Every new technology brings with it many
challenging problems, and researchers are in great demand to tackle these. This con-
ference provides a forum for engineers and scientists from research institutes, uni-
versities, and industries to report and discuss their latest research progresses in all
aspects of intelligent information processing.

We received more than 36 papers, of which 24 papers are included in this program
as regular papers and 5 as short papers. All papers submitted were reviewed by three
reviewers. We are grateful for the dedicated work of both authors and reviewers.

A conference such as this cannot succeed without help from many individuals who
contributed their valuable time and expertise. We want to express our sincere gratitude
to the Program Committee members and referees, who invested many hours into
reviews and deliberations. They provided detailed and constructive review comments
that significantly improved the quality of the papers included in these proceedings.

We are very grateful to have the sponsorship of the following organizations: IFIP
TC12, Key Laboratory of Brain Machine Collaborative Intelligence of Zhejiang Pro-
vince at Hangzhou Dianzi University and Institute of Computing Technology, Chinese
Academy of Sciences. We specially thank Wanzeng Kong, Jianhai Zhang and Yang
Song for organizing the conference and Xuanyu Jin, Wenfen Ling for carefully
checking the proceedings.

Finally, we hope you find this volume inspiring and informative. We wish that the
research results reported in these proceedings will lead to exciting new findings in the
years to come.

March 2020 Zhongzhi Shi
Sunil Vadera
Elizabeth Chang
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Tensor Networks and Their Applications
in Image and Time Series Reconstruction
and Prediction

Andrzej Cichocki

Skolkovo Institute of Science and Technology (SKOLTECH), Russia

Abstract. Tensor factorizations/decompositions and their extensions tensor
networks have become emerging techniques in Al and machine learning
methods. Tensor networks have already been successfully used over a number
of applied areas in machine learning, including deep neural networks, gener-
alized regression, classification, clustering, support tensor machines (STM),
tensor canonical correlation analysis (TCCA), higher order partial least squares
(HOPLS), multilinear independent component analysis (MLICA), Non-negative
Tensor Factorization (NTF), multiway robust PCA (MRPCA), and Higher order
SVD.

In this talk, we will start with a brief overview of these applications, and
special emphasis will be given to emerging applications in image reconstruc-
tions and enhancement, and higher order time series forecasting (TSF).



Behavior Based Artificial Intelligence
from the Perspective of Automatic Control

Fuchun Sun

Tsinghua University, China

Abstract. In the development of human society, the invention and use of
machinery is an important sign of human beings entering into industrialization,
and machinery becomes an independent actuator, which realizes the separation
of executor and action instruction sender from us as humans. Furthermore, the
emergence of artificial intelligence makes it possible for a machine to become a
sender of instructions through interactions with the environment and humans,
and as a result, the sender and executor of the instruction are unified as the
machine itself. This report systematically analyzes behavior-based artificial
intelligence from evolution of automatic control. Then, taking into account the
topic “how to sense like a human being,” the talk puts forward the framework of
robot active perception, introduces the main achievements of the team in visual
multi-target detection, visual tactile representation, multimodal fusion, and
developmental learning, and tackles “how to operate like a human being” as a
problem, providing the main achievements of the team in learning smart oper-
ation skills such as active imitation learning and preference learning achieve-
ments. Next, taking into account the topic “how to make decision like a human
being,” some new points are given in terms of micro-size intelligence. Finally,
the development trend of robot dexterous operation skill learning under the
condition of incomplete information is given.



Tensor Network Representations
in Machine Learning

Qibin Zhao

RIKEN AIP, Japan

Abstract. Tensor networks are factorizations of very large tensors into networks
of smaller tensors, it is shown to be a general extension of typical tensor
decomposition to high dimensional case. Recently, tensor networks are also
increasingly finding applications in machine learning such as model compres-
sion or acceleration of computations. In this talk, I will first present the general
concept of tensor network related research in machine learning, and then
introduce our studies on fundamental tensor network model, algorithm, and
applications. In particular, the tensor ring decomposition model is introduced
and shown to be a powerful and efficient representation. In addition, we will
present recent progresses on how tensor networks can be employed to solve
challenging problems in tensor completion, multi-task learning, and multi-modal
learning.



Uncertainty Between Prediction
and Interpretability

Junping Zhang

Fudan University, China

Abstract. The goal of artificial intelligence is to approximate human’s minds,
making a computer indistinguishable with human beings. In the era of deep
learning, we see the prediction performance of computer program is almost
superior to that of human. However, the higher the prediction performance, the
farther the distance that we reach the real intelligence. In this talk, I will discuss
this issue from the view of the uncertainty between prediction and inter-
pretability, and mention some possible direction based on the uncertainty
principle.



Neuromorphic Computing Approach
to Auditory and Visual Perception

Huajin Tang

Zhejiang University, China

Abstract. Neuromorphic computing has become an important methodology to
emulate brain style intelligence. This talk will present an overview of neuro-
morphic approach to auditory and visual perception and highlight the recent
state of the art.

In recent years neuromorphic computing has become an important
methodology to emulate brain style intelligence. There has been rapid progress
in computational theory, learning algorithms, signal processing, and circuit
design and implementation. By using neural spikes to represent the outputs of
sensors and for communication between computing blocks, and using spike
timing based learning algorithms, neuromorphic computational models and
hardware have achieved promising real-time learning performance. This talk
will start by introducing the computational principles and architecture found in
neural systems, and present a new theme of neuromorphic approach to auditory
and visual perception. In neuromorphic vision, the model extracts temporal
features embedded in address-event representation (AER) data and discriminates
different objects by using spiking neural networks (SNNs). We use multispike
encoding to extract temporal features contained in the AER data. These temporal
patterns are then learned through a spiking neural network using a supervised
learning algorithm. The presented model is consistently implemented in a
temporal learning framework, where the precise timing of spikes is considered
in the feature-encoding and learning process. For neuromorphic auditor per-
ception, I will introduce a robust multi-label classification model based on deep
spiking neural networks to handle multi-pitch estimation tasks. In this model, we
propose a novel biological spiking coding method that fits the expression of
musical signals. This coding method can encode time, frequency, and intensity
information into spatiotemporal spike trains. And the spatio-temporal credit
assignment (STCA) algorithm is used to train deep spiking neural networks.



Neuromusicology with Machine
Learning — How Human Understands Music

Toshihisa Tanaka

Tokyo University of Agriculture and Technology, Japan

Abstract. This talk addresses my recent neurophysiological studies of music
cognition. I will talk about the neural entrainment to the familiarity of a listener
with music using both the electroencephalogram (EEG) signals and the music. It
is shown that the cross-correlation between EEG and the music when listening
to unfamiliar music is significantly stronger than that when listening to familiar
music. Moreover, the familiarity of music can be classified by machine learning
techniques such as neural networks and support vector machines.



Intelligent Analysis of Brain Imaging for Early
Diagnosis of Brain Diseases

Daogiang Zhang

Nanjing University of Aeronautics and Astronautics, China

Abstract. In recent years, the brain research projects have received considerable
public and governmental attention worldwide. Brain imaging technique is an
important tool for brain science research. However, due to the high-dimensional,
multi-modality, heterogenous, and time-variant characteristics of brain images, it
is very challenging to develop both efficient and effective methods for brain
image analysis. In this talk, I will introduce our recent works on intelligent
methods of brain imaging, based on machine learning techniques. Specifically,
this talk will cover the topics including multi-modal brain image fusion and
classification, image genomic association analysis, functional alignment and
brain network analysis, as well as their applications in early diagnosis of brain
disease and brain decoding.



Data-Driven Security Analysis of Machine
Learning Systems

Chao Shen

Xi’an Jiaotong University, China

Abstract. Human society is witnessing a wave of machine learning (ML) driven
by deep learning techniques, bringing a technological revolution for human
production and life. In some specific fields, ML has achieved or even surpassed
human-level performance. However, most previous ML theories have not
considered the open and even adversarial environments, and the security and
privacy issues are gradually rising. Besides of insecure code implementations,
biased models, adversarial examples, sensor spoofing can also lead to security
risks, which are hard to be discovered by traditional security analysis tools. This
talk reviews previous works on ML system security and privacy, revealing
potential security and privacy risks. Firstly, we introduce a threat model of ML
systems, including attack surfaces, attack capabilities, and attack goals. Sec-
ondly, we analyze security risks and countermeasures in terms of four critical
components in ML systems: data input (sensor), data preprocessing, ML model,
and output. Finally, we discuss future research trends on the security of ML
systems. The aim is to rise the attention of the computer security society and the
ML society on security and privacy of ML systems, and so that they can work
together to unlock ML’s potential to build a brighter future.
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A Salient Object Detection Algorithm
Based on Region Merging and Clustering

Weiyi Wei, Yijing Yang(g), Wanru Wang, Xiufeng Zhao,
and Huifang Ma

College of Computer Science and Engineering, Northwest Normal University,
Lanzhou, Gansu, China
2190438736@9qg. com

Abstract. Salient object detection has recently drawn much attention in com-
puter vision such as image compression and object tracking. Currently, various
heuristic computational models have been designed. However, extracting the
salient objects with a complex background in the image is still a challenging
problem. In this paper, we propose a region merging strategy to extract salient
region. Firstly, boundary super-pixels are clustered to generate the initial saliency
maps based on the prior knowledge that the image boundaries are mostly back-
ground. Next, adjacent regions are merged by sorting the multiple feature values
of each region. Finally, we get the final saliency maps by merging adjacent or non-
adjacent regions by means of the distance from the region to the image center and
the boundary length of overlapping regions. The experiments demonstrate that
our method performs favorably on three datasets than state-of-art.

Keywords: Salient object detection - Clustering - Region merging

1 Introduction

Salient object detection is an essential problem in computer vision which aims at
highlighting the visually outstanding regions/object/structures from the surrounding
background [1]. It has received substantial attention over the last decade due to its wide
range of applications in image compression [2], behavior recognition [3] and co-
segmentation [4].

According to the human visual systems, salient object detection methods can be
divided into two categories: one is a bottom-up method; the other is the top-down
methods. In the top-down approaches, the salient object obtained in a scene is always
discrepant for different people. Therefore, it is more complex to construct the top-down
salient object detection model, so there are few models for salient object detection. On
the contrary, the bottom-up approach has attracted much attention and many salient
object detection models have been proposed. In the traditional bottom-up methods, the
salient object detection based on spatial and frequency domains. In spatial domains,
Sun et al. [5] propose a salient object detection method for region merging. Shen et al.
[6] propose a unified approach via low-rank matrix recovery. Peng et al. [7] propose a
structured matrix decomposition model to increase the distance between the back-
ground and the foreground for salient object detection. Feng et al. [20] propose a salient

© IFIP International Federation for Information Processing 2020
Published by Springer Nature Switzerland AG 2020

Z. Shi et al. (Eds.): IIP 2020, IFIP AICT 581, pp. 3-13, 2020.
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detection method by fusing image color and spatial information to obtain saliency
values to separate foreground and background for images. Xu et al. [21] propose a
universal edge-oriented framework to get saliency maps. These salient object detection
methods mentioned above could basically complete the salient object detection task,
but the results are not accurate. Zhao et al. [24] obtain the saliency map by combining
sparse reconstruction and energy optimization. Yu et al. [25] construct the quaternion
hypercomplex and multiscale wavelet transform to detect the salient object. Guo et al.
[26] obtain the saliency map by combining the boundary contrast map and the
geodesics-like map. Marcon et al. [27] propose an update to the traditional pipeline, by
adding a preliminary filtering stage to detect the salient object. As the demand for
application scenarios continues to increase, co-saliency detection method [8] and
moving salient object detection method [9] also introduced into the field of salient
object detection, but there are also challenges for its application.

In order to improve the accuracy of the salient object detection results, several
frequency domain methods have been developed, Hou et al. [10] argue that a salient
detection model for spectral residuals. Guo et al. [11] use the spectral phase diagram of
the quaternion Fourier transform to detect the spatiotemporal salient object. Achanta
et al. [12] exploit color and luminance features detect the salient region by frequency
tuning method. Early studies of salient object detection models are designed to predict
human eye fixation. It mainly detects salient points where people look rather than
salient regions [13]. In [14] for each color subband, the saliency maps are obtained by
an inverse DWT over a set of scale-weighted center-surround responses, where the
weights are derived from the high-pass wavelet coefficients of each level. Spectrum
analysis is easy to understand, computationally efficient and effective, but the relevant
interpretation of the frequency domain is unclear.

Nowadays, the deep learning based methods have been applied to saliency detec-
tion. Li et al. [22] propose a CNN based saliency detection methods by fusing deep
contrast feature and handcrafted low-level features to acquire saliency maps. Li et al.
[23] use optimized convolutional neural network extract the high-level features, and
then the high-level features and low-level features were fused to obtain the fusion
features. Finally, the fusion features were input into SVM to separate the foreground
and background for images. However, these two methods have high time complexity.

This paper focuses on the incomplete salient region and unclear boundary of the
salient regions in the detection results, we propose a super-pixel level salient object
detection method based on clustering and region merging strategy to improve the
performance of detecting the salient object in a scene. The work flow of our salient
object detection framework is described in Fig. 1. Firstly, the SLIC [15] (Simple Linear
Iterative Cluster) algorithm is used for super-pixel segmentation. Secondly, generate
the initial saliency maps. This step involves two processes: the super-pixels lie in image
boundaries are clustered and calculate the distance between the remaining super-pixels
and the classes centers. Color background maps and spatial relationship background
maps are calculated by calculating the distance between the super-pixels and the
boundary class. Then the color background maps and the spatial relation background
maps are combined linearly to produce the initial saliency map. Thirdly, the final
saliency maps obtained after two steps regions merging. The first stage is based on the
initial saliency map where adjacent regions are merged by taking into account color
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features and spatial information. The second stage is to calculate the saliency value of
the regions and merge the regions according to the saliency value. The main contri-
butions are summarized as follows:

(1) We cluster the boundary super-pixels to generate the initial saliency maps based
on the prior knowledge that the image boundaries are mostly background.

(2) A two-stage optimization strategy is proposed to further optimize the saliency. In
the first stage, we merge adjacent small regions with identical or similar features.
In the second stage, we merge adjacent or no-adjacent regions according to the
ranking of regional saliency values.

2 Construction of Initial Saliency Map

Given an image I, we represent it by N super-pixels produced by SLIC. Then M
different classes are generated by clustering boundary super-pixels in the CIELab color
space with K-means algorithm. We establish an initial saliency map with three steps:
(i) Constructing color background maps. (ii) Constructing spatial correlation back-
ground maps. (iii) Constructing initial saliency maps. The color background maps and
spatial background maps are merged to construct initial saliency maps. The specific
process is as follows.

Color Background Map

Initial Saliency
Map

Spatial Correlation
Background Map

Input Raw Image

Final Saliency
§520014 98I0\

Fig. 1. The work flow of the proposed salient object detection framework.

2.1 Constructing Color Background Map

In this paper, we first use the k-means algorithm to cluster the boundary super-pixels
into M classes. Next, calculate the feature gap between other super-pixels and the M
different classes, this can measure the probability that the super-pixels to be the object
regions. In this paper, we build M background maps C,, based on the number of M
clusters. C,, is defined as the color feature difference between super-pixels i(i =
1,2,---,N) and the boundary classed m(m = 1,2,---,M). The class maps can be
formulated as follows.
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1 & 1
Cm - _‘Crmcil (1)
Pm = CXP(T%) +1

where ¢,, and ¢; denotes the color features of each boundary class and super-pixel
respectively. |cu,c;| denotes the Euclidean distance between each super-pixel and
boundary classes in CIELab color space, o, 1 are balance factors, p,,(m = 1,2,--- . M)
is the number of super-pixels in different boundary classes. Through lots of experi-
ments, the detection results are more accurate when oy = 0.2, § = 10, M= 3. The three
background maps generated in this paper are shown in Fig. 2.

i B

Fig. 2. Color background maps. From left to right are input image; 1st class map, 2nd class
map, 3rd class map, GT.

2.2 Constructing Spatial Correlation Background Map

In salient object detection, distance is always used to measure the spatial correlation
between regions. The closer the distance between the two regions is, the greater the
degree of influence and association in the space, and vice versa [16]. So we construct
the spatial correlation saliency maps between each super-pixel and the boundary class
by means of the spatial distance relationship between two regions. We defined S,, as
the spatial distance between each super-pixel and class m(m = 1,2,---, M), so the S,
can be formulated as follows.

1 N
S0 =3 exp(
Pm i—1

- |S iy Sm|

) 2)
where s;,s,, denotes the spatial location of super-pixel i and m respectively. o, is
control parameter, and it is learned by experience that setting «; = 1 is most suitable.
We calculate the distance between the super-pixels of the first class of background area
and the other super-pixels to obtain the 1st class map. In the experiment, we calculated
the spatial correlation background maps of three class of background areas, in which
the bright part represents the salient area and the dark area represents the no-salient
area. The boundary clustering results are shown in Fig. 3.

™

Fig. 3. Spatial correlation background maps. From left to right are input image, 1st class map,
2nd class map, 3rd class map.
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2.3 Constructing Initial Saliency Map

As shown in the first map of Fig. 4, because there are two black objects, it is very
difficult to distinguish their saliency by means of the color feature. But it can be seen
from the map that the aircraft is closer to the center of the image than the tree, so we
can use spatial distance to enhance the saliency of the aircraft and weaken the saliency
of the tree. Let S, denotes the intensity factor to restrict the C,,. The initial saliency
map can be written as follows.

SC = Z Cm : Sm (3)

The merging result as shown in the third map of Fig. 4. We can see from the result
map that the brightness of the aircraft is higher than the tree. That is, the saliency of
aircraft is strengthened and the saliency of the tree is weakened. Therefore, the image
merging method is effective.

B — e —

-3

Fig. 4. Initial saliency map. From left to right are input image, GT, Initial saliency map.

3 Optimization of Merger Strategy

The object region can be revealed after merging, but we can see from the third map in
Fig. 4, many background regions are also enhanced as the object regions are bright-
ened. In order to optimize the rough initial saliency maps and detect salient object more
accurate, a regional merging model is established in this section, which merges those
adjacent background regions with similar features. In this paper, we merge the relevant
regions with two stages. Firstly, we merge adjacent small regions with identical or
similar features. Secondly, we merge adjacent or non-adjacent regions according to the
ranking of regional saliency values.

3.1 The First Phase of the Merging

The relationship tightness of each region with its adjacent regions be calculated first
and then merging them according to the degree of the relationship tightness. In this
paper, the relationship tightness between regions is represented by color similarity and
spatial tightness.
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Color Similarity. Color similarity is defined as the difference in color feature between
the super-pixel i and j, it can be formulated as follows.

C(i.j) = lei — o] (4)

where ¢; and c; represent the average color value for super-pixels i and j respectively,
Hc,- — cj|| is the Euclidean distance between the region i and adjacent region j.

Spatial Tightness. The spatial tightness between two regions can measure their degree
of association in space. The closer the distance between the two regions is, the greater
their spatial tightness. The correlation is measured by the boundary length of the
overlapping regions. The longer the length of the boundaries that they co-own is, the
greater the degree of association is. Let ST(i,j), S(i,j) and T(i,j) as the spatial tight-
ness, the spatial distance and spatial tightness between the super-pixel i and adjacent
super-pixel j. The formula can be written respectively as follows.

S(i,j) = ||si = s (5)
B

T = win(L(0) LG7) ©

ST(i7j) = (1 - S(ZJ)) : T(iaj) (7)

where s;, s; denote the spatial location for super-pixel i and j, ||s; — s;|| is the Euclidean
distance between region i and region j, B(i,j), L(i) and L(j) denote the length of their
overlapping boundaries, the length of the boundary of super-pixels i and j. Finally, we
define P(i,j) as the importance of the region j to the adjacent region i by calculating
their color similarity and spatial tightness. The region i and the region j will be merged
if they have higher importance. The importance P(i,j) can be formulated as follows.

Some small region s; must be merged into a large region s; with greater relationship
tightness. The merging results are shown in Fig. 5. Through experiments, the detection
result is more accurate when w; = 0.68, w, = 0.32.

=[x o | o=

Fig. 5. The first phase merges maps. From left to right are input image, initial saliency map, first
phase of the merging map, GT.
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3.2 The Second Phase of the Merging

Based on the above first merging, it is noted that the majority of background regions
are merged. However, there are some non-adjacent or adjacent background regions
with greater intensity are not belong to salient regions (as shown in the third map of
Fig. 5). Hence, in order to eliminate these background regions, we use Sal to denote
these regional saliency value, utilize the Sal value to decide whether to merge it with
background regions or not. Sal is influenced by the region area (V), the distance from
regions to image center (CS) and the overlapping boundary length with image
boundaries (BL). The region with a low value of Sal is merged with background
regions.

Region Area. Regions with the larger area are more salient than smaller regions, so
larger regions will be assigned greater saliency values. The formula can be written as

v
V =

©)

max(v)

where v is the area of each associated object in the image, and max(v) is the area of the
largest associated object region in the first merged maps.

Center Distance. In general, the center regions of the image more attractive than
others, and they are more likely to be salient regions [16]. In this paper, therefore,
calculates the region Sal according to the distance between the regions and the center of
the scene.

nP
1 ||R, PC;
CS —_ Zl:l | ? ||

10
areaP ( )

Where nP is the number of super-pixel in the region P, PC is the spatial location of the
super-pixels included in the region P, R is the center position of the image, and areaP is
the area of the region P.

Overlapping Boundary Length. The longer the overlapped boundary between a
region with the image boundaries is, the greater the possibility of being background
regions, so BL can be written as follows.

PB
BL=— (11)
RB
where PB is the length of overlapped boundary that between each salient object and
image boundaries, and RB is the total length value of the image boundaries. Hence, the

saliency value Sal is defined as follows.
Sal =V +CS — BL (12)

We merge the small salient objects into the large area by means of the Sal sorted.
When some regions Sal value is very close, these regions can’t be retained. The results
are shown in Fig. 6.
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Fig. 6. Second phase merge map. From left to right are input image. The first stage merged
map. The second stage merged map. GT.

Fig. 7. Visual effect map. From left to right: input image, GT, Ours, SS, SR, SIM, SER, FES.

4 Experimental Results and Analysis

We test on ASD, ECSSD and DUT-OMRON datasets. ASD and ECSSD contain 1000
images respectively, the DUT-OMRON dataset contains 5168 images and salient
object maps that artificially annotated. Moreover, we compare our method with 5
classic salient detection algorithms. They are SER [17], SS [18], SR [10], SIM [14],
FES [19].

4.1 Visually Compare

In Fig. 7, we have selected some representative experimental results from our algo-
rithm and comparison algorithm.

In the first map in Fig. 7, the salient region is very small, and the background
region is uniform. Our algorithm result is very close to the GT. There are too many
backgrounds are revealed in the SS, SR, SIM, and SER result maps. In the second map,
the black object is in sharp contrast with the white background. It can be seen from the
map that our algorithm detects more salient object than others, and only a small part is
not detected successfully, because we use super-pixel to pre-process image, this small
object is segmented into the background, causing it to be viewed as background. In the
third and fourth maps, the salient object detected by our algorithm is complete, the
boundary is clear. In the fifth map, the background is complex. The salient object



A Salient Object Detection Algorithm Based on Region Merging 11

detected by our algorithm is complete and the boundary is clear. In the face of complex
background, the comparison algorithm will also display the background regions.
Although our algorithm will show it in the first stage of the merging, it will be merged
with the background in the second stage, which improves the accuracy of our algo-
rithm. The background of the sixth map is complex, with salient background objects
and high detection difficulty. Therefore, in the detection results of SS, SR, SIM, and
SER, most of the background is revealed, and the salient object is displayed inaccurate.
Our algorithm detection results are similar to the GT map and superior to algorithms.
The last map is multi-objective images. Therefore, our algorithm is ideal in visual
effects than 5 comparison algorithms.

4.2 Objective Evaluations

We evaluate the performance using Precision-recall (P-R) curve and F-measure. The
comparison result diagrams are shown as Fig. 8.

-
|
(@
-
|
(e)

(a)

(b)

(e) (r)

Fig. 8. Contrast data diagram. The first column denotes recall and precision curves of different
methods in ASD dataset, ECSSD dataset and DUT-OMRON dataset (from top to bottom). The
second column denotes recall, precision and F-measure value in ASD dataset, ECSSD dataset,
DUT-OMRON dataset (from top to bottom).

From (a) and (b), we can see that the numerical line of our algorithm is above the
numerical line than other algorithms. This shows that the performance of our algorithm
is better than all comparison algorithms. In (d) and (e), the F-measure of our algorithm
is higher. In the ECSSD dataset, although the background in the images is more
complex, the accuracy and recall of algorithm are also close to 90%, which is much
higher than the FES algorithm. The F-measure of the six kinds of algorithms are 0.87,
0.49, 0.20, 0.39, 0.48, and 0.60, respectively. That is, the F-measure of our algorithm is
higher than other algorithms. The four data diagrams show that the detection results of
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our method are more accurate. The images in DUT-OMRON dataset are complex.
Many salient objects are small, the background is complex, or there are more than one
salient objects, so all algorithms are less effective than 70%. In (c), the curve of our
algorithm is higher than other algorithms, but our algorithm curve is lower than the
FES algorithm before 0.27. The main reason is that the salient objects in the image are
very small and can easily be merged into the background area, which leads to the
reduction of the accuracy of our algorithm. The F-measure are 0.55, 0.39, 0.38, 0.31,
0.33, and 0.49 respectively, of which the highest is 0.55 of our algorithm and higher
than the FES algorithm which is 0.49. That is to say, our algorithm is superior to the
FES algorithm.

In summary, our algorithm can reveal the salient object completely and showing
good results.

5 Conclusion

In this paper, a salient object detection model for region merging is proposed. The
initial saliency map is obtained by merging the background map, and in order to obtain
the final saliency map, effective regions merging model is proposed to optimize the
rough initial saliency map. This model makes the optimized saliency map more
accurate. Experimental results show that our algorithm is effective and more accurate.
In the future work, better merger strategies, such as Bayesian mergers, will be con-
sidered during the merge phase.
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Abstract. Ensemble clustering has become a hot research field in intelligent
information processing and machine learning. Although significant progress has
been made in recent years, there are still two challenging issues in the current
ensemble clustering research. First of all, most ensemble clustering algorithms
tend to explore similarity at the level of object but lack the ability to explore
information at the level of cluster. Secondly, many ensemble clustering algo-
rithms only focus on the direct relationship, while ignoring the indirect rela-
tionship between clusters. In order to solve these two problems, a link-based
meta-clustering algorithm (L-MCLA) have been proposed in this paper. A series
of experiment results demonstrate that the proposed algorithm not only produces
better clustering effect but is also less influenced by different ensemble sizes.

Keywords: Inter-cluster similarity - Ensemble clustering - Clustering -
Connected triple + Meta-clustering algorithm (MCLA)

1 Introduction

In the field of intelligent information processing and machine learning, clustering
analysis is an important learning tool for unlabeled data. Generally speaking, clustering
is to classify a given dataset into clusters, so that the data objects within the cluster have
larger similarity, while the data objects between clusters are quite different from each
other [1]. Clustering has been used in various fields, such as image processing [2],
cognitive computing [3], time series analysis [20] and medical diagnosis [17]. In the
past few decades, a large number of clustering algorithms have been developed, among
which the most representative ones are partitional clustering [18], hierarchical clus-
tering [19], spectral clustering [4, 5], density clustering [6, 7], adaptive clustering [8, 9]
and semi-supervised clustering [1, 21]. Nevertheless, there are still some problems in
the current clustering algorithm. For instance, the clustering result largely depends on
parameters and initialization without which the clustering result is not robust enough.
In order to solve these problems, ensemble clustering was proposed by researchers.
Unlike the traditional method of using an algorithm to generate a single clustering
result, ensemble clustering is a process of ensemble multiple different clustering results
to generate better clustering result. Due to the effectiveness of ensemble clustering
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algorithm, more researchers have been attracted and proposed many related algorithms.
Despite significant advances in ensemble clustering research, most algorithms only
focus on direct connection, while ignoring indirect connection between clusters. As
shown in Fig. 1, two objects appear in the same cluster and thus we say that they are
directly connected. However, like (b) and (c), two objects are in two different clusters
but we cannot conclude that there is no connection between them because they are
likely to be related to each other indirectly. Such indirect connection information may
affect the consensus result. In order to explore indirect connection information, we
propose a link-based meta-clustering Algorithm (L-MCLA) in this paper.

(a) (b) (c)

Fig. 1. Relationship between two points. (a) In the same cluster. (b) Belong to two clusters with
common parts. (c) Belong to two unrelated clusters, but both of them are related to the third
cluster.

The remainder of paper is organized as follows. Section 2 reviews the background
of this study. Section 3 details the proposed method in this paper. Section 4 shows the
experiment results. Section 5 concludes this paper.

2 Background

2.1 Ensemble Clustering

Ensemble clustering is an algorithm to improve the clustering effect by ensemble
multiple base clusterings, which can be generally expressed as follows:

Let X = {x1,xa,...,X,} denotes a dataset with n objects. We use clustering algo-
rithms to obtain m clustering results P = {p,,p,, .. .p,} and call them as base clus-
terings. Each base clustering contains several clusters, which is written as p; =

{c!, Ciz, .. Clj }, where j is the number of clusters in the base clustering p;. Ensemble

clustering is to merge the set P through the consensus function T to obtain the final
clustering result P*. The specific process of ensemble clustering is shown in Fig. 2.
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| Algorithm2 | | Resultp, ||| Consensus | |Final Clustering
) Function T Result P*

Clustering | | Clustering
Algorithm m Result py,

Fig. 2. Ensemble clustering process diagram

2.2 Meta-clustering Algorithm

Meta-clustering algorithm (MCLA) is proposed by Strehl and Ghosh which is an
ensemble clustering algorithm working on the level of cluster. Jaccard coefficient is
used to calculate similarity between clusters. The jaccard coefficient between cluster C;
and Cj can be calculated as follows:

_lcingj
_|CiUCj|

J(Ci7cj) (1)

Where N denotes the intersection of two sets, U denotes the union of two sets, and
|**| denotes the number of objects in a set.
Specifically, the meta-clustering algorithm consists of the following four steps:

(1) Construct a similarity matrix by calculating jaccard coefficient between clusters
contained in base clusterings.

(2) Regard the similarity matrix of the previous step as an undirected graph, which is
called meta-graph.

(3) Use graph partitioning package METIS [16] to divide the meta-graph of the
previous step to obtain the meta-cluster and each meta-cluster contains several
clusters.

(4) Assign each object to the corresponding meta-cluster to get the final clustering
result.

3 Link-Based Meta-clustering Algorithm

3.1 Construct Similarity Matrix

The meta-clustering algorithm is superior, but it still has a shortcoming. The similarity
matrix constructed by Jaccard coefficient can only reflect the direct relationship
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between clusters while lacking capability to find the indirect relationship. In 2011, the
concept of weighted connected-triple (WCT) was proposed by Iam-On et al. [12],
which makes it possible to explore the hidden indirect relationship between clusters.

In this section, connected triple is used to construct a refined cluster similarity
matrix. The connected triple is shown in Fig. 3.

Fig. 3. Connected triple diagram

Py, P,, P5 are three base clusterings. C% and Cé are unrelated clusters (i.e., have no
public part) and in common sense should have no similarity. C} and Cf have a common
point x;, and Cj and C? have a common point x,. Therefore, C| and C7 are similar and
C} and C? are similar. Because both C} and C} have a similar third-cluster C3, C} and
C} are indirectly connected to each other. In the same way, C! and C3 have a common
point x; while C} and C} have a common point x,. Accordingly, C! and C} have
indirectly connection to each other. It can be seen that connected triple can help find
more connection between clusters, which is beneficial for reaching a consensus result
later.

Firstly, similarity matrix Z is constructed by jaccard coefficient.

e i=j
Z(i)) = {J(Cth) otherwise 2
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Let Cy have similarity with C; and C;, then the weighted connected triple between
C; and C; is defined as follow:

WCT} = min(J(C;, Ci),J (C;, Cr)) (3)

Then the indirectly connection between cluster C; and C; is calculated as follows:

> WCTi’;
Sim" T (0, )= e — (4)
For any two clusters C; and C;, their indirectly similarity is defined as:
Sim(i,j) = Sim"T (i,j) x DC (5)

Where DC is a constant decay factor. That is the confidence level of accepting two
nonidentical clusters as being similar.
The refine similarity matrix S is constructed as:

o 1, i=j
S(i,j) = {Sim(i,j) +Z(i,j) otherwise ©)

3.2 Graph Division and Object Allocation

We regard the refined similarity matrix S as the adjacency matrix of graph G. Graph
segmentation algorithm is our consensus function. In the selection of graph segmen-
tation algorithm, since the normalized cut (Ncut) is effective and robust, we select it in
this study [13]. Normalized cut is a kind of spectral clustering. The basic idea is to
define a cut criterion, which considers the total dissimilarity between different clusters
and the total similarity within the cluster.

By normalized cut, K meta-cluster groups can be obtained, that is:

MC = {MC|,MC,, ...,MCx} (7)

Here we use the voting method to assign objects. For given object x;, x; belong to
zero or more clusters in MC;. Specifically, the voting score of x; for the meta-cluster
MC;j can be defined as follow:

1
Score(x;, MCj) = ——
‘Mcjl CLEMC;
17 ifxi S Ch

l =
{ 0, otherwise

Where [MC;| denotes the number of clusters in MC;.
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We assign the point x; to the meta-cluster with the highest score. The final clus-

For clarity, the algorithm of L-MCLA is described in Algorithm 1.

Algorithm 1: Link-Based Meta-Clustering Algorithm.

Input: Dataset X, number of clusters K

D
2)

3)
4

5)

O

Using clustering algorithm to generate m base clusterings

P:{pl’pZ""pm} for dataset X.

The inter-cluster similarity matrix Z is constructed by jaccard coefficients, which can be

calculated by the equation (2).

For similarity matrix Z, equation (3)-(6) is used to obtain the refined similarity matrix S.

The similarity matrix S is regarded as a graph G. K meta-clusters are obtained by using Ncut
algorithm to segment this graph as equation (7).
The clustering result Label is obtained by allocating object to corresponding meta-cluster by

equation (8).
utput: Final cluster result Label

4

Experiments

In this section, we conduct experiments on multiple real-world datasets and compare
results with several existing ensemble clustering algorithms to evaluate the perfor-
mance of the algorithm proposed in this paper. Moreover, the robustness of the
algorithm is evidenced by experiment on different ensemble sizes.

4.1

Datasets and Evaluation Measures

In our experiments, nine datasets in the UCI (University of California Irvine) machine
learning database are used as experimental datasets [22]. Table 1 lists the detail of each
dataset:

Table 1. Description of UCI datasets

Datasets Object | Dimension | Class
Aggregation 788 2 7
Cardiotocograph (CTG) | 2126 |21 10
Diabetes 768 8 2
Ecoli 336 8 8
Ionosphere 351 34 2
Segmentation 2130 |19 7
Soybean 47 |35 4
Thyroid 215 5 3
Yeast 1484 8 10

In our experiments, adjusted Rand index (ARI) and normalized mutual information
(NMI) are selected to evaluate the performance of the clustering results. The two
evaluation are described as follows:
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ARI is a clustering evaluation index that measures the similarity between two
clustering results by calculating the number of sample point pairs in the same cluster
and different clusters. The equation is as follow:

2(ad — bc)

ART= (a+b)(b+d)+ (a+c)(c+d)

©)

Where a denotes the number of point pairs that belong to the same cluster in both real
and experimental, b denotes the number of point pairs that belong to the same cluster in
real label and different clusters in experimental result, and ¢ denotes the number of
point pairs that belong to the same cluster in the experimental result and different
clusters in the real label, and d represents the number of point pairs that belong to
different clusters in both real and experimental. Its value range [—1, 1]. The larger the
value is, the more consistent it is with the real result, namely the better clustering effect.
NMI is a common external evaluation index of clustering. It evaluates the similarity
of two clustering results from the perspective of communication theory. Let the
experimental result be X and the real label be Y, then the equation is as follows:

1(X,Y)

NMI(X, Y) = THOR®

(10)

Where I(X, Y) represents the mutual information between X and Y, and H(X) and H
(Y) represent the entropy of X and Y. Its value range [0, 1]. The larger value indicates
more shared information with the real label, that is, the better clustering result.

4.2 Comparative Methods and Experimental Settings

In our experiments, seven ensemble clustering algorithms are compared with L-MCLA
algorithm. The seven comparison algorithms are as follows:

(1) Evidence accumulation clustering (EAC) [10]

(2) Hybrid bipartite graph formulation (HBGF) [14]

(3) Weighted evidence accumulation clustering (WEAC) [15]

(4) Graph partitioning with multi-granularity link analysis (GP-MGLA) [15]
(5) Cluster-based similarity partitioning algorithm (CSPA) [11]

(6) Hypergraph partitioning algorithm (HGPA) [11]

(7) Meta-clustering algorithm (MCLA) [11]

The experiments are implemented in MATLAB R2016a. The PC configuration is
as follows: Windows7 64-bit, Intel i5 1.7 GHz CPU, 8G RAM.

In our experiments, k-means is used to generate base clusterings with the parameter
k randomly selected in the range [2, \/m For parameter DC, high DC values (i.e., 0.7
to 0.9) bring about a data partition of exceptionally good quality [12], so we set
DC = 0.9 in our experiment. We call the number of base clusterings m as ensemble
size and set ensemble size m = 50 to compare the L-MCLA algorithm with other
ensemble clustering algorithms. Furthermore, we change the ensemble size to test the
robustness of L-MCLA algorithm.
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4.3 Comparison with Other Ensemble Clustering Methods

This section make a comparison experiment of our algorithm. Each ensemble clustering
algorithm runs 20 times on each dataset and each run randomly generates base clus-
tering according to Sect. 4.2. The average scores and standard deviation of ARI and
NMI are recorded. The experimental results are shown in Table 2 and Table 3, with the
highest score shown in bold.

Table 2. Average ARI scores by different ensemble clustering methods.

each comparison is in bold

The highest score in

EAC HBGF |WEAC |GP-MGLA |CSPA |HGPA |MCLA |L-MCLA
Aggregation | 0.804 0.805 0.806 0.860 0.549 0.621 0.612 | 0.925
(£0.044) | (£0.050) | (£0.045) | (£0.082) | (£0.006) | (£0.022) | (£0.027) | (&0.057)
CTG 0.133 0.130 0.129 0.137 0.115 0.117 0.120 | 0.140
(£0.007) | (£0.008) | (£0.008) | (£0.004) | (£0.003) | (£0.010) | (£0.004) | (&0.005)
Diabetes 0.051 0.044 0.018 0.007 —0.001 | —0.001 |—0.001 |0.061
(£0.027) | (£0.028) | (£0.013) | (£0.011) | (£0.001) | (£0.001) | (£0.001) | (&0.032)
Ecoli 0.495 0.416 0.468 0.471 0.300 0.333 0.367 | 0.542
(£0.069) | (£0.015) | (£0.059) | (£0.049) | (£0.013) | (£0.026) | (£0.030) | (&0.053)
Ionosphere | 0.150 0.167 0.148 0.162 0.124 0.020 0.163 |0.169
(£0.011) | (£0.010) | (£0.010) | (£0.013) | (£0.000) | (£0.023) | (£0.014) | (&0.004)
Segmentation | 0.347 0.425 0.404 0.442 0.384 0.255 0.436 | 0.447
(£0.075) | (£0.054) | (£0.059) | (£0.031) | (£0.034) | (£0.036) | (£0.074) | (&0.039)
Soybean 0.551 0.547 0.553 0.547 0.483 0.543 0.552 | 0.568
(£0.006) | (£0.005) | (£0.009) | (£0.004) | (£0.029) | (£0.013) | (£0.008) | (£0.029)
Thyroid 0.370 0.378 0.497 0.558 0.129 0.104 0.271 | 0.587
(£0.182) | (£0.178) | (£0.053) | (£0.031) | (£0.037) | (£0.025) | (£0.070) | (&0.036)
Yeast 0.173 0.148 0.173 0.167 0.109 0.093 0.125 | 0.182
(£0.018) | (£0.005) | (£0.015) | (£0.004) | (£0.013) | (£0.016) | (£0.006) | (&0.007)

Table 3. Average NMI scores by different ensemble clustering

each comparison is in bold

methods.

The highest score in

EAC HBGF | WEAC |GP-MGLA | CSPA HGPA |MCLA |L-MCLA
Aggregation | 0.868 0.867 0.868 0.900 0.688 0.748 0.746 0.932
(£0.027) | (£0.031) | (£0.027) | (£0.047) | (£0.008) | (£0.014) | (£0.015) | (£0.037)
CTG 0.267 0.273 0.264 0.274 0.244 0.246 0.253 0.274
(£0.007) | (£0.011) | (£0.008) | (£0.006) | (£0.005) | (£0.013) | (£0.005) | (0.006)
Diabetes 0.018 0.017 0.007 0.003 0.001 0.001 0.001 0.025
(£0.010) | (£0.012) | (0.004) | (£0.004) | (£0.000) | (£0.000) | (£0.000) | (£0.013)
Ecoli 0.579 0.537 0.568 0.567 0.442 0.465 0.504 0.608
(£0.027) | (£0.012) | (£0.025) | (£0.025) | (£0.010) | (£0.024) | (£0.020) | (£0.021)
Ionosphere | 0.115 0.126 0.114 0.123 0.102 0.018 0.120 0.123
(£0.007) | (£0.005) | (0.006) | (£0.007) | (£0.000) | (£0.018) | (£0.009) | (0.004)
Segmentation | 0.480 0.529 0.523 0.562 0.502 0.374 0.545 0.545
(£0.066) | (£0.052) | (£0.047) | (£0.024) | (£0.026) | (£0.040) | (£0.055) | (£0.029)

(continued)
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Table 3. (continued)

EAC HBGF | WEAC |GP-MGLA | CSPA HGPA |MCLA |L-MCLA
Soybean 0.714 0.712 0.714 0.711 0.619 0.706 0.714 0.721
(£0.003) | (£0.002) | (£0.005) | (£0.002) | (£0.023) | (£0.017) | (£0.004) | (£0.010)
Thyroid 0.316 0.325 0.369 0.411 0.164 0.153 0.213 0.484
(£0.075) | (£0.104) | (£0.026) | (£0.036) | (£0.022) | (£0.011) | (£0.031) | (£0.035)
Yeast 0.264 0.257 0.267 0.273 0.206 0.191 0.226 0.290
(£0.012) | (£0.006) | (£0.011) | (£0.005) | (£0.015) | (£0.020) | (£0.005) | (£0.007)

As shown in Table 2, the ARI score of L-MCLA algorithm on 9 datasets are all the
highest. As can be seen from Table 3, L-MCLA algorithm on six datasets has the
highest NMI value, which is only slightly inferior on the CTG, Ionosphere and Seg-
mentation, but the difference is not significant. To summarize, the L-MCLA method
exhibits overall better performance (with respect to ARI, NMI) than the other methods.

4.4 Robustness to Ensemble Size

In this section, we evaluate the performance of L-MCLA algorithm under different
ensemble size on nine datasets. Ensemble size is in the range of [10, 100], increasing
by 10. The generation settings for base clustering are same as Sect. 4.2. Then we record
the average score of ARI and NMI. The change of score is shown in Fig. 4 and Fig. 5.

09—

08
0.7 -

06~

ARI

04

0.3%

—©—CTG

—+—Aggregation ||

05

—#—Diabetes
ecoli
—*— |onosphere
—#—soybean T
Thyroid
—E—yeast
7— segmentation |

50 60
ensemble size

70

Fig. 4. Average ARI scores of L-MCLA under different ensemble size
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Figure 4 shows the ARI index values of the L-MCLA algorithm in 9 datasets under
different ensemble sizes. It can be seen from the observation that there is only a slight
fluctuation in the L-MCLA algorithm on most datasets and the fluctuation gradually
decreases after the integration scale reaches 40. In addition to the Thyroid dataset and
the Soybean dataset, the ARI value of the Thyroid data set increases sharply from 10 to
20, and then shows a state of fluctuating increase with the increase of ensemble sizes.
With the increase of base clusterings, the ARI value of the Soybean dataset shows a
slow decline but the range is small.

Figure 5 shows the NMI index values of the L-MCLA algorithm on 9 datasets
under different ensemble sizes. It can be seen from observation that the NMI values of
most datasets tend to be stable except for the Thyroid datasets. However, the NMI
value of the Thyroid dataset shows a significant upward trend when the base clusterings
are about 10-40, but slightly decreases when the base clusterings is 40-50, and then
shows an upward trend and gradually stabilizes.

According to the above experimental analysis, the ensemble size has little influence
on L-MCLA algorithm. On most datasets, L-MCLA algorithm relys on fewer base
clusterings to obtain more robust results.

5 Conclusion

Ensemble clustering is the use of multiple clustering results to generate better clustering
results. However, the existing ensemble clustering algorithms often only pay attention
to the direct inter-cluster connection and ignore the indirect connection. In this paper,
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we propose a link-based meta-clustering algorithm which uses connected triple to
explore indirect connection. Link-based method is used to enrich similarity matrix for
generating better results. Our algorithm has the following advantages: 1. This algorithm
considers the information from the cluster level and the object level. 2. It use the link-
based method to explore the indirect connection between clusters. A series of exper-
iments proved the advantages of our algorithm. Our future work is to further explore
the hidden information in the base clustering and improve the clustering results in this
way.

Acknowledgements. This work is supported by the National Natural Science Foundation of
China under Grant No. 61672522 and No. 61976216.
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Abstract. In spectral clustering, Nystrom approximation is a powerful tech-
nique to reduce the time and space cost of matrix decomposition. However, in
order to ensure the accurate approximation, a sufficient number of samples are
needed. In very large datasets, the internal singular value decomposition
(SVD) of Nystrom will also spend a large amount of calculation and almost
impossible. To solve this problem, this paper proposes a large-scale spectral
clustering algorithm with stochastic Nystrom approximation. This algorithm
uses the stochastic low rank matrix approximation technique to decompose the
sampled sub-matrix within the Nystrom procedure, losing a slight of accuracy in
exchange for a significant improvement of the algorithm efficiency. The per-
formance of the proposed algorithm is tested on benchmark data sets and the
clustering results demonstrate its effectiveness.

Keywords: Spectral clustering - Nystrom approximation - Stochastic SVD -
Large dataset

1 Introduction

Spectral clustering algorithms can well deal with the datasets of non-convex structures,
and they have been successfully applied in many fields. But the traditional spectral
clustering algorithms only suit for small-scale datasets, because they need to store an
n X n affinity matrix and make eigen-decomposition on it. The required space com-
plexity and time complexity are respectively O(n*) and O(n). The high complexity
problems limit the application of spectral clustering methods in large data [1].
Therefore it is needed to develop a new data processing strategy to adapt to the
continuous growth of the data size while maintaining the quality and speed of the
clustering.

Fortunately, the spectral clustering method only needs a small part of the head (or
tail) of the eigenvalues/eigenvectors, then we can use the Arnoldi method to do partial
SVD [2]. However, experience shows that only when the matrix is sparse or very few
eigenvectors are extracted, the running time will be significantly reduced. Another
method to reduce the computational complexity is using low rank matrix approxima-
tion, such as the commonly used Nystrom method [3]. It selects a subset of m < n
columns from the kernel matrix, and then constructs the low rank approximation of the
kernel matrix by using the correlation between the samples and the remaining columns.
In computation, the Nystrom method only requires the decomposition of a small
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m X m sub-matrix and the time complexity can be significantly reduced; in the
occupied space, it is only need to store the sampled m columns, and other matrix
involved in the computation can be calculated by the m columns, so its space com-
plexity is small. This makes the Nystrom method has high scalability. Fowlkes et al. [4]
successfully apply it to spectral clustering for image segmentation. In order to improve
the accuracy of Nystrom approximation, we need to select a lot of samples, but the
large sampled sub-matrix is also very difficult to decompose [5].

Halko et al. [6] propose a stochastic SVD method to construct approximate low
rank matrix factorization. This method extends the Monte Carlo algorithm in literature
[7]. Similar to the standard Nystrdom method, this method only need the eigen-
decomposition on part of matrix. But this method does not simply select a subset of
columns, it first construct a low dimensional subspace that captures the activity of the
input matrix. Then, compress the matrix into the subspace, and make the standard
factorization on the reduced matrix. Although the method is a stochastic algorithm,
experiments show that it has great potential to produce accurate approximations.
However, this algorithm needs to traverse at least once the input matrix, so it is more
time-consuming than the Nystrom method which is only based on sampled columns.
On large data sets, the performance difference between these algorithms will be
significant.

In this paper, we combine the advantages of standard Nystrdm method and
stochastic SVD algorithm. Standard Nystrom is very efficient, but need to collect a
large number of columns; stochastic SVD algorithm has high accuracy, but the effi-
ciency is relatively low. Inspired by this, when using the Nystrom method for large
scale spectral clustering, we can use stochastic SVD to replace the original standard
SVD on the sampled sub-matrix to cope with efficiency decrease caused by the
increasing sample number m, and accelerate the process of calculating approximate
eigenvectors. The main contributions of this paper are:

e We propose a large-scale spectral clustering algorithm with stochastic Nystrom
approximation, which can achieve a good balance between the clustering accuracy
and the operating efficiency.

e The approximation error of stochastic SVD process in the proposed method can be
compensated by selecting more sample columns.

e Experimental results show that the proposed method can further reduce the calcu-
lation complexity of Nystrom spectral clustering.

The rest of this paper is organized as follows. Section 2 briefly reviews the related
research background. Section 3 introduces the proposed large-scale spectral clustering
algorithm with stochastic Nystrom approximation. The experimental results are given
in Sect. 4, and the last section is conclusion.
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2 Research Background

2.1 Nystrom Approximation

The spectral methods such as Ratio Cut and Normalized Cut are based on the eigen-
vectors of Laplacian matrix to do clustering [8]. Suppose the Laplacian matrix is
L =D '"2WD~'/2, where D is the degree matrix and W is the weight matrix. The
eigenvector matrix U can be calculated by the eigen-decomposition of Laplacian matrix
L, namely LU = UA[. The eigenvectors in matrix U are orthogonal and these eigen-
vectors embed the data objects into a low dimensional subspace. Then we may use
k-means algorithm to cluster U, and obtain the final partition results. When the amount
of data n is very large, it becomes very difficult to decompose the Laplacian matrix. The
Nystrom method use a subset of matrix columns (or rows) to do approximate spectral
decomposition for a large matrix, which can significantly reduce the computational
complexity [9].

Given the n X n weight matrix W, we randomly select m < n data points from data
set and rearrange matrix W as follows:

w=|p 2] (1)

where A € R™" contains the similarities among the data samples, B € R~

contains the similarities among the samples and the rest points, and C € R(*=)*(1=m)
contains the similarities among the rest points.

Nystrom approximation gets the approximate eigenvectors of Laplacian matrix
using the eigenvectors of a small sub-matrix. Let matrix H = [A  B]", matrix W can

be approximated as:
W =HA'HT 2)

To get the orthogonal approximate eigenvectors of W, Fowlkes et al. [4] define a
matrix M = A+A~"/2BBTA™'/2. We decompose M as M = Uy AyUL. The eigen-
vector matrix of W are:

Uy = HA ' PUyA,,? (3)

where W = UyAy Ul,. It can be proved that Uy and its transpose matrix are
orthogonal, namely U, Uy = I.

In order to compute the first k approximate eigenvectors and eigenvalues of W, the
total time complexity of this algorithm is O(m’ + kmn), where O(m?) is the eigen-
decomposition time of M, and O(kmn) is corresponding to the multiply operations
about matrix H. Because m < n, its complexity is much lower than the O(n®) com-
plexity that directly SVD on W. Although the efficiency of Nystrdom method is high,
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it needs to select a sufficient number of samples to better approximate the original
eigen-space. Then we consider use stochastic SVD to further reduce the complexity of
Nystrom method.

2.2 Stochastic SVD

Halko et al. [6] propose a simple and efficient stochastic SVD algorithm, which is used
to solve the approximate eigenvalues and eigenvectors of the low rank matrix. Given a
real symmetric matrix M € R™*™ this stochastic SVD algorithm includes two stages:
first, it uses random sampling to construct a low dimensional subspace to approximate
the range of M; then, it limits M in the obtained sub-space, and makes standard QR or
SVD decomposition based on the reduced matrix. The following Algorithm 1 gives the
concrete steps of the stochastic SVD, through which we can quickly obtain a low rank
approximation of a real symmetric matrix M.

Algorithm 1. Stochastic SVD.

Input: symmetric matrix M € R™™, matrix rank k, over sampling parameter p,
power parameter q.

Output: the eigenvector matrix Uy, the eigenvalue matrix Ap.

Step 1. Construct an m X (k + p) standard Gaussian random matrix Q.

Step 2. Calculate matrix Z = MQ and ¥ = M7 'Z

Step 3. Find an orthogonal matrix Q through the QR decomposition, so that
Y = 00"Y.

Step 4. According to F(QTQ) = QTZ, compute the matrix F.

Step 5. Conduct SVD on F and get F = UpAfpUL.

Step 6. Compute matrix Uy = QUF.

Specifically, the first stage of Algorithm 1 includes Step 1-Step 3. It first produces
anm X (k + p) standard Gaussian random matrix Q, each element of Q is independent
Gaussian random variables, the mean is 0, the variance is 1. Among them, p is an over
sampling parameter, so that the column number of € is slightly higher than the required
rank k. Then calculate the matrix ¥ = MQ, and construct the matrix Q € R (k+p)
through the QR decomposition. Q is an orthogonal matrix, and its column constitutes the
orthogonal basis of Y. In order to make ¥ = MQ have a larger range to extend to the
k dimensional subspace of M, the value of p is generally a small number, such as 5 or 10.

The second stage of Algorithm 1 includes Step 4-Step 6. M is restricted to the
subspace generated by Y, we can further obtain the reduced matrix F = Q"MQ. And
then conduct the standard SVD on F, that is F = UFAFU;. The SVD of M can be
approximated as:

M ~ QFQ" = (QUF)Ar(QUr)" (4)

Finally, let Uy = QUp, we can obtain the low rank approximation of M as
M =~ UyArU},. The time complexity of Algorithm 1 is O(m’k + k%), which is pro-
portional to the square of m. Algorithm 1 is easy to implement, and can be applied to
large scale clustering problem. Therefore, we introduce the stochastic SVD into
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Nystrom approximation to deal with the complex eigen-decomposition problem when
the sampled sub-matrix is too large.

3 Large-Scale Spectral Clustering with Stochastic Nystrom
Approximation

The Nystrom approximation technology uses the sample points to compute the
approximate eigenvectors. It can effectively reduce the computational complexity of
traditional spectral clustering algorithm. The performance of Nystrém approximation is
closely related to sample number. Although improving the sampling proportion can
improve the clustering results, the complexity of the algorithm is also significantly
increased. Careful observation can be found that when the sample number m is large,
the most time-consuming operation of the algorithm is the eigen-decomposition of the
m X m sub-matrix M. In order to solve this problem, we develop the stochastic
Nystrdom approximation method to solve the approximate eigenvalue and eigenvector
of M. We try to improve the efficiency of the algorithm as far as possible in the premise
of ensuring the clustering accuracy. Therefore we propose a large-scale spectral clus-
tering algorithm with stochastic Nystrdm approximation. The details of the proposed
algorithm is shown in Algorithm 2.

Algorithm 2. Large-scale spectral clustering with stochastic Nystrom approximation
(SNA-SC).

Input: data set X of n data points, number of sample points m, number of classes k.
Output: clustering results of k clusters.

Step 1. According to Eq. (1), form matrix A € R”*" and matrix B € R"*"~") with
the m sample points.

. . 3 Alm + Blnfm
Step 2. Calculate the diagonal degree matrix D = diag ( [ B'1, +BTA-'BL, ])
with matrix A and B.
—1/2
L:m,1:m

-1/2
L:m,1:m>

Step 3. Calculate the normalized matrix A and B as A =D AD

B= D;,In/j:mBD;zin_mH:n, and form matrix H = [A B]T.

Step 4. Construct matrix M = A +A~'/2BBTA~1/2 with matrix A and B.

Step 5. Make the eigen-decomposition of M by Algorithm 1, namely
M =~ UyArU}, and ensure the descending order of the eigenvalues in A.

Step 6. Calculate the top k orthogonal eigenvectors of the Laplacian matrix using
Eq. 3): V = HA—1/2(UM):,1;J<(A;1/2)1:k71:k-
Step 7. Normalize matrix V by Eq. (5) and get matrix U.

~ Vi
Uijzi izl,"',l’l, ]:lvvk (5)

Vo V2
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Step 8. The rows of U can be seen as new data points and we can divide them into
k clusters by traditional clustering algorithms, such as k-means.

The proposed Algorithm 2 combines the advantages of Nystrdom approximation
and the stochastic SVD, and has a good performance in the clustering efficiency and
accuracy. In essence, the low rank approximation of the original n X n affinity matrix
W can be expressed as W = HA™'H" = Uy Ay UL, = UyULMUyUY, according to
Eq. (3). Through Algorithm 1 and Eq. (4), we can obtain the approximate M as
M ~ QFQT. So the more accurate approximation form of W in Algorithm 2 is as
follows:

W ~ Uy U;,QFQ" Uy U}, (6)

Different with the Nystrom method, Algorithm 2 adopts stochastic SVD method for
solving the approximate eigenvalues and eigenvectors of matrix M. Its time complexity
is O(m’k + k). In addition, the matrix H related multiplication operations need to
spend O(kmn) time. Usually n >> m > k, so the total time complexity of Algorithm 2 is
O(k* + kmn). Compared to the O(m® + kmn) complexity of Nystrom method, the
complexity of Algorithm 2 is lower. This means that, for the same size of problem,
Algorithm 2 can finish the task in a shorter time.

4 Experimental Analysis
To validate the performance of the proposed SNA-SC algorithm, our experiments are

done on the four real world data sets from UCI machine learning repository. These data
sets are listed in Table 1.

Table 1. Basic properties of the data sets.

Data set | Data points’ number | Attributes’ number | Clusters’ number
Corel 2074 144 18
Seismic | 98528 50 3
RCV1 |193844 47236 103

Based on the data sets in Table 1, we compare three different clustering algorithms
in the experiments. In addition to the proposed SNA-SC algorithm, there are approx-
imate kernel k-means algorithm (AKK-means) [10], the spectral clustering algorithm
based on Nystrom extension (Nystrom-SC) [11]. The performance of each algorithm
are evaluated by the clustering accuracy and running time. All algorithms are imple-
mented by MATLAB, running on a high-performance workstation with 3.20 GHz
CPU. In the experiments, the affinities of data points are measured by radial basis
function. The max iterations of AKK-means algorithm is 1000. The sample points in
Nystrom-SC and SNA-SC algorithm are obtained by random sampling.
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Table 2 is the clustering accuracy of these algorithms on each data set, in which the
bold value is the best clustering result. AKK-means, Nystrom-SC and SNA-SC use part
of the kernel matrix for approximate computation, so they need to sample some data
points. From Table 2, we know that the clustering accuracy of each algorithm is
different in different sampling proportion. Overall, the increase in the proportion of
sampling is helpful to improve the quality of clustering. However, sometimes more
samples will also make the clustering quality slightly worse, because it contains more
noise data. AKK-means algorithm constructs the approximate kernel matrix by random
sampling, and based on this, it can reduce the space complexity of the original kernel k-
means by computing the class center of kernel k-means in a smaller subspace. AKK-
means clustering can get the highest accuracy on Corel data set. However, on other data
sets, AKK-means is not as good as Nystrom-SC and SNA-SC algorithm. Nystrom-SC
is suitable for processing RCV1 data set. SNA-SC has good performance on Seismic
data set.

Table 2. Clustering accuracy of algorithms (%).

Data set | Sampling | Algorithm
ratio (m/n) | AKK-means | Nystrdom-SC | SNA-SC
Corel |2% 31.62 (£1.51) | 30.42 (£0.76) | 31.21 (£1.63)
4% 34.16 (£1.07) | 30.92 (40.85) | 33.64 (£1.41)
6% 37.27 (£0.54) | 32.46 (£0.72) | 36.86 (£1.25)
8% 38.58 (£0.76) | 33.27 (£0.57) | 37.16 (£1.08)
Seismic | 2% 62.46 (£1.24) | 60.48 (£1.56) | 64.13 (£1.29)
4% 64.14 (£0.43) | 62.57 (£1.12) | 67.23 (£0.42)
6% 64.81 (£0.62) | 63.44 (£1.81) | 67.75 (£0.83)
8% 65.27 (£0.53) | 64.91 (+0.34) | 68.34 (£0.37)
RCVI 2% 12.55 (£0.76) | 11.27 (£0.65) | 12.43 (£0.84)
4% 13.82 (£0.53) | 14.24 (40.46) | 14.67 (£0.39)
6% 15.42 (£0.72) | 16.73 (£0.67) | 15.94 (£0.65)
8% 16.26 (£0.51) | 18.12 (£0.34) | 16.63 (£0.41)

The clustering time of different algorithms are compared in Table 3. Table 3 shows
that SNA-SC has the highest running efficiency on each data set. On RCV1 data set,
SNA-SC only takes 44 s to do the clustering under 8% sampling rate, while Nystrom-
SC takes 162 s. Because with the sampling rate increase, the decomposition of the
internal sub-matrix in Nystrom-SC will cost a lot of time. AKK-means is a k-means-
like algorithm. It repeatedly relocate the cluster center to optimize the lose function.
The clustering time of AKK-means is mainly related to the iteration times. Although
more samples will help increase the approximation accuracy, but it also increases the
clustering time. For AKK-means and SNA-SC, their clustering time increase linearly
with the sampling ratio increasing. But the clustering time of Nystrom-SC has violent
changes because of the cubic time complexity of the eigen-decomposition of the
internal sub-matrix.
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Table 3. Clustering time of algorithms (s).

Data set | Sampling | Algorithm
ratio (m/n) | AKK-means | Nystrém-SC | SNA-SC
Corel 2% 0.11 0.06 0.05
4% 0.14 0.09 0.05
6% 0.16 0.10 0.07
8% 0.18 0.36 0.08
Seismic | 2% 6.10 0.82 0.72
4% 7.69 3.03 1.75
6% 11.68 6.15 2.68
8% 19.38 26.75 5.86
RCV1 (2% 40.44 21.36 20.66
4% 56.01 27.33 25.02
6% 73.94 64.29 31.25
8% 110.96 162.32 44.12

5 Conclusion

Nystrom approximation will help reduce the complexity of spectral clustering using
approximate eigenvectors. However, when the sample number is too large, internal
SVD of Nystrom will take a very long time. This paper applies the stochastic SVD
algorithm to improve the performance of large-scale Nystrom spectral clustering.
Unlike standard Nystrom method, we use the stochastic low rank matrix approximation
strategy to do the eigen-decomposition of the internal sub-matrix, and propose a large-
scale spectral clustering called SNA-SC. Experimental results show that SNA-SC is
more efficient than standard Nystrom spectral clustering, and it can well balance the
clustering accuracy and efficiency.
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Abstract. Feature selection is an important part of data mining, image
recognition and other fields. The efficiency and accuracy of classifica-
tion algorithm can be improved by selecting the best feature subset. The
classical feature selection technology has some limitations, and heuristic
optimization algorithm for feature selection is an alternative method to
solve these limitations and find the optimal solution. In this paper, we
proposed a Multi Strategy Grey Wolf Optimizer algorithm (MSGWO)
based on random guidance, local search and subgroup cooperation strate-
gies for feature selection, which solves the problem that the traditional
grey wolf optimizer algorithm (GWO) is easy to fall into local optimiza-
tion with a single search strategy. Among them, the random guidance
strategy can make full use of the random characteristics to enhance the
global search ability of the population, and the local search strategy
makes grey wolf individuals make full use of the search space around
the current best solution, and the subgroup cooperation strategy is very
important to balance the global search and local search of the algorithm
in the iterative process. MSGWO algorithm cooperates with each other
in three strategies to update the location of grey wolf individuals, and
enhances the global and local search ability of grey wolf individuals.
Experimental results show that MSGWO can quickly find the optimal
feature combination and effectively improve the performance of the clas-
sification model.

Keywords: Feature selection - Heuristic optimization algorithm -
Multi Strategy Grey Wolf Optimizer algorithm

1 Introduction

Feature selection plays an important role in machine learning, data mining and
other classification applications. Its goal is to remove the noise in the original
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data and select the best identification feature. In addition, feature selection can
improve the efficiency of classification by reducing the dimension of the original
data. In recent years, more and more heuristic search algorithms are used for fea-
ture selection. Heuristic search algorithm can get a group of solutions at a time,
which can get good results with less time and calculation cost. Many experts and
scholars have done a lot of research on heuristic search algorithm: Genetic Algo-
rithm (GA) is an evolutionary algorithm, which can search randomly and find
the optimal solution based the evolution law of nature [1]. Particle Swarm Opti-
mization (PSO) is a classical swarm intelligence optimization algorithm, which
is based on the research of birds’ predatory behavior. Each solution is regarded
as a particle with a specific position, fitness and speed vector, and its motion
direction and speed are adjusted according to the global optimal solution and the
optimal solution found by the particle itself, and gradually approach the optimal
solution [2]. The Whale Optimization Algorithm (WOA) is a heuristic optimiza-
tion algorithm, which simulates the predatory behavior of humpback whales in
nature. Compared with other swarm optimization algorithms, the main differ-
ence is that WOA simulates the bubble net attack of whales by following the
best or random individuals and using the spiral mechanisms [3]. The Grey Wolf
Optimizer (GWO) is a new evolutionary algorithm, which mainly simulates the
predatory behavior of grey wolf group, through the process of wolves tracking,
encircling, chasing and attacking to achieve the purpose of optimized search [4].
As GWO has the advantages of simple principle, few parameters to be adjusted,
easy to realize and strong global search ability, its research has made remarkable
progress. Emary and others first applied GWO to feature selection in 2015, and
proposed two binary GWO feature selection methods based on different update
mechanisms [5].

GWO algorithm can not effectively find the global optimal feature com-
bination due to its single search strategy and insufficient global search abil-
ity [6]. Therefore, in order to improve the effectiveness of GWO for feature
selection, this paper proposes a Multi Strategy Grey Wolf Optimizer algorithm
(MSGWO), which solves the problem caused by a single search strategy and
improves the accuracy of the original GWO. MSGWO includes three differ-
ent search strategies—Random guidance strategy, local search strategy and sub
group cooperation strategy. The grey wolf optimizer algorithm with three strate-
gies can further improve the search efficiency and find the optimal feature com-
bination.

2 Grey Wolf Optimizer (GWO)

GWO is an intelligent optimization algorithm proposed by Mirjalili [4] in 2014.
Due to its simple principle, fewer parameters to be adjusted, simple implemen-
tation and strong global search ability, the method is becoming more and more
popular. Many research have been carried out using GWO [7-11]. GWO algo-
rithm is inspired by the predatory behavior of grey wolves, and it optimizes
search through hunting, searching for prey, encircling prey, and attacking prey.
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There is a strict hierarchy between them. «, 3, and w represent different grades
of grey wolves, and the dominance rate decreases from top to bottom. In order to
model the grey wolf’s social system mathematically, « is regarded as the optimal
solution, 8 and § are regarded as the suboptimal solution and the third optimal
solution, respectively. They lead other wolves toward the possible position of
prey. w is regarded as the rest of the solutions, which is updated according to
the positions of «, 8 and §. Three definitions of the algorithm [4] are given below.

Definition 1. Distance between Grey Wolf and Prey

— - — —

D =|C-Xp(t) - X()| (1)
where t indicates the current iteration, )?p represents position vector of prey,
—

X (t) represents current position vector of grey wolf.
—

C=2.7 @

—
where r; is random vector in [0, 1], C is coefficient vector. We can explore and
exploit search space by randomly enhancing (C' > 1) or weakening (C' < 1) the
distance between prey and grey wolf.

Definition 2. Update position of Grey Wolf

X(t+1)=X,(t)—A-D (3)
A=927 7m-a (4)

where components of @ are linearly decreased from 2 to 0, 75 is random vector
in [0,1]. As A decreases, half of the iterations are used for exploring (|A4| > 1),
and the rest for exploiting (|A| < 1).

Definition 3. Determine position of prey

In the abstract search space, the exact position of the prey (optimal solution)
is not known. According to the hierarchy of grey wolves, hunting is usually guided
by a, 8 and 4. Therefore, it is assumed that « (optimal candidate solution), 3
(suboptimal candidate solution), and § (third optimal candidate solution) have
a better acquaintance of the position of prey. It is known that grey wolves a, 8
and § are closest to prey. By preserving the obtained three optimal solutions
during each iteration, the orientation of prey can be determined according to
the positions of the three optimal solutions, and other grey wolf individuals are
forced to update their positions according to the three optimal solutions. The
mathematical descriptions of grey wolf individuals tracking prey orientation are
as follows:

— — = = — e e —_ = =
Do =|C1-Xo — X|,Dg =[C2- X — X[, Ds = |C5 - X5 — X| (5)

— —_ = — — — = — — — — —
1=Xa—A1 Do, Xo=Xg—As-Dg, X3 =X5—As-Ds (6)
X(t+1)=1/3(X; + Xo + Xa) (7)
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The distances between grey wolf individuals and «, 8 and § are calculated in
terms of formulas (5) and (6). Then the direction of grey wolf individuals moving

. . —_— = —
towards prey are judged in terms of formula (7). Where X,, Xg, Xs represent

.. . —_— = —> - .
the positions of «, 3, respectively, C1, Co, C3 are random vectors and X is the
position of the current solution.

3 Multi Strategy Grey Wolf Optimizer Algorithm

3.1 Random Guidance Strategy

In GWO, o, and ¢ lead w to the promising region to search for the optimal
solution, but only following the optimal solution to update is easy to lead to
premature convergence in the current optimal position, making GWO fall into
the local optimum. In this paper, we randomly select a grey wolf position X;qnd,
and make other individuals update the position according to X,q,q. The math-
ematical description is as follows:

—_— —_ — =

Drand = | g Xrand - X| (8)

— _ S

Xg = Xrand — Ag * Drand (9)
X(t+1) =X, (10)

—

P P
where D,.4nq is the distance between grey wolf individual and X,.qpnq4, X (t + 1)

is the updated position, and C_)'g is the random vector.

This strategy can make the gray wolf individuals that converge too early jump
out of the local optimum, expand the global search range of the population, and
increase the possibility of finding the global optimum solution.

3.2 Local Search Strategy

Because the whale optimization algorithm approaches the prey according to the
shrinking encirclement mechanism, and moves along the spiral path according
to the spiral renewal mechanism, it can expand the local search range of whales.
Inspired by the whale optimization algorithm, this paper improves the single
update mechanism of grey wolf position, which makes the grey wolf individuals
explore the surrounding solutions while moving towards the optimal solution,
greatly expanding the range of local search. The mathematical description of
the strategy is as follows:

— 7

’ -
Xioe = D * e x cos(2nl) + X (11)

—

_
D' =1/3(Da + Ds + Ds) (12)
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N
Where D' is the mean distance between grey wolf individual and «, 3,9, b is
constant defining the shape of a logarithmic spiral, and 1 is the random number
between [—1,1].

The local search strategy is to make the grey wolf move along the spiral
path as well as within the shrinking circle. In order to simulate the two simul-
taneous behaviors, we assume that there is a 0.5 probability of the contraction
encirclement mechanism or spiral update mechanism to choose to update the
location of the grey wolves. The mathematical description of the strategy is as
follows:

1/3(X) + X5+ X 0.5

—

X(t41) =] LBET Xt X) <0 (13)
Xige p>=05

where p is the random number between [0, 1].

3.3 Sub Group Cooperation Strategy

In order to give full play to the advantages of random guidance strategy and local
search strategy, expand the search space of the algorithm as much as possible,
and guide algorithm jump out of the local optimum, this paper proposes a sub
group cooperation strategy, the basic idea is as follows:

In the evolutionary process, the population is divided into three subgroups
A, B and C according to the fitness values. A represents the subgroup with
large fitness value, B represents the subgroup with medium fitness value, and C
represents the subgroup with poor fitness value. The fitness value of grey wolf
individuals in subgroup A is large, which indicates that the convergence degree
is high and it is easy to fall into local optimum. In this case, grey wolf indi-
viduals update their positions according to formula (13), so that the individual
can search around the extreme point more finely, find the position with better
fitness than before, enhance the local search ability. The fitness value of grey
wolf individuals in subgroup B is medium, which is updated according to the
formulas (5)—(7) in the standard grey wolf algorithm. The fitness value of grey
wolf individuals in subgroup C is poor, which is updated according to the for-
mulas (8)—(10), and this subgroup can cover all possible solutions as much as
possible by the random guidance strategy, so as to enhance the global search
ability. The grey wolf individuals in subgroups A, B and C evolve according to
their own update strategies, and each grey wolf individual migrates to the corre-
sponding subgroup according to the new fitness value after every iteration until
the termination condition is satisfied.

3.4 Multi Strategy Grey Wolf Optimizer Algorithm (MSGWO)

In this paper, we combine the random guidance strategy, local search strategy,
sub group cooperation strategy and the standard grey wolf algorithm to propose
a Multi Strategy Grey Wolf Optimizer algorithm. In the continuous MSGWO,
each individual can change its position to any point in the space. The purpose
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of this paper is to use MSGWO for feature selection, so the value of each dimen-
sion in the individual position is limited to 0 or 1. 0 means that the feature in
the corresponding position is not selected, and 1 means that the feature in the
corresponding position is selected. Thus, the updating formula of MSGWO for
feature selection is as follows:

k1 {1 if  sigmoid(z®) >=0.5

im0 otherwise (14)

sigmoid is defined as follows:

sigmoid(a) = 1/(1 + e~ 10@=5) (15)

In order to provide the more intuitive description of the MSGWO algorithm, we
draw an algorithm flowchart of it. It is shown in Fig. 1.

Generate initial population and evaluate their fitness, determine the current
optimal solution, the suboptimal solution and the third optimal solution
Sort by fitness value in ascending order,
recorded as {f7, /5, ..., fm}

Vomzr1s fomszs2s - vs fn} s 1, fnss+as oo fomssh Y fos oo s}
Calculate random value p
Update the position of Update the position of
T individual according to individual according to
Formulas (5)-(7) Formulas (8)-(10)
Update the position of

individual according to
Formulas (11)-(13)

Compute fitness values
of individual

Determine whether it reaches the
maximum number of the iteration

Fig. 1. The flow chart of MSGWO
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As can be seen from Fig. 1, the local search strategy enables grey wolf indi-
viduals to make full use of the search space around the current best solution,
which has good local search ability and helps to find more accurate solutions. For
the random guidance strategy, we make full use of the random characteristics to
improve the diversity of the population, thus enhancing the global search ability.
In addition to the above two strategies, the sub group cooperation strategy is
very important to balance the global search and local search in the iterative
process. It not only guarantees the convergence speed of the algorithm, but also
expands the search range of the population, and prevents the algorithm from
falling into local stagnation in the later stage of the iteration. Due to the slow
convergence speed in the early stage and the fast convergence speed in the later
stage, the time complexity of the MSGWO is the same as that of the GWO.

4 Experiment

In order to prove the effectiveness of MSGWO proposed for feature selection in
this paper, we evaluated the proposed algorithm using the Vehicle, Wine, Glass,
Zoo, Landsat and Segment public datasets from UCI repository. Table 1 lists the
details of the six datasets used in the evaluation. In order to prove the superi-
ority of MSGWO in feature selection, we used the classical K-Nearest-Neighbor
(KNN) classifier and Support Vector Machine (SVM) as the benchmark classifier,
and compared the performance on six public datasets of our proposed MSGWO
method and several classical feature selection methods including analysis of vari-
ance (ANOVA) [12], principal component analysis (PCA) [13], PSO [2], WOA [3]
and GWO, in which no feature selection is recorded as NFS. In the experiment,
KNN and SVM adopt default parameters. For KNN, k-value is set to 5. For
SVM, penalty parameter c is set to 1 and the gauss kernel is set to the kernel
function. We carried on experiments by using five-folds cross validation for 5
times, and set the number of grey wolves in GWO, particles in PSO and killer
whales in WOA were all set to 15. Table2 and Table 3 list the comparison of
the average values of accuracy and F1 of five-folds cross validation on SVM and
KNN, respectively.

Table 1. Details of the six datasets used in the evaluation

No | Dataset | Number of samples | Dimension of samples | Number of categories
1 | Vehicle 946 18 4
2 | Wine 178 13 3
3 | Glass 214 9 6
4 | Zoo 101 16 7
5 | Landsat | 2000 36 6
6 | Segment | 2100 18 7
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Table 2. Comparison of classification performance between various feature selection
algorithms on SVM

Datasets | Metrics | NFS | ANOVA | PCA [ PSO | WOA | GWO | MSGWO
Vehicle | Accuracy | 0.633 | 0.709 0.639 1 0.825|0.819 | 0.825 | 0.846
F1 0.584 | 0.695 0.592 0.822|0.827 | 0.836 |0.849
Wine Accuracy | 0.613 | 0.894 0.73610.993|0.992 | 0.992 |1
F1 0.554 | 0.892 0.7110.994 | 0.996 | 0.997 |1
Glass Accuracy | 0.784 | 0.846 0.776 1 0.921 | 0.927 | 0.920 |0.940
F1 0.747 | 0.829 0.738 10.915|0.918 | 0.924 |0.943
Zoo Accuracy | 0.733|0.940 0.7330.978 | 0.984 | 0.974 |0.988
F1 0.685 | 0.923 0.6850.974 | 0.985 | 0.993 | 0.997
Landsat | Accuracy | 0.696 | 0.822 0.710 | 0.868 | 0.870 | 0.874 | 0.885
F1 0.673 | 0.819 0.689 1 0.863 | 0.868 | 0.877 |0.893
Segment | Accuracy | 0.885 | 0.926 0.879 10.950 | 0.953 | 0.955 | 0.970
F1 0.889 | 0.926 0.8810.949 | 0.951 | 0.956 |0.964

Table 3. Comparison of classification performance between various feature selection
algorithms on KNN

Datasets | Metrics | NFS | ANOVA | PCA |PSO | WOA | GWO | MSGWO
Vehicle | Accuracy | 0.697 | 0.675 0.697 1 0.813 | 0.810 | 0.805 | 0.826
F1 0.670 | 0.635 0.667 | 0.802 | 0.798 | 0.816 |0.833
Wine Accuracy | 0.955 | 0.961 0.949 1 0.994 | 0.994 | 0.992 | 0.996
F1 0.960 | 0.960 0.949 1 0.992 | 0.993 | 0.992 | 0.996
Glass Accuracy | 0.841 | 0.856 0.808 | 0.945 | 0.951 | 0.940 |0.962
F1 0.826 | 0.846 0.78110.938 | 0.960 | 0.952 | 0.963
Z.00 Accuracy | 0.928 | 0.962 0.919 1 0.987 | 0.997 | 0.991 |1
F1 0.9150.953 0.906 | 0.993 | 1 0.996 |1
Landsat | Accuracy | 0.825 | 0.833 0.826 | 0.861 | 0.863 | 0.869 | 0.875
F1 0.820 | 0.829 0.821/0.861 | 0.861 | 0.867 | 0.876
Segment | Accuracy | 0.914 | 0.922 0.903 1 0.945 | 0.949 | 0.951 |0.964
F1 0.911]0.921 0.900 | 0.944 | 0.949 | 0.951 | 0.964

From Table2 and Table3, we can see that the classification effect of NFS
is very poor, which shows the necessity of feature selection. The performance
of ANOVA and PCA is not high, because the filter selection method needs to
manually specify the number of selected features, and the most appropriate
number of features is difficult to determine. The results of feature selection by
heuristic method are ideal. The performance of standard GWO algorithm for
different datasets is sometimes better than PSO and WOA, and sometimes lower
than PSO and WOA. The MSGWO proposed in this paper is not only better
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than GWO, but also better than PSO and WOA for all the datasets listed in
this paper in terms of accuracy and F1 value, which proves the effectiveness of
MSGWO.

Because the heuristic method is a random search method, the results of each
search may be different. In order to verify that the MSGWO method proposed in
this paper can not only select the optimal feature combination, but also has good
stability. In this paper, only the accuracy is analyzed. Figure 2 and Figure 3 show
the box diagram of the accuracy of five times random experiments among four
feature selection algorithms on SVM and KNN classifiers. From Fig. 2 and Fig. 3,
it can be concluded that whether SVM or KNN is used as the base classifier, the
maximum, minimum and average accuracy of MSGWO algorithm is superior to
the other three heuristic methods, which further proves that MSGWO can effec-
tively improve the performance of the classifier. In addition, by introducing the
standard deviation to further analyze the stability of the algorithm, the stan-
dard deviations of the accuracy of five times random experiments are recorded
in Table 4. According to Table4, it can be seen that accuracy of MSGWO is rel-
atively stable and the standard deviation is the smallest in almost all datasets,
which proves that MSGWO is stable.

Accuracy
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Fig. 2. Comparison of the accuracy of heuristic feature selection methods on SVM
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Fig. 3. Comparison of the accuracy of heuristic feature selection methods on KNN
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Table 4. Comparison of classification performance between various feature selection
algorithms on SVM and KNN

Datasets | SVM KNN
PSO WOA GWO MSGWO |PSO WOA GWO MSGWO
Vehicle |1.03E—2|5.84E—3|8.51E—3|4.40E—3 |6.41E—36.24E—3|9.88E—3|4.17TE—3

Wine 3.93E—3|2.99E—-3|0 0 0 0 2.44E—-3|2.44E-3
Glass 6.07TE—-36.11E-3 5.17E-3 | 4.26E—3 |5.53E-3|2.00E-3|1.03E-2|0
Zoo 8.90E—3/9.48E—-3 6.31E-3|5.11E-3 |7.80E-3|4.40E-3|7.91E-3|0

Landsat |4.13E—3|5.85E—3|3.30E—-3|1.61E-3 |1.73E—-3|1.73E—-3|2.19E—-3|1.16E—3
Segment |3.87E—3|3.28E—3|3.80E—3|2.74E—3 |3.40E—3|2.65E—3|1.78E—3|9.80E—4

5 Conclusion

In this paper, we propose a Multi Strategy Grey Wolf Optimizer algorithm based
on random guidance, local search and sub group cooperation strategies for fea-
ture selection. In MSGWO, the search agent updates its position through the
cooperation of three search strategies, which improves the global and local search
ability of the algorithm. MSGWO not only retains the advantages of the fast
convergence speed of GWO algorithm, but also makes full use of characteris-
tics of various search strategies, and balances the global and local search ability,
which makes it easy to find the optimal feature subset. In this paper, we use
a variety of feature selection methods on six public datasets for comparative
experiments. The results show that our MSGWO feature selection method can
improve the accuracy of search, find the optimal solution, and is an efficient and
reliable algorithm.
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Abstract. Fuzzy C-means (FCM) clustering algorithm is a fuzzy clustering
algorithm based on objective function. FCM is the most perfect and widely used
algorithm in the theory of fuzzy clustering. However, in the process of clus-
tering, FCM algorithm needs to randomly select the initial cluster center. It is
easy to generate problems such as multiple clustering iterations, low conver-
gence speed and unstable clustering. In order to solve the above problems, a
novel fuzzy C-means clustering algorithm based on local density is proposed in
this paper. Firstly, we calculate the local density of all sample points. Then we
select the sample points with the local maximum density as the initial cluster
center at each iteration. Finally, the selected initial cluster center are combined
with the traditional FCM clustering algorithm to achieve clustering. This method
improved the selection of the initial cluster center. The comparative experiment
shows that the improved FCM algorithm reduces the number of iterations and
improves the convergence speed.

Keywords: Fuzzy C-means algorithm - Local density - Clustering

1 Introduction

Cluster analysis [1-5] is an important function of data mining, and the clustering
algorithm is the core of current research. Clustering is to divide the data set into
multiple clusters or classes based on the similarity between a set of unlabeled data
objects. A good clustering algorithm should be able to produce high-quality clustering
results: clusters. These clusters must have two characteristics: (1) high intra-cluster
similarity; (2) low inter-cluster similarity. The quality of the clustering results depends
not only on the similarity evaluation method and its specific implementation, but also
on whether the method can find some hidden patterns or all hidden patterns [6].
Fuzzy C-means (FCM) clustering algorithm [7—10] is one of the widely used fuzzy
clustering algorithms. FCM algorithm belongs to the category of fuzzy clustering
algorithms based on objective functions. However, the traditional FCM algorithm has
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some disadvantages. One of the issues is that the number of clusters needs to be
determined manually, and the algorithm is sensitive to the initial cluster center. In
addition, the FCM algorithm is prone to problems such as multiple clustering iterations,
low convergence speed and local optimal solution. Many algorithms have been pro-
posed to improve the FCM algorithm. Wang et al. [11] systematically improved the
traditional fuzzy clustering algorithm. They proposed a new method by combining PSO
(particle swarm optimization) and fuzzy C-means algorithm. By a simple and effective
particle encoding method, the best initial cluster center and fuzzy weighting exponent
were both searched in the process of PSO. Li et al. [12] proposed a scheduling algo-
rithm based on fuzzy clustering and two-level scheduling mode. Geweniger et al. [13]
combined the median c-means algorithm with the fuzzy c-means method to improve
the accuracy of the algorithm. Median clustering is a powerful methodology for pro-
totype based clustering of similarity/dissimilarity data. The approach is only applicable
for vector (metric) data in its original variant. Wang et al. [14] presented a rough-set
[15, 16] based measurement for the membership degree of fuzzy C-means algorithm,
and take the advantage of the positive region set and the boundary region set of rough
set. Lai et al. [17] presented a rough k-means clustering algorithm by minimizing the
dissimilarity to solve the divergence problem of the original approaches that the cluster
centers may not be converged to their final positions. Cai et al. [18] proposed a novel
initial cluster centroids selection algorithm, called WLV-K-means (weighted local
variance K-means). The WLV-K-means algorithm employs the weighted local variance
to measure the density of each sample, which can find samples with higher density.
This algorithm also uses the improved max-min method to select cluster centroid
heuristically. Liu et al. [19] proposed to combine the FCM algorithm and DPC
(Clustering by fast search and find of density peaks) algorithm. Firstly, DPC algorithm
is used to automatically select the center and number of clusters, and then FCM
algorithm is used to realize clustering. The comparison experiments show that the
improved FCM algorithm has a faster convergence speed and higher accuracy. Khan
and Ahmad [20] proposed a new cluster center initialization algorithm (CCIA). By
clustering the samples in each dimension, we find that the K’ (K’ > K) clusters have the
same pattern points, and get the center points of the K’ clusters. Then we use the data
compression method in reference [21] to merge the neighborhood of high-density
samples, and finally get the K initial center points. In this paper, we fully consider the
constraints of cluster centers in the process of cluster center selection and optimization.
Firstly, the initial cluster center is selected by calculating the local density of each
sample point. Then the selected initial cluster center is combined with the traditional
FCM algorithm to cluster the data. Therefore, we propose a novel fuzzy C-means
clustering algorithm based on local density (LD-FCM).

The rest of this paper are organized as follows. In Sect. 2, the concept of fuzzy
clustering and Fuzzy C-means clustering algorithms are briefly reviewed. Some
important preliminary knowledge used in our proposed approaches are stated. In
Sect. 3, we present the algorithms proposed in this paper, and some theories and
analysis necessary in it. In Sect. 4, experimental studies are conducted to verify the
effectiveness of our proposed algorithm. Section 5 concludes the paper.
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2 Preliminaries

2.1 Fuzzy Cluster Analysis

The concept of fuzzy clustering was firstly proposed by Professor Ruspiniv [22]. Fuzzy
clustering is an algorithm combining fuzzy mathematics with clustering methods.
Fuzzy clustering determines the fuzzy relationship between the samples by method of
fuzzy mathematics. In other words, the clustering results are blurred, so that the
problem of data attribution in the real world can be described objectively from multiple
angles. Therefore, fuzzy clustering analysis has become one of the mainstream direc-
tions of clustering research.

Fuzzy clustering [23] calculates the similarity between different data samples by
using some distance measurement method. Each data sample is divided into different
clusters according to the similarity between data samples. For any number of data sample
subsetsk (1 < k < C), where Cis the number of clusters, the data sample X;(1 <i < N)
(N is the number of samples) will belong to this cluster with a fuzzy membership degree,
which is similar to a probability value. The fuzzy clustering will obtain membership
matrix [uy] (1<k<C,1<i<N) and cluster center V = {v{,vs,---v.}. And then the
membership matrix is judged by hardening matrix technology to determine the final
attribution result of data samples. The membership matrix is composed of the fuzzy
degree that each data sample belongs to a subset. The value range of each element in the
membership matrix is [0, 1]. In other words, if the membership degree of data sample to a
subset is greater than that of other subsets, it means that the sample is more likely to
belong to the subset. When u;; = 1, it means that x; belongs completely to the k-th cluster,
while when u; = 0, it means that x; does not belong to the &-th cluster at all.

2.2 Fuzzy C-means Clustering Algorithm

Fuzzy C-means (FCM) clustering algorithm [8] is an improvement of the common C-
means algorithm. The common C-means algorithm is hard for data classification, while
FCM is a soft fuzzy division. Many of the discussions in this paper are based on the
FCM algorithm. Therefore, the FCM algorithm is described in detail.

Supposed that the data sample set X = {x1,x2,...,x,} C R® is an s-dimensional
data set in Euclidean space, n is the number of samples. Where x; contains the s di-
mensions, which is expressed as x; = {x},...,x¢,...,x'}. FCM algorithm divides

X into C classes (2 < C <n), and has C cluster centers V = {vy,va, ..., V. }. Thus, FCM
algorithm can be expressed as the following mathematical programming matters:

Minimize J(X,U,V) =" 3~ (uy)" |} =i (1)

And satisfied

Z;lu,-jzl(j:l,Z,H',n) 2)
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Where u;; is the membership degree of data sample x; belonging to a certain class i.
U = (u;),,, is the fuzzy partition matrix. The value of membership degree of each data
sample relative to each cluster can be found from the fuzzy partition matrix. The
similarity between the data sample x; and the class center of the class i is calculated by
Euclidean distance, which is recorded as d;; = ij - ViH' m is the fuzzy weight index,
also known as the fuzzy factor. m is mainly used to adjust the fuzzy degree of the fuzzy
partition matrix.
The specific steps of the algorithm are as follows.

Step 1: We set the number of clusters C and the fuzzy factor m (usually 1.5 to 2.5),
We initialize the membership matrix U(")(y = 0), and make it satisfy the Eq. (2);
Step 2: The cluster center VU 1) = {vi,v2,...,v.} is updated according to Eq. (3);

n (y)\m
) =1\ ) X
vl(»f+l):M7,:1,2,...,c (3)

S )

Step 3: The membership matrix U7+ = (), is updated according to Eq. (4);

cxXn

2()\ T
-1, L
Iy — 2<~/>> =126 =120 (4)
J Vk|

ugjﬁl) _ [2221 (“’Xj - Vi|

Step 4: We calculate e = HU G+ g H If e <n (n is the threshold, generally
0.001 to 0.01), then the algorithm stops; Otherwise, y = y + 1, go to Step 2.

Step 5: The samples are classified and output according to the final membership
matrix U. If the sample x; satisfies u;; > wuy;, then x; is classified into the i-th cluster,
where u;; represents the membership degree of the sample x; to the cluster center v;.

The FCM algorithm [24] is a point-by-point iterative clustering algorithm based on
the sum of squared errors as a criterion function. This iterative process starts from a
random cluster center. In order to find the minimum value of the objective function
J(X,U,V), the cluster center V and the membership matrix U are iteratively calculated
by Eq. (3) and Eq. (4). Therefore, the value of the objective function J(X, U, V) is
continuously reduced until the value is minimized. Generally, the convergence con-
dition of the algorithm is that the difference between the objective functions of two
iterations is less than the threshold #, or the specified number of iterations is reached.
When the objective function is minimized, the final clustering result of the data samples
is obtained, that is, the cluster center V and the membership matrix U after the fuzzy
division. Then the purpose of determining the sample category is achieved.
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3 Fuzzy C-means Clustering Algorithm Based on Local
Density (LD-FCM)

3.1 Selection of Initial Cluster Center

The traditional FCM clustering algorithm is a sort of local optimal search algorithm.
FCM algorithm has some imperfections, such as being sensitive to the initial cluster
center and tending to be trapped in the local optimal solution. The random selection of
the initial cluster center of the FCM algorithm will lead to the unstable clustering
results that are different each time. Therefore, the effect of the clustering may not be
best every time, which limits the application of the algorithm. In order to solve the
above problems, the paper improve the selection of initial cluster centers in the FCM
algorithm. We propose a novel fuzzy C-means clustering algorithm based on local
density (LD-FCM). LD-FCM algorithm calculates the local density p; of all sample
points in the algorithm and select the sample point with the local maximum density as
the initial cluster center by using the distance matrix D and the distance threshold « in
each iteration. In this way, the selection of the initial cluster center not only ensures the
compactness of the objects in the same cluster, but also ensures the separation of the
cluster centers [25]. The specific improvements on the selection of the initial cluster
center are as follows:

Supposed that the data sample set X = {x1,x,...,x,} C R® is an s-dimensional
data set in Euclidean space, n is the number of samples. Where x; contains the s di-
mensions, which is expressed as x; = {x!,...,x{,...,x'}. LD-FCM algorithm divides

X into C classes (2 < C <n), and has C cluster centers V = {v|,va,..., V. }.

Step 1: Calculate the distance between any two samples according to Euclidean
Distance Eq. (5), and generate a distance matrix D

dy = J S () (5)

Step 2: Calculate the local density p; of the data object x; according to Eq. (6)

p; = ZX/EX X(dl - dc) (6)

1, x<0

0, x>0’
this equation is to count the number of data points whose distance to the i-th data
point is less than the truncation distance d., and use it as the local density of the i-th

Where d,. represents the truncation distance. y(x) = { the meaning of

data point.
Step 3: Arrange the local density of each sample point from large to small:
p; > p; > py> -+ >p, and take the sample point with the local maximum

density p; as the first cluster center v;.
Step 4: Select the distance threshold «, then find all samples whose distance from
the first cluster center v; is greater than o by using the distance matrix D. And select
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the sample point with the highest local density among these samples as the second
cluster center v;.

Step 5: Similarly, find all samples whose distance from the found sample points is
greater than « in the remaining samples, and select the sample point with the highest
local density among these samples as the third cluster center vs.

Step 6: Repeat Step 5 until C clusters are found. In this way, C initial cluster centers
will be obtained.

3.2 The LD-FCM Algorithm

LD-FCM clustering algorithm is divided into two stages. In the first stage, the method
of local maximum density and the distance threshold o are used to select the initial
cluster center. In the second stage, the FCM algorithm is performed with the initial
cluster center that obtained in the first stage. The specific steps of the LD-FCM
algorithm are as follows.

Step 1: Calculate the distance between any two samples according to Euclidean
Distance Eq. (5), and generate a distance matrix D;

Step 2: Calculate the local density p; of the data object x; according to Eq. (6).
Arrange the local density of each sample point from large to small:
pi > p; > py > -+ > p,, and take the sample point with the highest local density
p; as the first cluster center vy;

Step 3: Select the distance threshold a (o« > 0), then find all samples whose distance
from the first cluster center v; is greater than « by using the distance matrix D. And
select the sample point with the highest local density among these samples as the
second cluster center v;;

Step 4: Similarly, find all samples whose distance from the found sample points is
greater than o in the remaining samples, and select the sample point with the highest
local density among these samples as the third cluster center v3;

Step 5: Repeat Step 4 until C clusters are found. In this way, C initial cluster centers
vi(k),(i=1,2,...,C) iterations will be obtained;

Step 6: Set the number of iterations k = 1, and use the result of Step 5 as the initial
cluster center v;(k), (i =1,2,...,C);

Step 7: The membership matrix U7+ = (U)o G=1, ..., ¢, j=1, ..., n) is
updated according to initial cluster center v;(k) and Eq. (4);

Step 8: The cluster center VU + 1) = {y; v,,...,v.} is updated according to Eq. (3);
Step 9: We calculate e = HU("“) — U("")H. If e<# (n is the threshold, generally
0.001 to 0.01), then the algorithm stops; Otherwise, y = 7+ 1, go to Step 7.

Step 10: The samples are classified and output according to the final membership
matrix U. If the sample x; satisfies u;; > uy;, then x; is classified into the i-th cluster,
where u;; represents the membership degree of the sample x; to the cluster center v;.
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4 Results

In order to test the effect of the LD-FCM algorithm, we have used several artificial
datasets and real datasets in UCI for experiments. We also compared the LD-FCM
algorithm proposed in this paper with FCM algorithm, K-means algorithm, DBSCAN
(Density-Based Spatial Clustering of Applications with Noise) algorithm and DP-FCM
(Density peak-based FCM) algorithm. The K-means algorithm and the DBSCAN
algorithm are classic algorithms in the partition-based clustering algorithm and the
density-based clustering algorithm, respectively. In the K-means [26] algorithm, each
cluster is represented by the mean of the objects in the corresponding cluster. However,
K-means algorithm can only obtain local optimal solution by adopting iterative algo-
rithms. In addition, K-means algorithm work well when analyzing small and medium-
sized data sets to find circular or spherical clusters. But K-means algorithm perform
poorly when analyzing large-scale data sets or complex data types, so they need to be
extended [27-29]. DBSCAN [30] algorithm derives the maximum density connected
set according to the density reachability relationship, which is a category or cluster for
our final clustering. DBSCAN algorithm can divide areas with enough density into
clusters, and find clusters of arbitrary shape in the spatial database with noise [31]. The
DP-FCM algorithm is proposed by Liu et al. [19]. Firstly, DPC algorithm is used to
automatically select the center and number of clusters, and then FCM algorithm is used
to realize clustering.

4.1 The Datasets and Evaluation Indexes of Experiment

The information of the experimental datasets is shown in Table 1 and Table 2, where
Table 1 is artificial datasets and Table 2 is a real datasets in UCI [32]. These datasets
have some discrimination in the number of attributes and the number of clusters.

Table 1. Description of the artificial datasets.

Dataset | Size | Attribute | Number of class
Set 5000 | 2 15
R15 600 | 2 15
Shape | 1000 |2 4
Sizes 1000 | 2 4
Twenty | 1000 | 2 20
Target | 7702 6
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Table 2. Description of the real datasets in UCL

Dataset Size | Attribute | Number of class
Iris 150| 4 3
Aggregation | 788 | 2 7
Wine 178 |13 3
Pima 768 | 8 2
Compound | 399 2 6
Seeds 2100 7 3
Wingnut 1016 | 2 2
Glass 21410 7

The evaluation indexes of the experimental results are Accuracy, NMI (Normalized
Mutual Information) and ARI (Adjusted Rand index) [33, 34]. Accuracy is the number
of right samples divided by the total number of samples. NMI is an information
measure in information theory, and its value range is [0, 1]. ARI is the goodness of fit
which measures the distribution of two data, and its value range is [—1, 1]. The larger
the values of the three evaluation indexes are, the better the clustering result is. Their
definitions are as follows.

Zf:l ai

(7)

Where K is the number of clusters, a; is the number of samples correctly classified into
C;, and U is the all samples.

k(@) ~—k(b) n - Ny
1(X,Y) = 211:1 Zl:l nh‘110g< (@) b) ®
n, n

h "l

(@)

H(X) = 37, i log ™ ©)
o v,

H(Y)=>"""n"log L (10)

NMI(X,Y) = I(();)Qm (11)

Where X and Y are the random variables, I(X; Y) represents the mutual information of
two variables, and H(X) is the entropy of X.

RI_8tD (12)

C" samples
2
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RI — E|RI|

ARl = ———————
max(RI) — E|RI|

(13)

Where C is the actual category information. K is the clustering result. a represents the
logarithms of elements of the same categories in both C and K. b represents the
logarithms of elements of the different categories in both C and K. C,*""* represents
the logarithm that can be formed in the datasets. RI represents the Rand index. E is the
expectation. max() is the function to find the maximum value.

4.2 Results on the Artificial Datasets

As shown in Fig. 1(a)—(f), it shows the clustering results of the LD-FCM algorithm on
six different artificial datasets. The datasets including Set, R15, Shape, Sizes, Twenty
and Target. Figure 1 shows that the LD-FCM algorithm can correctly cluster the
datasets with spherical or elliptical shapes. The experimental results show that the LD-
FCM algorithm is very effective in seeking clusters with any shape, density, distri-
bution and number. LD-FCM algorithm solves the disadvantages of the original
algorithm. LD-FCM algorithm can reasonably select the initial cluster center, then
correctly calculate the membership of each sample, and each clustering result is rela-
tively stable.

i ¢ 5 ™ ’ﬁ* N
TR LW om

& SRR
& T s
N 1 : ’ " ) 02 os

(a) Set (b) RIS (c) Shape
T IEEE RN ; | ‘
: IEE T :‘;é ® 1,
A G o
. & { a f*ﬂ ) ‘;r}'f_.
02 " ... . .c,
n " o & ﬁ )
(d) Sizes (e) Twenty (f) Target

Fig. 1. Clustering result graph.
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4.3 Results on the Real Datasets in UCI

The experimental results of the real datasets in UCI are shown in Table 3, Table 4 and
Table 5. These tables show the Accuracy, NMI and ARI of each clustering result in
every algorithm. The experimental results are showed by the way of percentages. The
numbers highlighted in bold in the three tables indicate the best performance in the
evaluation aspect.

Table 3. Comparison of accuracy of clustering algorithms.

Dataset K-means (%) | DBSCAN (%) | FCM (%) | DP-FCM (%) | LD-FCM (%)
Iris 74.56 63.45 89.33 91.33 91.69
Aggregation | 69.25 77.23 64.34 92.21 80.25
Wine 67.93 75.74 70.79 70.79 95.50
Pima 65.84 65.21 66.66 65.12 69.34
Compound | 65.77 63.34 61.74 65.91 66.79
Seeds 90.56 62.85 87.22 87.27 90.47
Wingnut 93.24 92.58 92.08 98.43 95.29
Glass 83.42 80.33 79.85 85.49 85.83

Table 4. Comparison of NMI of clustering algorithms.

Dataset K-means (%) | DBSCAN (%) | FCM (%) | DP-FCM (%) | LD-FCM (%)
Iris 70.93 72.19 70.21 74.96 73.03
Aggregation | 76.22 79.69 73.35 82.99 83.15
Wine 79.04 80.31 71.20 38.33 84.35
Pima 1.84 2.06 1.29 4.05 3.97
Compound | 69.22 66.15 67.23 70.03 70.12
Seeds 70.03 56.83 60.52 61.51 67.35
Wingnut 81.92 86.22 67.88 85.73 73.92
Glass 63.22 65.83 29.14 40.27 47.32

Table 5. Comparison of ARI of clustering algorithms.

Dataset K-means (%) | DBSCAN (%) | FCM (%) | DP-FCM (%) | LD-FCM (%)
Iris 70.83 62.32 70.02 74.64 72.49
Aggregation | 70.04 76.21 57.15 83.62 71.34
Wine 76.35 60.06 79.22 37.21 84.97
Pima 3.97 3.22 5.93 9.32 10.69
Compound | 50.94 32.72 50.01 51.99 52.72
Seeds 70.65 48.67 70.40 64.29 71.62
Wingnut 92.29 81.03 73.21 90.87 77.01
Glass 37.76 42.22 16.67 33.73 34.11
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Based on the three evaluation indicators, it can be found that the clustering results
of the LD-FCM algorithm are generally better than the other four algorithms. LD-FCM
algorithm can effectively cluster the data set and produces improved clustering results.
For datasets with a large number of clusters and high dimensions, the LD-FCM
algorithm can still effectively cluster the datasets. In addition, when there are many
noise samples in the data set and the boundaries between clusters are not clear, the LD-
FCM algorithm is more suitable, which also proves the effectiveness of the LD-FCM
algorithm.

Table 6. Comparison of running time of clustering algorithms (seconds/s).

Dataset K-means (%) | DBSCAN (%) | FCM (%) | DP-FCM (%) | LD-FCM (%)
Iris 0.059 0.565 0.148 0.884 0.032
Aggregation | 0.309 1.016 2.602 3.068 0.059
Wine 0.098 0.832 0.168 1.203 0.032
Pima 0.223 1.457 0.372 1.776 0.099
Compound | 0.984 5.223 0.564 4.251 0.090
Seeds 0.122 0.973 0.164 0.932 0.074
Wingnut 0.159 1.006 0.439 2.041 0.197
Glass 8.722 10.021 0.313 0.806 0.912

Table 6 shows the time performance of each algorithm on different datasets. From
the experimental results, we can see that the algorithm in this paper inherits the time
advantage of FCM algorithm, and running time takes less time than other algorithms,
so it has some advantages in both running time and memory consumption.

5 Conclusion

Firstly, this paper introduces the concepts of fuzzy clustering. The principle of fuzzy C-
means clustering algorithm is explained. Considering that the selection of the initial
cluster center of the traditional FCM clustering algorithm is random, which will lead to
the unstable clustering results and the clustering effect may not be the best each time. In
order to solve the above problems, a novel fuzzy C-means clustering algorithm based
on local density is proposed in this paper. This algorithm uses the local maximum
density of sample points to improve the selection of the initial cluster center, which
reduces the number of iterations and avoids falling into a local optimal solution.
Through specific experiments, better clustering results are obtained by using artificial
datasets. The real datasets in UCI were used to analyze the algorithm from three
evaluation indexes about Accuracy, NMI, ARI and running time of real datasets. The
experimental results show that the LD-FCM algorithm is better than FCM algorithm,
K-means algorithm, DBSCAN algorithm and DP-FCM algorithm. Running time of
LD-FCM algorithm takes less time than other algorithms. Therefore, it can be con-
cluded that the LD-FCM algorithm has good effectiveness and robustness.
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Abstract. Linear discriminant analysis (LDA) is one of the most clas-
sical linear projection techniques for feature extraction, widely used in
kinds of fields. Classical LDA is contributed to finding an optimal projec-
tion subspace that can maximize the between-class scatter and minimize
the average within-class scatter of each class. However, the class sepa-
ration problem always exists and classical LDA can not guarantee that
the within-class scatter of each class get its minimum. In this paper, we
proposed the k-classifiers method, which can reduce every within-class
scatter of classes respectively and alleviate the class separation problem.
This method will be applied in LDA and Norm LDA and achieve sig-
nificant improvement. Extensive experiments performed on MNIST data
sets demonstrate the effectiveness of k-classifiers.

Keywords: Linear discriminant analysis + Class separation problem -
Within-class scatter

1 Introduction

Linear discriminant analysis (LDA) is one of the most popular linear dimension
reduction (LDR) and feature extraction methods, which has been widely used in
kinds of fields, such as face recognition, cancer classification and text document
classification [9]. It is a supervised learning technique that finds an orientation
W to project the feature vectors from the original sample space to a lower
space in such a way that maximizes the between-class scatter and minimizes the
within-class scatter simultaneously.

LDA was first proposed by Fisher (FLDA) [2] to solve the binary classifica-
tion problem and then was generalized by Rao [6] to multiple classes. Although
LDA is a classical LDR method, it still suffers from the class separation prob-
lem, close class pairs tend to mix up in the subspace. For a K-class problem, the
Fisher criterion is actually decomposed into pairwise Fisher criteria under cer-
tain assumptions [5]. Conventional LDA seeks to maximize the average pairwise
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distance between class means and minimize the average within-class pairwise dis-
tance over all classes. It is, in fact, desirable for every pairwise distance between
two class means to be as large as possible and every within-class pairwise dis-
tance to be as small as possible. There are three main kinds of methods used to
relieve the class separation problem. First, it is the optimal choice to design a
Bayes optimal criterion for general multi-class discriminative dimension reduc-
tion [3,7,12]. However, this kind of method is quite difficult, as the Bayes error
cannot be expressed analytically [3]. Second, many weighting methods have been
proposed. In these methods, approximate weights are introduced into FLDA
[1,5,10]. Whereas, the above weights methods cannot address the problem thor-
oughly. Lastly, the max-min methods have also been applied to solve the Class
separation problem. These methods focus on maximizing the minimum pairwise
between-class distance of all classes in the projected subspace [1,8,13].

The methods above almost all focus on how to make the pairwise distance
larger and larger, and they all ignore reducing each within-class pairwise distance
except WLDA [13]. However, for WLDA, only the maximum within-class scatter
is minimized. We propose a novel method called k-classifiers to reduce every
within-class scatter respectively and the method is applied in LDA and Norm
LDA to improve their corresponding classification performance in this paper.
For LDA, k-classifiers method can make every within-class of each class smaller
as far as possible. For Norm LDA, k-classifiers method can make the scatter
of orientation in maximum scatter smaller as far as possible. The difference
of k-classifiers method in LDA and Norm LDA depends on its own geometric
meaning. Norm LDA is an LDA method which based on different criterion refer
to Sect. 2.2.

The rest of the paper is organized as follows: Sect. 2 introduces briefly FLDA
and Norm LDA. The idea of k-classifiers and the corresponding classification
strategy are presented in Sect.3. The experiments are presented in Sect.4.
Finally, we give conclusions and future work in Sect. 5.

2 Related Work

In this section, we briefly review two supervised dimensionality reduction meth-
ods, i.e., LDA and Norm LDA, which is the basis of the proposed method.

2.1 Classical LDA

Given a set of data containing C classes {Z;}% ,, with each class consisting
of a number of samples: Z; = {z,»j}jc;'l, a total of N = 210:1 N; samples are
available in the set. Each sample is represented as a column vector of length n,
i.e. z;; € R", where R"™ denotes the n-dimensional real space. We can define the

within-class scatter S, and between-class scatter Sy as follow:

c
Sw = %Z Z(x—mi)(x—mi)T, (1)

i=1 xz€Z;
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c
1
S=5 > (mi = m)(m; —m)", (2)
i=1
where m; = Ni ZzeZi x is the mean of the samples in class Z;, and m =

+ > sez @ is the mean of all the samples.

For multi-class problem, based on maximizing the between-class scatter and
minimizing the within-class scatter simultaneously, the trace ratio criterion is
proposed naturally:

trace(WT SyW)
W =argmax ——————=. 3
S trace(WT S, W) ®)

In fact, there does not exist a closed-form solution for the trace ratio criterion
[11]. For easy to solve, a suboptimal substitute of the trace ratio criterion has
been proposed, which called determinant ratio (ratio trace):

T
W = arg max W5 W

—_—. 4
w |[WTS,W| @)

Solving the above criterion with the Lagrange equation, we can find that
the basis vectors W correspond to the first M eigenvectors with the largest

eigenvalues of (S, 1S,), when S,, is non-singular.

2.2 Norm LDA

As we all know, the conventional criterion or the criterion having the similar
geometric meaning with conventional criterion can’t always get the optimal per-
formance in all database. Since S, and S, are positive semi-definite, we can
always find Q and R such that S, = QQT and S, = RRT. A series of objective
functions can be represented as:

| WTR)" ||
J(W) = argmax ——=— =, (5)
w L (W)™ ||
where || - || is a sub-multiplicative and unitary invariant matrix norm, i.e. ||

AB ||<|| A ||| B || with A and B being any compatible matrix, and || AB ||=||
B || with B being any unitary matrix.
By using the F-norm, the objective (5) is equivalent to:

trace(WT S,W) | WER)T ||

trace(WTS, W) — || (WIQ)T | ©)

Which is the trace ratio of WS, W7T and WS, WT.
By using the 2-norm, the objective (5) becomes:

LWER)T |
(W)™ |l2°

Which is the ratio between the largest eigenvalue of WS,W” and WS, W7.

J(W) = arg max (7)
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We can also define the objective function by using mixed norms, i.e.
| WTR)T ||r
J(W) = argmax -—————=—-
) = e T Q)T |,

Q can be decomposed by singular value decomposition (SVD) as:

(8)

Q=UxVvT, (9)

where UUT =1, xn, VVT =1, x n.

Without loss of generality, we set W = UX~W. Then we can get the unified
analytical solution to the objective function (7) and (8), W = UX~. However, it
is not the solution to the objective function (6). We should emphasize that this
unified analytical solution is only a projection and will not reduce the dimension
of the feature space, and thus, we should conduct PCA to reduce dimensional-
ity before using this method when the SSS problem occurs. According to the
geometric meanings of SVD and eigenvalue, the distribution of discriminant
information in each feature generated by Norm LDA is more uniform than in
LDA.ie. W € R" x n, and any W # UX~ results in

JW) < JUE). (10)

As we know many LDA methods reduce the dimension of the feature space
through the linear projection. Nevertheless, it is apparent that any W with
m < n cannot deliver a better result than W = UX~ in sense of Eqgs. (7)
and (8).

3 Method

As formulated in Eq. (3), LDA simultaneously seeks to maximize the average of
between-class scatter of each two classes and minimize the average within-class
scatter of each all classes. However, the Fisher criterion cannot guarantee class
separation since within-class scatter matrixes of each class are different. In this
section, k-classifiers method is proposed to ensure the every within-class scatter
as smaller as possible by designing & criterion according to k classes.

3.1 k-Classifiers Method

Methods about LDA proposed in the above literatures all contain just one pro-
jection orientation. They cannot diminish every within-class scatter matrix as far
as possible. When the k-classifiers method is applied into LDA, the k criterions
can be got corresponding to & within-class scatter matrixes as follow:

(Wi Sy Wil

where ¢ = 1,2,...,k. Inspired by the solution in Sect.2.1, i-th (1 < i < k)
criterion can be solved and we can find that when S,,7 is non-singular, the basis
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vectors W; correspond to the first M eigenvectors with the largest eigenvalues
of (8,;15p). According to the geometric meaning of the above criterion, we can
find that for LDA, k-classifiers method can make the every within-class of each
class smaller as far as possible.

When the k-classifiers is applied into Norm LDA, we can obtain k criterions
as follow:

| (WR)" |

OV = e )T |

where ¢ = 1,2,...,k. By the method proposed in Sect.2.2, we can solve the

above k criterions. The i-th optimal projection matrixes can be calculated and
W, =XU;.

By the prove in the Sect.2.2, we can work out that any W; # Y. U; results
in J(W;) < J(U;27). We can define k classifiers by the k optimal projection
matrixes according to the geometric meaning of 2-Norm and the above criterion,
it’s obvious that for Norm LDA, k-classifiers method can make the scatter of
orientation in maximum scatter smaller as far as possible.

Similarly, this method also can be applied to many other methods proposed
in the literature.

(12)

3.2 Classification Strategy

Assuming normal distribution for each class with the common covariance matrix,
classification based on maximum likelihood estimation results in a nearest class
centroid rule. Assuming equal prior for all classes for simplicity, a test point y
is classified as class j if

Wy =) |13 (13)

is minimized over j=1,....k. It can be shown as:

arg max; {|| W (y — &) |5}, (14)
where W; is the optimal projection matrix corresponding to LDA and Norm
LDA and ¢ is described as follows, i = 1,2, ..., k:

. 1 -
d = N ; W x. (15)
Classifier can be built based on Eq. (14). The applications of k-classifiers
method in LDA and Norm LDA are described as follows:

1. Calculate the k optimal projection places of LDA and Norm LDA from train
data by the (S,,;S5) and X U; respectively.

2. Project i-th class into i-th place and the center of i-th class in i-th place is
achieved, i = 1,2, ..., k.

3. For a test point y, the j-th distance between y and the each j-th class in the
corresponding place can be calculated by Eq. (13).

4. Classifiers can be built by the Eq. (14). If the j-th distance is the minimum
of k distances, then the point y belongs to j-th class.
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4 Experiment

In order to demonstrate the effectiveness of the proposed fault diagnosis method,
the MNIST database is used.

4.1 Experiments on the MINIST Database

The MNIST database [4] of handwritten digits is a widely known benchmark that
consists of a training set of 60,000 examples, and a test set of 10,000 examples.

In this experiment, we conduct PCA firstly to reduce the dimension. Then we
select the training set to calculate the optimal projection matrixes corresponding
to four methods. The dimensionality of the subspace generated by LDA is at most
k — 1, which depends on the rank of the between-class scatter matrix. When the
dimension reduced by PCA is less than nine-dimensional, LDA will not be used as
a dimension reduction method, and it just as a projection method. Otherwise, the
subspace generated by LDA will be a nine-dimensional space. Lastly, classifiers
corresponding to four methods will be designed based on the methods proposed
in Sect.2. We repeat the experiment 20 times, and the average classification
accuracy rates have been shown in Fig. 1.

0.9

0.8

0.5 y Norm LDA with k classifiers
i LDA with k classifiers

Average Classification Accuracy Rate
o
)
T

4r

0 —A— Norm LDA with 1 classifier
0.3 —+&— LDA with 1 classifiers

0‘2 1 1 1 1 1

1 3 5 7 9 11 13 15 17 19 21 23 25
Subspace Dimensionality

Fig. 1. Average classification accuracy rates on the MNIST database

Figure 1 shows that on the whole, the methods with k-classifiers obtain better
classification results than the methods with 1 classifier. So, the application of
k-classifiers is very successful and k-classifiers can actually alleviate the Class
separation problem. We can conclude that decreasing the within-class scatter
of each class by the k-classifiers method can actually improve the classification
performance. It is also obvious that Norm LDA is a little better than LDA in
both low and high dimension, under this kind of data distribution.
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4.2 Experimental Result Analysis

We summarize the observations from the above experiments and then make the
analysis as follows:

(1) On the whole, the method of Norm LDA with k-classifiers outperforms
the other three methods in the high dimension, and sometimes in the low
dimension. LDA emphasizes the increase of determinant ratio between-class
scatter and average within-class scatter of each class. Norm LDA devotes to
increasing the ratio between the largest eigenvalue of between-class scatter
and average within-class scatter of each class. For some datasets, Norm LDA
is more suitable than LDA.

(2) The application of k-classifiers in Norm LDA is very successful. When the
method of k-classifiers is applied in LDA, the method of LDA with k-
classifiers is better than LDA with 1 classifier in both low and high dimen-
sions. Norm LDA and LDA emphasize the equal decrease of within-class
scatter of each class. The combination of k-classifiers and LDA, Norm LDA
is devoting to the reduction of the within-class scatter of each class. As a
result, on the whole, methods with k-classifiers can have a better perfor-
marnce.

5 Conclusions and Future Work

The class separation problem occurring in LDA has been continuously studied
in recent years. Many ideas have been applied in LDA to improve its perfor-
mance, including weights schemes, max-min, and Bayes optimal criterion. The
application of weights schemes and max-min methods all ignored the importance
of decreasing every within-class scatter. In this paper, we present a k-classifiers
method to reduce every within-class pairwise. We also apply k-classifiers method
into LDA and Norm LDA. Based on the MNIST handwriting database, we have
demonstrated that the applications of k-classifiers method in LDA and Norm
LDA are very successful.

There is still room to improve the classification performance. We can put
the max-min ideas and weights schemes into our method to make every pairwise
distance between two classes as larger as possible, and make within-class scatter
of every class as smaller as possible.
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dation (No. 2017M621862) and Jiangsu Planned Projects for Postdoctoral Research
Funds (No. 1701193B).

References

1. Bian, W., Tao, D.: Max-min distance analysis by using sequential SDP relaxation
for dimension reduction. IEEE Trans. Pattern Anal. Mach. Intell. 33(5), 1037-1050
(2010)



66

10.

11.

12.

13.

M. Zhang et al.

Fisher, R.A.: The use of multiple measurements in taxonomic problems. Ann.
Eugenics 7(2), 179-188 (1936)

Hamsici, O.C., Martinez, A.M.: Bayes optimality in linear discriminant analysis.
IEEE Trans. Pattern Anal. Mach. Intell. 30(4), 647-657 (2008)

LeCun, Y., Cortes, C., Burges, C.: MNIST handwritten digit database (2010)
Loog, M., Duin, R.P.W., Haeb-Umbach, R.: Multiclass linear dimension reduction
by weighted pairwise fisher criteria. IEEE Trans. Pattern Anal. Mach. Intell. 23(7),
762-766 (2001)

Rao, C.R.: The utilization of multiple measurements in problems of biological
classification. J. Roy. Stat. Soc. Ser. B (Methodol.) 10(2), 159-203 (1948)
Schervish, M.J.: Linear discrimination for three known normal populations. J. Stat.
Plan. Infer. 10(2), 167175 (1984)

Shao, G., Sang, N.: Max-min distance analysis by making a uniform distribution of
class centers for dimensionality reduction. Neurocomputing 143, 208-221 (2014)
Sharma, A., Paliwal, K.K.: Linear discriminant analysis for the small sample size
problem: an overview. Int. J. Mach. Learn. Cybern. 6(3), 443-454 (2014). https://
doi.org/10.1007/s13042-013-0226-9

Tao, D., Li, X., Wu, X., Maybank, S.J.: Geometric mean for subspace selection.
IEEE Trans. Pattern Anal. Mach. Intell. 31(2), 260-274 (2008)

Wang, H., Yan, S., Xu, D., Tang, X., Huang, T.: Trace ratio vs. ratio trace for
dimensionality reduction. In: 2007 IEEE Conference on Computer Vision and Pat-
tern Recognition, pp. 1-8. IEEE (2007)

Yao, C., Cheng, G.: Approximative bayes optimality linear discriminant analysis for
Chinese handwriting character recognition. Neurocomputing 207, 346-353 (2016)
Zhang, Y., Yeung, D.Y.: Worst-case linear discriminant analysis. In: Advances in
Neural Information Processing Systems, pp. 2568-2576 (2010)


https://doi.org/10.1007/s13042-013-0226-9
https://doi.org/10.1007/s13042-013-0226-9

q

Check for
updates

Multi-label Classification of Short Text
Based on Similarity Graph and Restart
Random Walk Model

Xiaohong Li®9, Fanyi Yang, Yuyin Ma, and Huifang Ma

College of Computer Science and Engineering, Northwest Normal University,
Lanzhou, China
xiaohongli@nwnu. edu. cn, 15621497745@qq. com,
mahuifang@yeah. net

Abstract. A multi-label classification method of short text based on similarity
graph and restart random walk model is proposed. Firstly, the similarity graph is
created by using data and labels as the node, and the weights on the edges are
calculated through an external knowledge, so the initial matching degree of
between the sample and the label set is obtained. After that, we build a label
dependency graph with labels as vertices, and using the previous matching degree
as the initial prediction value to calculate the relationship between the sample and
each node until the probability distribution becomes stable. Finally, the obtained
relationship vector is the label probability distribution vector of the sample pre-
dicted by the method in this paper. Experimental results show that we provides a
more efficient and reliable multi-label short-text classification algorithm.

Keywords: Multi-label classification - Short text - Similarity graph - Restart
random walk - WordNet

1 Introduction

Traditional single-label classification learning means that each sample has a unique
category label, where each label belongs to a mutually exclusive label set L(|L| > 1).
However, In practical applications, usually a sample belong to multiple categories at
the same time, we call such data as multi-label data [1]. For example, a news report can
could be classified into “entertainment” and “technologies”, simultaneously. A movie
can be both an “action movie” and a “thriller”. The multi-label classification is sig-
nificantly different from the traditional single-label classification. The correlation and
co-occurrence between categories lead to those existed single-label classification
method cannot be directly applied to the multi-label classification problem. But also
multi-label classification is gradually becoming the current research hotspot and dif-
ficulty, especially in the fields of text classification, gene function classification, image
semantic annotation, etc.

Researchers is finding the optimal classification algorithm to improve the classi-
fication accuracy of multi-label data. There are two most common ideas for multi-label
classification [2]. One is to convert multi-label dataset into single-label dataset, and
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then apply traditional data classification algorithm to them (abbreviated as PT). Binary
Relevance (BR) [3] is a typical PT method. BR considers the prediction of each label as
an independent single classification problem, and designs an independent classifier for
each label, and trains each classifier using all training data. However, it ignores the
interrelationships between tags, and often fails to achieve satisfying classification
performance. Guo [4] propose a improved binary relevance algorithm, it sets two layers
to decompose the multi-label classification problem into L-independent binary classi-
fication problems respectively. Liu [S] propose a classifier chain algorithm based on
dynamic programming and greedy classifier chain algorithm to search for global
optimal labels, which compensated for the Classifier Chain algorithm (CC) defects
sensitive to label selection [6]. Label Powerset (LP) [7] encodes every label permu-
tation as a binary number and obtains new labels. Another idea is to modify existing
single-label learning algorithm to solve multi-label learning problem. For example, the
MLKNN algorithm calculates the prior probability of each label through statistics in the
label set, and the probability of the sample with labeled and no label, and then predicts
whether the sample has label [8]. Tsoumakas [9] proposed the Random k-Labelsets
method to decompose the initial label set into several small random subsets, and use the
Label Powerset algorithm to train the classifier. In addition, other researchers have also
used various methods for multi-label classification research [10—13]. In the data pre-
diction training process, the existing multi-label classification algorithms either ignore
the interdependence between category labels, or ignore the important influence of
initial features on the predicted value, and even add these tags to the original features as
an additional function. It makes the feature set that has a very high dimension more
complicated. Even if the dependency relationship between category labels is fully
utilized, the multi-label classification algorithm ignores the initial prediction value
between the label set and the training set, it maks the multi-label classification
inaccurate.

We propose a multi-label short-text classification algorithm which combines the
similarity graph and the restart random walk model (abbreviated as SGaRW). On the
one hand, the similarity graph is used to calculate the original relationship between the
text and the labels, and on the other hand, we utilize the restarted random walk model
to calculate the potential semantic relationships between the labels and the labels.
Finally, reasonable fusion is performed to make multi-label classification result more
accurate.

2 Preliminary and Background

We review the existing basic concepts and define the problem of multi-label classifi-
cation in this section.

2.1 Multi-label Classification

Fundamentally, multi-label classification can be considered as a label ranking problem
[14, 15]. This correlation is scored based on the correlation between the test sample and
each category label, and then the label to which the sample belongs is determined based
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on the score value. Assume that X = {x,x,...,x,} indicates the sample set, ¥ =
{y1,¥2, -, ym} is label set, and D = {(x;, Yi)|l <i<n} is dataset, ¥; C Y is label set
of the sample x;. Thus prediction of the label for sample x could be expressed as
following vector H(x).

H(x) = (hi(x), -+ hi(x), - (%)) (1)

In the vector, h;(x) € [0,1] describes relevancy between sample x and label y;.
Multi-label classification is to achieve a classifier h: X — 2" using training data. Given
new sample x, the classifier can predict label set of the sample x subsumes. Therefore,
multi-label classification is to seek an optimal classification algorithm to construct a
high-precision score vector H(x) to achieve the purpose of accurate classification.

2.2 Similarity Graph

Similarity graph [16, 17] built based on WordNet is a directed weighted graph G = (V,
E) is used to calculate semantic similarity among nodes in the graph, V = {itemsset,
senseset}, itemsset is a collection of nodes (item) that represent words, senseset is a set
composed of nodes (sense) that represent senses. According to the corresponding
relationship between them, a directed edges <v;, vj> is added between two sense nodes,
or between an ifem and a sense, or between two items. weight on the edge is signed as
wjj, wjj represents the probability of thinking of the node v; definitely when seeing the
current node v;, therefore, the weight w;; reflects a conditional probability. So the
similarity graph can be called a probability graph.

document with 100 non-noise words with the word “adventure ” appearing 2
times and the word “thrilling " appearing I time

Q wild and exciting undertaking Iuw/‘uD Gakc a risk hope of. )

0.15 0. 15%1458/119025

Gomething that people do or cause to happeD

1 632/1055

V.
action

Fig. 1. Similarity graph
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Such as the similarity graph shown in Fig. 1, itemsset = {adventure, thrilling,
action}, senseset = {“a wild and exciting undertaking lawful”, “take a risk in the hope
of ...”, “something that people do or cause to happen”}. In WordNet, the word “ad-
venture” has two meanings in total, the using frequency of the first meaning is 0.92,
and using frequency of the second meaning is 0.08, so the weight from the item node
“adventure” to the first sense node “a wild and exciting undertaking lawful” is 0.92,
which means that the probability that someone is interested in the first meaning after
seeing the word “adventure” is 0.92. In turn, The weight from sense node “a wild and
exciting undertaking lawful” to item node “adventure” is 1, which means that someone
must think of the word “adventure” when they see either “a wild and exciting
undertaking lawful” or “take a risk in the hope of ...”.

3 Implement Multi-label Classification of Short Text

Implementing multi-label classification of text is divided into two stages in this paper.
At the first step, we create a similarity graph based on the text content, and calculates
the original relationship between the text and the label set, which is the initial predicted
value H(x). In the second phase, a label dependency graph is constructed and the restart
random walk algorithm is performed on this graph to mine the potential semantic
relationships between the labels. When the algorithm converges, we can obtain a vector
consisting of the probability that the text belongs to each label, so we get labels which
belong to the text.

3.1 Calculate Initial Association Between Sample and Labels

We consider short texts as sense nodes, map labels to item nodes, and create similarity
graph G, = (Vy, E). Then affinity score between the text and the label on a directed
path can be defined as the product of the weights of all adjacent edges between the text
node and the label node on the path [18], as shown in formula (2):

aﬁfinitypt(vdocwmbel) = H PP’(Vi|vj) (2)
Vi, Vj € pt
(Vi7 Vj) €El

Where, aﬂinitypt(vdoc|vlabel) is affinity score from vgoe tO Vigpe;, NOdes sequence
Pt = <Vdoes -+ Vis Vjs +-. Viaber™ 18 a directed path from vgec tO Viapers ppt(vi|vj) is weight
on the edge between v; and v; in Gy, which support calculating affinity scores between
two nodes. According to Markov model, as the path length increases, the value of the
conditional probability decreases. The longer the path, the less evidence of an intimate
relationship between the two nodes.

We also know that there is more than one directed path from vgo. tO Vigpe in the
similarity graph Gj. So affinity scores of the text-to-label on the entire graph G, can be
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expressed as the sum of the affinity score on all directed paths between these two nodes.
Aff(Waocs Viaver) denote affinity scores in formula (3)

Aﬁrl(vdocy Vlabel) = Z aﬁnitypt (Vdac |Vlabel) (3)

Due to the asymmetric nature of the affinity scores, the final affinity scores between
two nodes can be obtained by formula (4).

A ! ocCH abe A ! abely oc
AF (Vaoe, Vibet) = ' (Va Vlbl)"; ' (Viabet, Vdoc) (4)

Treat the affinity scores between vqo. and vipe; @s the correlation score h;(x) be-
tween sample x and label y;, That is:

hi(x) = Aff (x, y:) (5)

Taking all the labels into account, we can get the correlation scores of the sample
x and all labels in label set Y, as shown in formula (6)

H(x) - [Aﬁ(xa YI)7 M 'Aff(xa yz) . 'Aﬁ“(x7 ym)]T (6)

3.2 Random Walk on Label Dependency Graph

3.2.1 Obtain Dependency Among Labels

We construct graph G, = (V,, E,) to encode dependency among labels. Vertices in the
graph G, represent labels in Y. If the label y; and y; mark the text x at the same time, add
an edge between y; and yj;, and the weight wj; is defined as the number of samples
labeled by labels y; and y; commonly:

wi = [{xlyiexx Ay exi}| ifi#) (7)

The adjacency matrix is used to store graph G, and m x m dimensional symmetric
matrix is obtained. Therefore, the obtained matrix after utilizing Eq. (8) to make it
asymmetric is represented as S, and its element s; is used to represent the jump
probability from label y; to label y;, m; is number of non-zero elements in the j-th
column.

Wij

Sij = — (8)

m;

3.2.2 Restart Random Walk
Random walk with restart [19] is defined as Eq. (9), it starts from a random node to
retrieve graph. The retriever iteratively transmits to its neighborhood with the
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probability that is proportional to their edge weights, or it has some probability o to
return to the starting point, until the steady-state is reached.

P,-:aSP,-—&—(l—a)H (9)

Since prediction of every label can be delivered to other labels to some extent, label
prediction related to samples not only is determined by samples, but also could be
strengthened by other labels. We uses random walk model to predict multiple labels of
a sample. Additionally, initial probability between sample x and each label is defined
as 1/m.

L T
{ P(Y),(0) = [L,.. A" (10)
P(Y)

U = asP(Y)" + (1 — a)H (x)

P(Y),((t) is probability distribution vector which represent the relationship between
the sample and each label at time 7. S is probability transformation matrix. H(x) is
aforementioned initial prediction value vector of labels of sample x. The process
continues until P(Y), converges. Prediction of the label is updated repeatedly,
dependency among labels could be utilized sufficiently.

4 Experimental Result and Analysis

In this section, we explain the means by which similarity graph and restart random
walk model are evaluated, whilst providing a description of the multi-label dataset and
other settings used in the experimental study. Finally, the experimental results on the
dataset and the statistical analysis are discussed.

4.1 Dataset

The data used in the experiment is English movie titles and overviews collected
manually, it is called Movies dataset. Dataset statistics is shown as Table 1, in which
label density equals to size of label set q divided by potential of the label set c,
indicating probability that a label appears.

Table 1. Several statistical value

Dataset name | Size | Size of label set (q) | Label density | Size of elements in Y(c)
Movies 2000 | 14 0.212 2.972

4.2 Evaluation Metrics

Traditional single classification performance evaluation metrics, such as recall and
accuracy, cannot be used directly to evaluate the multiple-label classification perfor-
mance. Therefore, we use the following three metrics to measure the performance of
our method.
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4.2.1 Hamming Loss

Hamming Loss [20] measures classification error based on single-label classification,
that is, labels that belong to the sample do not appear in the labels set, but labels that the
sample do not have appear. Smaller value means better performance of a classification
model. The best is when it is 0. It is defined as:

D xor(x;,yi)
H l 11
amming—loss(x;, ;) |D\ Z i (11)

|D| represents total number of samples. |L| represents total number of labels. x; and
y; represent prediction result and true label respectively.

4.2.2 Jaccard Index

Jaccard Index [21] measures how similar two sets are. It is defined as size of inter-
section divided by size of union. Bigger value means better performance of a classi-
fication model. It is defined as:

ANB|

Jaccard(A,B) = AUB

(12)

4.2.3 Accuracy-Score

Accuracy-score [22] is used to compute accuracy of prediction. In multi-label classi-
fication, the function returns accuracy of subsets. The accuracy is 1 if entire prediction
labels are consistent with real labels, meaning it reaches the best performance, other-
wise is 0. It is defined as following:

\L\

_ 10i=w) (13)

accuracy(y,y) = |L|

y; is prediction value of the i-th sample and y; is corresponding real value.

4.3 Experimental Result and Analysis

Three experiments are designed to evaluate performance of algorithm of this paper on
multi-label text classification. (1) Analyze influence of different o on algorithm,
(2) Compare and analyze results by change the size of training set and test set v,
(3) Compare our algorithm with other algorithms.

Experiment 1. Analyze influence of different oo on our method. Let o = 0.0001,
0.00007, 0.00004, 0.00001 to operate experiment respectively. From Table 2 we see
that three metrics reach all the largest when oo = 0.00007, and the result is optimal at
this point. When o is larger than 0.00007 or smaller than 0.00007, the performance of
the algorithm tend to be poor. Generally speaking, influence of o on performance is
limited (not exceeds 4-0.36%).
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Table 2. Experimental results when s values are different

o Hamming-loss | Jaccard | Accuracy-score
0.00010 | 0.1073 0.6588 |0.8957
0.00007 | 0.1043 0.6610 |0.8959
0.00004 | 0.1032 0.6609 |0.8958
0.00001 | 0.1050 0.6573 |0.8950

Experiment 2. Use training set ¢ and test set v of different sizes and analyze experi-
mental results. Use training set whose size is 300, 600, 900, 1200, 1500 and test set
whose size is 100, 300, 500. As Table 3 shows, when the size of test set |s| = 100 and
the size of training set |v| is 300, the performance outperforms the others. When
7| = 300 and |v] = 1200, the result is wonderful. In summary, the performance obtained
by our method is optimal when || = 500 and |v| = 1500.

Next, we select a group of data with the best classification performance for further
comparative analysis. Specifically, || = 500, and the size of training set v has different
scales. It can be observed from Fig. 2 that Hamming’s Loss gradually decreases and
Accuracy-score continues to increase as the size of the training set increasing, it means
that classification performance of the algorithm tend to get better when the ratio
between training data and test data increases. When |v| = 1500, the classification score
both reaches the optimal.

Table 3. Experimental results when the training set v is different from the test set ¢ scale

Test (t) | Training (v) | Hamming-loss | Jaccard | Accuracy-score
|| = 100 | |v| = 300 0.1097 0.5609 |0.8359
[v| = 600 0.1171 0.6512 | 0.8929
[v| = 900 0.1246 0.6017 | 0.8731
[v| = 1200 |0.1464 0.5524 |0.8536
£ =300 | [v| = 900 0.1219 0.5803 | 0.8781
[v| = 1200 |0.1117 0.6088 | 0.8583
[v| = 1500 |0.1245 0.5734 0.8754
|f = 500 | [v| = 1000 | 0.1403 0.5219 [0.8613
[v] = 1500 |0.1073 0.6657 | 0.8786
09 r
0191 Hamming-loss 0.885 Accuracy-score
0.175 0gr |
016 } 0855
0.145 0ga |
013 b 0825
0115 081
01 . . . . size  0.795 . . . . size
800 1000 1200 1300 1500 800 1000 1200 1300 1500

Fig. 2. When [t| = 500, changes in Hamming loss and accuracy-score with different |v]|
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Experiment 3. To demonstrate how our method improves multi-label text classification
performance, we compare our method with other methods in comparison to those
existed similar methods, they are BR, LP, CC and MLkNN and so on. It should be noted
that the parameter value of the MLKNN algorithm is set to k = 20, and parameters in
other algorithms use the default value. The classifiers for the BR, LP and CC use the
Naive Bayes classification.

Figure 3 show that SGaRW algorithm has a larger Accuracy-score value compared
with MLENN, it indicates that the accuracy of the labels of the text predicted by our
method is higher. The Jaccard index of our method is greater than MLkNN, while the
Hamming loss is less than MLkKNN. In other words, using the SGaRW algorithm will
make the labels that do not belong to the text appear in the predicted label set as little as
possible, which reduce the error rate a lot. Comparison with BR, LP, CC and MLKNN
algorithms shows that SGaRW algorithm has great advantage over other algorithms.

09

B Hamming-loss ®Jaccard B Accuracy-score
0.75
06
045 1
03t
015 t
0 . . . .
BR MLKNN Lp cc SGaRW

Fig. 3. Comparison of the different algorithms

5 Conclusion

We introduces a novel method SGaRW algorithm combining similarity graph and
random walk model, which can resolve multi-label text classification problems effi-
ciently. Utilizing prior information from WordNet to build similarity graph, and
computing initial match value between labels and texts on it. Then a label dependency
graph is constructed, and random walk with restart is been run on it. Finally labels of
the text are determined. Core of the future work is to consider expanding dataset,
introduce short text semantic understanding to improve performance of short text multi-
label classification and optimize effectiveness of the algorithm furtherly.

Acknowledgments. This work was supported in part by National Natural Science Foundation
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Abstract. Due to the influence of solar irradiation, temperature and other
environmental factors, the output power of photovoltaic power generation has
great randomness and randomness discontinuity. In this paper, a method for
analyzing environment data related photovoltaic power generation based on
ensembles of decision trees algorithm is studied. Firstly, the characteristics of
environmental factors of photovoltaic power generation are analyzed by K-means
clustering. And then the corresponding cluster label is assigned. Furthermore, the
Radom Forests is combined to build a model. Finally, the method is validated by
given data above from a real project. The results show that the proposed method
can provide reference for the forecasting of photovoltaic power.

Keywords: K-means clustering + Ensembles of decision trees * Photovoltaic
power generation *+ Environmental data - Feature analysis and prediction

1 Introduction

With the replace old growth drivers with new ones strategy being implemented [1, 2],
new energy industry has become a strategic and pioneering one in the world. Photo-
voltaic power generation has been developing rapidly due to its advantages in safety,
reliability, less geographic restrictions and short construction period [3]. At present,
photovoltaic generation related technology have matured, but the output power has
great randomness and randomness discontinuity by the influence of solar irradiation,
temperature and other environmental factors [4, 5]. Therefore, it is difficult to integrate
into the power grid, and which is also disadvantage to rational planning for using of
local energy. How to applying environmental data to analysis and predict solar power
generation will become a major energy in the future [6, 7].

The development of artificial intelligence, big data, data mining and other new
generation of information technology have provided a good solution for solving the
problem [8, 9]. The reference [10] applied the K-means clustering to the actual oper-
ation data processing of a PV station in the city of Foshan, Guangdong Province, and
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achieved the operation state pattern recognition. A short-term forecasting method for
photovoltaic (PV) power is proposed in the reference [11], which established an SVM
forecasting model and uses leave-one-out algorithm to optimize the Kernel parameter
and penalty parameter to achieve the forecasting of PV power. The reference [12]
proposed a novel model called forest for photovoltaic power generation (FPPG), which
is an assembly predict model composed by multi regression tree and can perform better
generated in power forecasting. However, photovoltaic power generation is influenced
by environmental factors greatly, such as temperature, humidity, irradiation and so on,
which are varies dramatically from one region to another. So how to make better those
data and improve data quality a still a hot topic.

In this paper, an approach which combined K-means clustering with random for-
ests, an ensemble of decision trees method, are researched and analyzed by some
measured data from a photovoltaic power station in Shandong province. Firstly, some
environmental data related photovoltaic power generation are analyzed. At the same
time, measured data from a photovoltaic power station are given. And then, the
algorithm principle of K-means clustering and random forests are introduced briefly.
Moreover, an algorithm which combined K-means clustering with random forests and
its flow chart are proposed. Finally, the method is validated by given data above from a
real project. The results show that the proposed method can provide reference for the
forecasting of PV power.

2 Some Environmental Data Related Photovoltaic Power
Generation

The operating state of the photovoltaic power generation system is not only related to
the working state of the system internal components, but also related to the changes of
environmental parameters. There are many factors influencing the output power of

SDATE TIME QXeee Qxee1 ... QXee3 QXee4  QXee5 SYCG_SUMP
0 17532 15 2.5100 112 0.0919 1021.679993 5.4794 0.0
1 17532 30 1.5599 126 0.0929 1021.679993 6.3926 0.0
2 17532 45 1.6400 113 0.0919 1021.690002 5.4794 0.9
3 17532 60 1.5200 96 0.0909 1021.570007 6.3926 0.0
4 17532 75 1.6200 114 0.0889 1021.479980 6.3926 0.0
7483 17614 1380 1.1699 178 0.1509 1018.219971 0.9132 0.9
7484 17614 1395 2.0999 168 0.1500 1018.210022 0.0000 0.0
7485 17614 1410 2.2999 159 0.1489 1018.219971 ©0.0000 0.0
7486 17614 1425 2.0499 175 0.1489 1018.200012 0.0000 0.0
7487 17614 1440 2.2199 183 0.1469 1018.099976 0.0000 0.0

[7488 rows x 9 columns]

Fig. 1. Part of the samples
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photovoltaic system. Furthermore, these factors also have a complex relationship with
the output power of photovoltaic power generation, especially the environmental data,
mainly including temperature, humidity, wind speed, air pressure, irradiation and so on,
which are the objective factors beyond human controlling but the key. Therefore, this
method has an experimental application and a research meaning to analyze the envi-
ronmental characteristics and find out the relationship between each factor and actual
power output for further prediction.

In this paper, the measured data samples of a 40 MW photovoltaic power station
system in Shandong province are given. The samples including the wind speed, wind
direction, temperature, humidity, air pressure, irradiation factor and power at the same
sampling time. The sampling data are sampled at a 15-min interval, 96 sampling points
per day. A total of 7,488 samples were collected from 78 consecutive days. Part of the
samples are shown in Fig. 1.

Where ‘SDATE’ stands for date marking, ‘TIME’ stands for sampling time,
‘SYCG_SUMP’ stands for power and ‘QX000’-‘QX005” stands for: wind speed, wind
direction, temperature, humidity, air pressure and irradiation, respectively.

The relationship between environmental factors and power are visualized by using
line graphs. For the clarity of the data presentation, take only diurnal variation as an
example, which are shown in Fig. 2(a)—(c).

From Fig. 2, we can see that power output has obvious correlation with tempera-
ture, irradiation and humidity, but poor correlation with wind speed, wind direction and
air pressure, which can apply to preprocessed for subsequent cluster analysis to
accurately cluster data ranges.

3 The Algorithm Principle of K-means Clustering
and Random Forests

3.1 K-means Clustering [14]

The goal of cluster analysis is to partition the observations into groups (“clusters”) so
that the pairwise dissimilarities between those assigned to the same cluster tend to be
smaller than those in different clusters. The K-means algorithm is one of the most
popular iterative descent clustering methods. It is intended for situations in which all
variables are of the quantitative type, and squared Euclidean distance Eq. (1) is chosen
as the dissimilarity measure.

d(x;,xi') = Zle (x5 — xi7) = [l — v | (1)

Note that weighted Euclidean distance can be used by redefining the x;; values.
The within-point scatter can be written as

C):%Zlez kz = x| Zk 1N"Z il = 5l ()
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Where X, = (Xi, -+, %) is the mean vector associated with the kth cluster, and
Ny = Z?’:  I(C(i) = k). Thus, the criterion is minimized by assigning the N observa-
tions to the K clusters in such a way that within each cluster the average dissimilarity of
the observations from the cluster mean, as defined by the points in that cluster, is
minimized.

3.2 Ensembles of Decision Trees— Random Forests [13, 14]

Decision trees are a widely used models for some machine learning tasks. But a main
drawback of decision trees is that they tend to overfit the training data. Although there are
some measures for prevent it, such as pre-pruning and post-pruning, even with the use of
pre-pruning, decision trees tend to overfit, and provide poor generalization performance.

Ensembles are methods that combine multiple machine learning models to create
more powerful models, which are one way to address this problem. Random Forests are
the model that belong to this category. Random forests are essentially a collection of
decision trees, where each tree is slightly different from the others. To implement this
strategy, we need to build many decision tree. The specific algorithm is as follow Table 1:

Table 1. The algorithm of random forests [14]

Random Forest

1.Forb=1toB:
(a) Draw a bootstrap sample Z* of size N from the training data.
(b) Grow a random-forest tree T}, to the bootstrapped data, by recursively
repeating the following steps for each terminal node of the tree, until the minimum node
size nmin is reached.
i. Select m variables at random from the p variables.
ii. Pick the best variable/split-point among the m.
iii. Split the node into two daughter nodes.
2. Output the ensemble of trees {T, }5.
To make a prediction at a new point x:

Regression: £ (x)=% B Tp(x)
Classification: Let €, (x)be the class prediction of the bth random-forest tree. Then Cff (%)
= majority vote {C},(x)}}

Firstly, we first take what is called a bootstrap sample of our data. A bootstrap
sample means from our n_samples data points, we repeatedly draw an example ran-
domly with replacement (i.e. the same sample can be picked multiple times), n_samples
times. This will create a dataset that is as big as the original dataset, but some data
points will be missing from it, and some will be repeated.

Next, a decision tree is built based on this newly created dataset. The bootstrap
sampling leads to each decision tree in the random forest being built on a slightly
different dataset. Because of the selection of features in each node, each split in each
tree operates on a different subset of features. Together these two mechanisms ensure
that all the trees in the random forests are different.
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4 The Algorithm Combined K-means Clustering
with Random Forests and Engineering Testing

4.1 The Algorithm Combined K-means Clustering with Random Forests

In Random Forests Algorithm, critical parameter in this process is max_features. If we
set max_features to n_features, that means that each split can look at all features in the
dataset, and no randomness will be injected. If we set max_features to one, that means
that the splits have no choice at all on which feature to test, and can only search over
different thresholds for the feature that was selected randomly [13]. So, we applied K-
means Clustering to preprocessing the data, thus, we can obtain a cluster label for every
sampling point. Next, we let this label as the target function to establish a random forest
to achieve forecast. The specific algorithm flow is shown in Fig. 3.

Realized predictive analysis-

e
—

Data extraction and loading.

Fig. 3. Algorithm flow

4.2 Engineering Testing

Based on Spark/Hadoop framework and python language, the data of the second part
above are applied and analyzed. Due to limited space, only 1 day’s data sampling point
is taken as a legend and 7 days’ data analysis is taken as a table example in Fig. 4 and
Table 2. It can be seen that K-means clustering has well realized self-analysis of data,
and given cluster labels. In the last, a stable prediction accuracy is obtained.
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Fig. 4. The result of 1 day’s data sampling point by using K-means Clustering-Random Forests

Table 2. Forecast results for 7 days

Sdate | n_clusters | Accuracy on training set | Accuracy on testing set
17532 |10 1.000 0.958
17533 | 10 0.986 0.917
17534 | 10 1.000 0.958
17535 | 10 1.000 0.917
17536 | 10 1.000 0.958
17537 | 10 1.000 1.000
17538 | 10 1.000 0.958

5 Conclusions

One method based on ensembles of decision trees is studied in this paper. By K-means
clustering, the characteristics of environmental factors of photovoltaic power genera-
tion are analyzed, and data related to the power output through visualization are found
out, and simultaneously, the corresponding cluster label is assigned. After that, the
Radom Forests is combined to build a model, and then power generation environment
data and predict the power are analyzed. The results show that this method has stable
prediction accuracy and certain reference value for the environment data analysis and
power prediction of photovoltaic power generation.
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Abstract. The mechanism of the contradiction between two different objects u
and v is attributed to a mechanism that their opposite position information “x,,”
and “x,” of u and v are transmitted, respectively, from the initial time 7, , at
different speeds x,(7) and x,(¢) (x, = —cx,(7)), and is meeting at the contra-
diction point # = ¢; and x = x;. Because the coordinate of contradiction point
can be noted by z;(¢;,x;) and z;(x;, ;) in two space time Complex Coordinates
Systems which origins are z,(0;,0y) and z(1,,1,), respectively, such that the
time #; and the position x; of the contradictory points can be expressed as the
sum of the complex numbers z;(¢;,x;) and its conjugate Z,(f;,x;):1;, =
23(17,%2) +22(t5,%2) = wi(25,2,), and the difference of z}(x;,#;) and its con-
jugate: Z3(xs, 1) 1 x) = 25 (x5, 1) — 25 (00, 1,) = w) (zj,zj). By synthesizing the
time-space coordinate and the space-me coordinate, such their time axis [0, 1,]
and the space axis [1,,0,] of the two complex coordinate systems are coincide
with the intervals [u,v], respectively, then the contradiction point can be
expressed in the synthesis Coordinate System to be a wave function:
¥ (wi,w;) =1, —ix) = w, — iwj. Because of the varying direction of two
information “x,” and “x,” and their increments Ax,(A,t) = &,(A,t)A,t and
Ax,(Avt) = x,(Avf) Ayt with time t and increment Az = ¢ — 0, are opposite each
other, so the 7, of the wave function ¥/is on the time axis [0;, 1,] and the x, on the
space axis [ly,0,], constructed a pair of information transmission streams
entangled in opposite directions appear, such that the interval [u, v] constitutes a
space-time conjugate entangled manifold. The invariance of the contradiction
point or wave function l//(w;, wj{), under the unit scale transformation of time
and distance measurement, not only make all points z(z,x) € [u,v] is contra-
diction point, and makes A :% and ( :%7 A Tt is also shown that since A
changes from 0 to % is equivalent to the integral for the on 7, and x, in wave
function \ from 0 to %, respectively, by it not only the inner product s of the s
and the time component ¢,, respectively ¥ (w, w*).t;, and the outer product of s
and the spatial component Y(w,w*) Ax; can be get, but also their sum:
Y(w,w*) -, +(w,w*) A, can be gotten too.

© IFIP International Federation for Information Processing 2020
Published by Springer Nature Switzerland AG 2020

Z. Shi et al. (Eds.): IIP 2020, IFIP AICT 581, pp. 86-98, 2020.
https://doi.org/10.1007/978-3-030-46931-3_9


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-46931-3_9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-46931-3_9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-46931-3_9&amp;domain=pdf
https://doi.org/10.1007/978-3-030-46931-3_9

The Conjugate Entangled Manifold of Space-Time 87

Keywords: Location Information Oppositely Transmission *
Conjugate-Entangled Manifold - Entanglement of Clifford Geometric Product -
Qualitative Grid Computer

1 Introduction

According to Formal logic and Mathematical logic, there is no contradiction among the
most basic laws of the world. On the contrary, dialectical logic believes that the world
is full of contradictions, and regards “unity of opposites, mutual change between
quality and quantity and negation of negation” as “The basic law of universal
application”.

Can the law of non-contradiction and the law of contradiction be reconciled? How
to reconcile? These questions has long broken through the scope of philosophy,
epistemology and logic, and has become a basic subject that must be studied in almost
all fields involving mathematics, physics, chemistry, biology, psychology, intelligence,
thinking, as well as sociology, economics, political science, military science, etc. The
core question about how contradictions arise is the entrance to the study of
contradictions.

The source of contradiction between two oppositions u and v(v # u) has been
attributed to whether there exist a non-zero distance d(x,,x,) # 0 or not? The con-
tradiction of u# and v is varying with time ¢ has been conversed into the function of the
distance d(x,,x,)(#£ 0) vary with time 7, f(z) = f(d(x, (), x,(¢)).

In mathematics, the distance of x,(¢) and x,(¢) can be represented by complex
number z,(¢,x) and z,(z,x) in Complex Coordinate, respectively, and the distance
d(x,,x,) is defined as the root of inner product of a pair of vectors z,(¢,x) and z,(z, x):
d(x,(1),x,(t)) = v/zu(t,x) - z,(¢,x). Since an inner product is not only a core concept
throughout mathematics, physics and neural network, but also a polarization invariant
quantity under coordinate translation, by it an Entangled Vector and Clifford Geometric
Product can be induced too, as well as a category and a topos, such that Artificial
Neural Network defined by Inner Product can be converted into computing of tensor
follow.

The emergence of the contradiction between two different objects u and v is
attributed to a mechanism that their opposite position information is transmitted and is
meeting at a contradiction point. To describe this mechanism, the paper constructed the
a coordinate system in which the invariances of the contradiction points can perform
certain transformations, such as the phase switching of time and space, the scale
transformation of the measurement unit, and the invariances of the contradiction point
position transfers from O to 1 as the relative velocity ratio information of the two
opposite objects changes.

It is shown that the time-space (or spatial-time) complex coordinate system can be
obtained by shifting of the time (or space) axis to t = — %, and rotating the spatial (or
time) axis by 0 = 7, in which the mechanism of contradiction emerging and meeting at
the contradiction point can be expressed as a function of the position component of a
pair of conjugate complex numbers vary with time component (or on contrary) and
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meeting at the contradiction points, and by the transformation of plane-polar coordi-
nates, even to expressed as a wave function.

It is also shown that, by a synthesizing of the time-space coordinate and the space-
me coordinate, a Conjugate-Entangled Coordinate System can be constructed, in which
the Inner Product induced by the invariance of contradiction point transfer as the
relative velocity ratio information of the two opposite objects changes from O to 1. This
induces not only an integral for all contradiction points in interval [0, 1,], but also a
Conjugate-Entangled Manifold, in which the invariance of Inner Product under the
transformation and rotating of coordinate system can be represented. It is known that
inner product is a key concept across philosophy, mathematics and physics, and arti-
ficial neural networks, and can be defined by inner product. However, we propose that
a qualitative mapping can be induced by inner product too such that a qualitative grid
computer can be proposed in this way.

2 The Representation for the Mechanism of Contradiction
Emerging

The mechanism of the emerging of the contradiction between two objects u and v,
which are separated by a unit distance, is attributed to that the location information of u

and v is transmitted to each other at unit velocities x,(¢) (|xu(t)| = 11—;) and
X,(1) (: X, (1) = — 117) respectively, from time ¢ = 0,, and meets at the midpoint of the
line segment connecting u and v in a half of unit time %, or the contradiction point
(Fig. 1).
20=1 x(3)=%xF)=-F w0=-1
-X Xy =0y Xy, =1, x
- - - - - - oy —-— -~ - - - &::::::::::::::::::::::::& ___________ >
—t 0, ¢ L 1, t
con 2

Fig. 1. Contradiction point (feon, Xu(¥)) = (%) (or x, (%) =Ly, (%) = Ly, (%) =
f%xv (%) = flzf*xv (%) = f%xv (%) = —3) position information x, =0, and x, = 1, respec-

tively are moving at unit of velocity ,(¢) = 1: and %,(r) = —1: forward to oppositions

Because the objects u and v themselves do not move, the problem of the mechanism
of the contradiction in philosophy not only is translated into the relative transmission of
position information between u and v, but also such that the three major laws of two
contradiction u and v, i.e, t, the unity of contradiction, the mutual change of quality and
the negation of negation, are converted into the physical-mathematical-logical mech-
anism and structural problems at the contradiction point, which are the caused by
encounter and collision. This paper not only analyzes the relations and differences
between they and the related mechanisms and structures in physics, mathematics, logic,
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and artificial intelligence, but also provides a possible philosophical framework for
their unification.

For the convenience of mathematical discussion, let “x, = 0,” and “x, = 1,” be the
located positions of two opposite objects u and v(v # u), their distance is
A(u,v) = A(x,,x,) = Ax =x, — x, = 1, — 0, here, |1, — O,] is the unit of distance.
(Since there are not physical move of u and v, here x, and x, are only noted the position
of u and v, respectively.)

Let “tp = 0,” and “#; = 1,” be the starting point and the end point of the unit time
|L, — 0|, respectively, )'cu(|5cu\ = %) and x,(%, = —X,) the transmission velocity of
position information “x,” and “x,”, then it takes the unit time for information “x,” from
the point “x, =0,” to “x, = 1,”, as well as the information “x,” from the point
“x, = 1,7 to “x, = 0,”.

Let Ayt =1t —0; and At = ¢ — 1, the time increments, then the increment distance
of information x, and x, is varied respectively with the time increment A,z and A,z can
be written as: Ax, (At) = X, (A1) At and Ax, (Avt) = X, (Ajt)Ayt.

Suppose t=1t; is the meeting time between the two increment distances of
Ax,(A,t) and Ax,(A,f), since the direction of time increment A, opposite to the
direction of A,f, then we have that:

At—Ait=t,—-0,—(t;, - 1,)=1,-0, (2.1)
(2.1) shows us that when the two information “x,” and “x,” are meeting at the
contradiction point, the sum of the time increments of the two is exactly equal to the
unit time. On the contrary, since A,¢ and A,t have opposite time directions, their sum is
equal to O:

Ai+At=1t,—0,+t,—1,=2t, — (1,40,) =0 (2.2)

Then we get that

1,40
= % (2.3)

In fact, when the information “x,” and “x,” meet at the contradiction point, the

transmission time of the two information “x,” and “x,” is exactly half of the unit time,

11+0f —_—
=

namely: t; = %, SO:

1 1

This is mean that the time subscript of the contradiction point A = % is valid.
The transmission increments of information “x,” and “x,” are respectively:
X

%= O (11 — 0;) =x; — 0, (2.5)

Ax, (A1) = x, (A ) At = 1
() = 5u(A) At =5 (1
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And

. X5 — 1x o
Axy(Avt) = i, (A1) At = A1 (t%— 1,) —x; — 1, (2.6)

(2.5) — (2.6) we get:
Ax, (Ayt) — Ax,(At) =2x;,+1, — 0, =0 (2.7)

The (2.7) shows us that because Ax,(A,f) and Ax,(A,t) are opposite each other,
when Ax, (A,t) transmits from 0, to x;, and Ax,(A,¢) also transmits from 1, to x;, the
whole interval from 0, to 1, is just covered by the sum of Ax,(A,?) and Ax,(A).

From the perspective of information transmission, the two statements are equiva-
lent: (1) the two location information “x, = 0,” and “x, = 1,” are meeting at the
contradiction point x;. (2) the information “x, = 1,” has being transmitted to the
location of u “x, =0,”, as well as the location information of u “x, =0,”. In
information term, the (2.5) — (2.6) such that Ax,(A,t) — Ax,(A,t) = 0 is mean that
information transmission had being completed. It also can be interpreted as follows:
know the contradiction point x;, equivalent to know opposite. Therefore, the right side
of (2.7) is equal to O, that is mean:

0y — 1, 1,
= . 2.8
T 2 2:8)
So we get that 4, = —% is valid.
However, if the transmission velocity x,(A,?) and x,(A,t) are not equal each other,
and suppose &, (A1) = —ci, (A1), then we get

Axy(Avt) = ity (A1) At = 2 L (—tl - 1,) = —Ciy(Aut) = 2T O <t% - 0,)

—t% -1, 2 l% -0,
(2.9)
Substituting (2.9) into (2.8), we have:
- Ox p Ox
Axa(Aut) — Axo(Avt) = 272 (15— 0) + ¢ 2" (1, - 0,)
t;, — 0, 1, =0,
-0,
=T, o)1+ = L — 0y (2.10)
t; — 0,
1x - Ox
-0, = 2.11
X, x (1 +;) ( )
4 A 1x - Ox
X—=0,=A-10,+(1 =D, =1—-A)(L,—0,) = (1o (2.12)
S

(1=2)(1+¢) =1 (2.13)
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M1+¢)=¢ (2.14)

A==
T+9)
2.15
{ c A ( )

)

(1-7)
Together (2.4), (2.8) and (2.15) we have
A =
j’[ =

-~ Ay

=X = (l _Ax)

[SIESIES

) (oo
) (ti=350,+351;) (2.16)

3 The Topologic Space Induced by the Opposite Increment
of Ax,(At,) and Ax,(At,) and Calculus on It

. (VL L
Ax,(At,) = x,(At,) AL, = xu<2) > =% (3.1)
and
. . I, 1,
Ax,(At,) = x,(1)At, = ,(Ar) 2="% (3.2)

In other hand, since Az, = (1, —0,), )'cu:( 1111)1 1= and Ax,(Ar,) =
1,—0,)—0 "

ty

points of zo(0;, 0x), z(o,1y(11,0x) and z(o,1)(17, 1).

But
At,=1,—-0,= (1 L L 0 (3.3)
= 1; = 1; + ; .

(At,,)2 + ()'cl,)z, such that the triangle Az, 0,)2(1,.0,)2(1,,1,) €an be constructed by three

So we get that

Here

xX; —xo dx

(3.5)
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1t X[ —X1

0, 12 X1—Xo  dx
Xy = hm(%f(),)ﬂoﬁ = a0, (36 — 2)

.h 1, . X1 — X1 1, dx 1,
L —=)= 1 2L, —=)=(— 1, —— — 3.7
#(0-3) = i (3) - (@) (3) e 6o

1 X—Xo (1 dx (1

-0, t . 3 t t
‘(5 =0 )= lim =0 )=— (5-0 +(_— ) 3.8
K (2 ’) (h_'o,)ﬁog—o, (2 ’) drp, (2 ') TR (3.8)

2

(3.7) + (3.8)

dx 1, dx 1,
() (v=3) + =+ G (5-0) + () (3.9)

since At, = (0, — 1), X, = o liln)l Ogj]‘: and Ax, (A1) = 1/ (Ar)* + (&,)%, such that the

triangle Az, 1,)Z(0,,1,)2(0,,0,) can be constructed by three points of zo(1;, 1), 2(0,1)(0r, 1)
and z(o1)(0y, 0y).
Since

_ (o L L
At, =0, 1,_(0, 2>+<2 1,) (3.10)

. . . 1 1 L 1 (1
st =i =010 =4 ((03)+ (3-1)) =4(0-3) v 3 )

(3.11)
Here
X : Xo—x1  dx
0! ~ar 3.12
Xy (0,713)1%0 0,—1, dp, (3.12)
¥ w-w .
x . Y w )
Xy = (0 I_IL];HO 0,-'7’ - dt\lz—f - d[“z_f (313 1)
12
21, . XL —X] 4
N (1, 1111’31 0 l;—l, - 7);\1, (313 — 2)
27 )

R 1, . Xo — X1 1, dx 1,

0= ) = dim (0= ) =(— (0= —x 3.14

! (t 2) (o,lgrrr)lﬂoo,—;(’ 2) (dzpz_/)(’ 2)+("° xz) (3.14)
1 x1—x1 /1 dx 1

Tl = i 2 t = — Z_ 1 — .

x (2 1’) T Sy (2 1’) ar, (2 1,)+(x7 ) oG9

(3.14) + (3.15)

ol
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O[O AR I R

(3.8) + (3.16)

(i) (+=3) o0 (5,) (5-0) + (=) (5,) (- 3)
o= (G, G 1)+ o) = [(G) - (@)l G-v)
|G- G G0) 1) - @))(-3) - () - (@) (-3)

(3.17)

Here (Z’f\l ) — (%‘ 1 ) is the increment of the differential ‘fi—’t‘ fromt = h tot =1, and
2

dx . . . . dx _ _ I
(E\o, — (E‘l,> is the increment of the differential & from ¢ = 0; to t = 7.
This is mean that the triangle Az(k 12 (41,) 20101 can be constructed by the product
202 -
L

of the integration f )'cht and (1, —
1t

2

%). Similarly, the triangle Az, o, 02(k)3(k0,) Can
72

s

1, 1
be constructed by the product of the integration 7 i df and (1 ) Therefore, sum of
0
1 1
[xZ(l, ) +Xx '( Ot)} [xg (0 - L) + il (L - 1,)] is the area of two reangle,
one equals to the sum of a pair of triangles: Az, o D22 (%0,) + Az(l L‘)Z(o 1Y2(0,0.)
2972 279X 0] 'ty )

7
other equal to the sum of triangles Az(_, 1YZ( 1) 201 + AZ(k 192(1,4)20 . (Fig. 2).
272 200X 2772 13

C e 1 ) Z(1,1,)
2 B

Z(0,0,] O¢¥o (sz,()x) 1,

Fig. 2. Two triangles constructed by the product of the integration | _/dt and (1, — %)
7!
Since there is a right hand spiral can be produced by the pair of triangles, by which
a Clifford Geometric Product [1] can be induced too. In adding, because Ar, = 1, — O,
as the measurement unit of time is very arbitrary, this is mean that there is not only the
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invariances of the Contradiction Point under the scale transformation of unit, but also
an Entanglement between the pair of triangles, by which the opposite and unifying of
contradiction between the u and v can be represented, can be induced.

By the comparison and analysis of (3.1), (3.2), (3.3), (3.4), (3.5), (3.6-1), (3.6-2),
(3.12), (3.13-1), (3.13-2) and (3.17). It is found that the (3.17) is just a half of
(3.5) + (3.12), this means that by subdividing of [0, 1,}:[0,,%) U [%, 1,}, some of
interesting of mathematical construction, such as the Clifford Geometric Product,
Complex Analysis Function, and so on, could be produced by the position increment
Ax,(At) and Ax,(At) varies with time increment At, if adding matters m, and m, then
some of physical construction can be discussed in it.

It is need special to be point out that the scale of unit |Az,|=|1, — 0;| is reduced by
right spiral, but is expanded by left spiral, in the extreme, the entanglement between a
pair of triangles could be changed to be the quantum entanglement, but the expanding
of they could be conversed in to relative expanding.

Since Artificial Neural Unit is defined as a Inner Product, and an Attribute Grid
Computer Based Qualitative Mapping [2], such that a Qualitative Grid Computer based
Conjugate Entangled Manifold can be build in this Frame.

It is natural to ask what coordinate system is for expressing some invariant of
contradiction point under the transformation of time-spatial component? and how to
achieve it?

4 The Conjugate Entangled Coordinate System
for Contradiction Point

Let the line from O, to 1, be the time axis 7" for the time increment Az, and translate it
by %, then take the line of connecting x, and x,, X, as the space axis X*, that for the
position increment Ax, (At) variating with increment Az, and rotate it by 5, and get the
time space Cartesian Coordinate System Z" = T* x X". Then the coordinate of con-
tradiction point z;(#;,x;) in Z* = T* x X" can be noticed by following:

2tz xi) = 2 (l%,x%) (4.1)
Since the function of position increment of v, Ax, (Ar) = — % can be described in
Z" = T" x X" as the conjugate coordinate of z;(¢;,x,) noted by following:

_ 1,1
() =5 (3.-5) 42)

The formula (3.1) makes people believe that there is not necessary to set up a
special coordinate system for describing the function of position increment of v.

However, due to the reverse transmission of information “x,”” and “x,”, such that
not only a reciprocal convection between the two functions of position increment of u

and v, Ax,(Ar) and Ax, (Ar) can be arisen at the contradiction point z, (t%, x%> , by which

but also a series of oppositions, conflicts and struggles could be produced. Therefore, it
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is necessary to provide a Coordinate System for representing the transmission incre-
ment function of x,, Ax,(Ar) variating with time increment At.

Let the line from x, to x, be the space axis X", that for the position increment
Ax,(At,) variating with increment Az, and rotate it by —7, then take the segment from
1, to 0, be the time axis 7" for the time increment At, and translate it by % then take the
segment of connecting x, and x,, X,x, as, and get the space time Cartesian Coordinate
System Z" = X" x T".

They are integrated to be a coordinate system:
W=2"®Z =X"x (T"®X") x T, where (T" ® X") is the integration of T" and
X", in which the direction of 7% and X" are opposites each other, and they are entangled
each other in one, so it is called entanglement axis.

Let T be the time axis, and X the spatial axis, and Z = T x X the complex coor-
dinate system of time-spatial components, for (¢,x) € T x X, let x, =0, and x, = 1,
be the spatial positions of two opposite objects u and v, such that the distance
A(u,v) = 1, then “x,(=0,)” and “x,(=1,)” in Z=T x X, can be noted by
2u(t, %) = 2u(0;,0,) and z,(¢,x,) = z,(1;, 1), respectively, and x,(r) =1, and
X,(t) = —1,), the transmitting velocity of position information “x, =0,” and
’, respectively, and the function of position information of “x, = 0,” and
> varying with ¢ can be noted by x,(7) and x,(¢) as following:

{x“(t) = (4.3)

x,(1) = Xt

“xv lx’
“-xv lx’

It is shown a conjugate complex coordinate system can be got by two transfor-
mations as following: (1) Take time as first axis of the systems, and translates it by

t=— 12’; (2) Take space as the second axis of the system, and rotates it by 0 =7, (or
(1°) Take space as first axis of the systems, and translates it by x = — %; (2’) Take time
as the second axis of the system, and rotates it by ¢ = 7,) can be noted by following:

u __ L
{’u‘t. 2 (4.4)

It is obvious that a new Coordinate System can be got by (4.4), noted by
Z =T x X, and the position x,(¢) and x,(t) at t € T and x € X in the coordinate
Z =T x X can be represented by a pair of conjugate complex numbers as follow:

zu(t, %) = t+ix,(¢) and 7, (¢, —x,) =t — ix,(¢). When time ¢ equal to the meeting time

equql to t; = %, and two transmitted distances of the position information x} (%) = %

and x}, (%) = —17* as shown in Fig. 3.
Because the two couple of time and position z;(t;,x}(%)) =z;(%,%) and
Zi(t;,,xé(%)) :Z;N(%,—l—z*) can be represented, by a pair of conjugate complex

k4 (% ,17) and z; (g ,— 17), in Time-Spatial Complex Coordinate System Z = T X X, and

the time and space coordinates of the contradiction point are equal to the sum and

difference of a pair of conjugate complex z;(%,%) and z; (¥, — %), respectively, as
well as in space-time coordinate, z; (17* , %) k43 (17*, — %) € Z*, here Z* = X* x T* is the
space-time coordinate system, as shown in Fig. 3.
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w000 ¢ 2= 5,0 w(F5) =200 w(03,09) = 2(+3,0;

(@) Conjugate-Analytic coordinate System W =T x X' (b) Conjugate-Analytic coordinate System. W*=X'x T

Fig. 3. The conjugate coordinate system. (1) Translatting ¢ = —% for the time axis of systems;
(1’) Translatting t = — % for the spatial axis of systems; (2) Spining of 0 =  for the spatial axis;
(2’) Spining of 0 = Z for the time axis

Let w be the transformation fromZ =T x X to W(|W|,E),w: Z — W = T" x X",
such that for w(*,x*) = z(t — % ,x) € Z =T x X, we have:

w(t, x") = z<t ) ,x) (4.5)
Then the Coordinate of the origin point in W = T x X" is
1
w(0F,0) = z<—§t,0x> (4.6)
The coordinate of the contradiction point in W = T" x X" is

u u lx
W%(t%,x%) == Z% 0[,? (47)

Let W(|W|, E) be the polar coordinate of contradiction point in the polar coordinate

system W(|W|,E) can be written as a wave function formal as follow: as shown in
Fig. 4(a).

Fig. 4. Conjugate entangled coordinate system of contradiction point
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W, x") = \W|ei6 = |W|(cos0 + isin0) (4.8)

Let the interval [x,, x,| be the segment connected the two objects u and v, x,(f) =
X,t and x,(f) = X, the position of informations x, and x, at 7, then for the two velocities

X, and x,, there is a rate i:*fﬁx, such that for Vi:*’ﬁx € [0,1],

3z;(t1,x1) € [xy,x,]. When x, = &,, A = % a (t%,x%> is here contradiction point, so its

coordinate in W = T" x X" can be noticed by
L
Wi:% (tgvxg) = Z},:% (Oh 3) (49>

Let w* be the transforposition from Z =7 x X to W* =T" x X" = W*(|W*|,E")
W =T" x X" to, w* : W — W* such that for

T ) eX x T, {f - ’l“ 3 (4.10)
=i
we have:
1y
wH(x", ") =7 (X_E’t) (4.11)

Y l_l iflt_l'
A_<2, 2) (t—20 21) (4.12)

Since the sum of z;(#;,x;) and its conjugate Z,(¢;,x;) and the difference of and the
difference of zj(x;,1;) and its conjugate equal to the time component and space
component of contradictory point z;(¢1,x;) +Zi(t1,x;) =1, and  Z(x;, 1) —

Zi(x, 1) = x;, respectively. If let w(z;,2;) = zi(th,x;) +Z:(ts,x;,) =, and

w* (zj,zj) =zi(x, 1) —Z(x, 1) =x;, and  Y(w,w) = % (w—iw*) = %(u —ix;),

then the integration for y(w,w*) from 2 =0 to A=1, and the inner product of

Y(w,w*) and its time component ¥/,, ¥ (w,w*).}f, can be gotten an out product of
W (w,w*) and its space component V., ¥ (w, w*) A, and a Geometric Product can be
induced by the sum of y(w, w*).\f, + y(w, w*) A y,.

w(ty,x") +iw* (#,x;) = % [(0,,1,) + (0%, 1%)] — %i[(o’, 1) — (0, 1,)] (4.13)
And
() (o) = [0+ 0] L0 0un] @)

1 t)
w(z;,2;) = 3 [2(t,x2) +2:(1, ;)] = EA
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Formule show us this is a Conjugate Coordinate in which the coordinate of con-

tradiction point is
* lx 1t % 11‘
W/l:% <E ,E) = Z% (Ox,§> (415)

It is shown from the above discussion that the time and space positions of the
contradiction point z, can be coordinated by two coordinate (4.9) and (4.15) in two

complex coordinate system, respectively (Fig. 5).

it =1 henizy (t%,x%) = i(r(,ttr")///

2l = ey el ozt = 2,

21,
. A 4y (e =128
10> xt = a4 ) {zx‘(:—zx,)

Fig. 5. Conjugate-Entangled invariant of contradiction point in synthesis of complex coordinate
H=ZQZ'=(TxX)®@ X xT)
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Abstract. Wikipedia provides rich semantic features e.g., text, link,
and category structure. These features can be used to compute seman-
tic similarity (SS) between words or concepts. However, some existing
Wikipedia-based SS methods either rely on a single feature or do not
incorporate the underlying statistics of different features. We propose
novel vector representations of Wikipedia concepts by integrating their
multiple semantic features. We utilize the available statistics of these fea-
tures in Wikipedia to compute their weights. These weights signify the
contribution of each feature in similarity evaluation according to its level
of importance. The experimental evaluation shows that our new methods
obtain better results on SS datasets in comparison with state-of-the-art
SS methods.

Keywords: Semantic similarity - IC -+ tfidf - Vector representation

1 Introduction

Semantic similarity (SS) assessment between words or concepts is a critical issue
in natural language processing. The semantic features of Wikipedia concepts
(e.g., article title, text, hyperlinks, and categories) have encouraged several
researchers to develop word similarity methods. These different features com-
plement each other in expressing a particular Wikipedia concept, e.g., the title
represents a single concept, the article text narrates the subject matter, the
hyperlinks give the related articles, and categories categorize the article. More-
over, the underlying statistics of these features can be also be exploited for
weight computation. But some of the Wikipedia-based methods [4-6] either rely
on a single feature or ignore the important statistical details of these features.
In this paper, we propose a novel vector representation of a Wikipedia concept
by combining multiple features. The entries of a vector are the assigned weights
of the features computed using information content (IC) [11] and #fidf weight-
ing schemes. The weights of the features will reflect their level of importance in
similarity evaluation while multiple features will enhance the semantics of a con-
cept. The rest of the paper is organized as: In Sect. 2, we present our methods.
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In Sect. 3, the detail about the experiment and evaluation criteria is provided.
In Sect. 4, we present the result of our methods. Section5 provides the related
work on Wikipedia-based similarity measures. Section 6 concludes the paper.

2 Proposed Methods

Wikipedia is the largest freely available encyclopedic knowledge resource. It cov-
ers more than five million articles in various domains of life. Each of these arti-
cles describes its corresponding concept. In this paper we will refer a Wikipedia
article as “concept”, which comprises on multiple features such as title, text (or
words), hyperlinks (or links) and categories etc. In order to represent a Wikipedia
concept as a concept vector, we propose following weighting methods to compute
the weights of the features.

2.1 Measurement of the Weights of the Features

The IC-based method to compute the weights of the links and categories in
Wikipedia is defined as:

Definition 1 (IC of features). Let f; be a feature (link or category) of a
Wikipedia concept, Fr(f;) be its frequency and N is the total number of Wikipedia
concepts. Then, the IC of the feature f; is computed as:

1 _ _ Fr(fi)
Bpy) = oo P(f)) = —loa( <), 1)

where P(f;) = % is the probability of the feature f;.

The tfidf (term frequency (tf) and inverse document frequency (idf)) is
widely used to compute the weights of words in a corpus. These weights quan-
tify the strength of association between words and concepts [2]. We use tfidf
weighting metric to compute the weights of the words appearing in the gloss of
a Wikipedia concept. We first convert a gloss into a set of individual words (we
remove all the stop words, special characters and numbers). The weights of the
words can be computed as:

IC(fi) = log (

Definition 2 (tfidf weight of gloss words). Let w; be a word in a gloss G
of a Wikipedia concept. The tfidf weight of w; is computed as:

tfidf (wi, G) = tf(wi, G) x log(m), (2)

where ¢ f(w;, G) is the term frequency of ith word in gloss G, G, is the number
of glosses (document frequency) in Wikipedia that contain the word w; and N
is the total number of Wikipedia concepts.

Wikipedia Category Graph (WCG) is considered as a very large semantic
network, where categories are organized via semantic relationships (hypernymy
(hypers) and hyponymy) (hypos). These semantic relationships can be used in
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similarity computation [4,5]. In Wikipedia some similar concepts don’t have
common categories but some of their categories do have common hypers in WCG.
The intuitive idea is that two concepts will be more similar if their categories have
common hypers as well. However, the huge size of WCG poses two challenges, i.e.,
large search space and strongly connected upper regions [5]. Therefore, instead
of traversing whole WCG, researchers preferred to restrict the search space to a
limited depth [4,5]. In this paper, we also extract the hypers of a category c in its
limited search space (k — neighborhood of ¢). Intuitively, the k — neighborhood
is a subgraph, i.e., it is the set of all the categories that can be traversed from
hypers and hypos of the category ¢ via at most k edges [5]. The weight of hypers
is computed with Eq. 1.

2.2 Vector Construction

Definition 3 (Features vector). Let con be a Wikipedia concept and wy, 1y, ¢,
and hg be its gloss words, links, categories and hypers respectively. Let t fidfweight
(Eq. 2) be the weight of words and ICyeight (Eq. 1) be the weights of links, cate-
gories and hypers. The features vectors are defined as:

Vw = (tfidfweight ('wl)v tfidfweight (U/Z)v ceey tfidfweight (wp))a

v = (—[Cweight(ll)a IOweight (12)7 ceey Icweight(lq))y (3)
Ve = (Icweight (Cl)a Icweight (Cz), ceey ICweight (Cr))a

Vp = (Icweight (hl)a Icweight (hg), ceny Ic’weight (hb)) .

we propose three novel representations of the Wikipedia concept as a concept
vector, e.g., (1) GLCcon, (2) GLH_ oy, and (3) hyperscon

Definition 4 (Concept vector). Let con be a Wikipedia concept and v, vy,
V¢, and vy, be its features vectors. The concept vectors of con are:

GLCcon = Vy; 2 vy, b Ve,
GLHcon = Vuw; S vy, S2) Vh, s (4)
h'ypercon = Uh;,

where @ represents the concatenation of different features vectors.

2.3 Semantic Similarity Computation

Definition 5 (Semantic similarity). Let con; be a pair of Wikipedia concepts,
and GLCcon;, GLH¢op,, and hypercon, be its concept vectors respectively.
The similarity between two vectors is defined as:

Simq (cony, cong) = cosine(GLC copn,, GLC con, ),
Sima(cony, cong) = cosine(GLH copn,, GLH .0y,), (5)

Sims(cony, cony) = cosine(hyper,,, ,hyper.,,.).

Figure 1 illustrates the similarity computation between con; and cons using
GLC.,, concept vector. The elements of each vector are the weights of the
features of corresponding concepts. To give more importance to the common
words between two concept vectors, we will use the maximum ¢ fidfyeign: for
that particular word in both the concept vectors [12].
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v Y, v,
v -
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N\ N\ N\
rword‘ word, = - word, an‘ link, - link, rcap cat, - cat,

GLC...[000 [601] - |0.00|09my|€B|05.m|cz.54| - |06§1|@|1107| 000] - Josss oo
GLC.,.[0001] 000 - [7:32]0011]B[ 0000254 - Joe31]D[r1.07]oss8] - |0.00|—>|+l st
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Wikipedia

Fig. 1. GLC ., concept vector of Wikipedia concept pair.

3 Evaluation

We implement our approach using a Wikipedia snapshot as of December, 2018.
We use Java Wikipedia Library to extract Wikipedia features, e.g., articles, cat-
egories and link structure. We remove the stop words, rare words and hyperlinks.
To improve the efficiency of our approach, we compute the weights of the features
offline. For k — neighborhood we get the optimal results with k& = 4.

3.1 Datasets and Evaluation Metric

We use the Pearson correlation coefficient metric to analyze the accuracy of our
SS approaches on RG65 [10], MC30 [8], WS203 [1], and SimLex [3] benchmarks.
We normalize the similarity judgment scales of different datasets in the range
of [0,1]. Some of the terms in above benchmarks are ambiguous in Wikipedia,
i.e., Wikipedia may have more than one articles for a term, e.g., minister, agony,
journey, or crane etc. We adopted a simple strategy to disambiguate such con-
cepts, i.e., we compute SS between all the associated ambiguous concepts using
SS method Simsy and select the concept pair with highest SS score [9].

3.2 Comparison Systems

We compare our approaches with following well-known SS methods: the first sys-
tem is wpath, it has two methods wpathgrapn and wpatheorpus [13]. The meth-
ods measure the semantic similarity between the concepts in Knowledge Graphs
(KGs) such as WordNet and DBpedia. However, in this paper we implemented
wpath methods in WCG. The second system is Word2Vec [7], where a neural
network is used to learn continuous representations of word embedding. The
third system is ESA [2] that represents the meaning of texts as high-dimensional
weighted vectors of Wikipedia-based concepts. Finally, we select three methods
from our previous works, SimFouce, [6] and SimSeceo, and SimSeceq: [9]. We
implement all the comparison systems on the same Wikipedia version.

4 Results and Discussion

Table 1 shows the Pearson correlation performance of our methods and compar-
ison systems on gold standard SS benchmarks. As we can see, both Sim; and
Simso achieve good results on all the benchmarks. Simsy performs better than
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Table 1. Pearson correlation coefficient of proposed and comparison methods

Methods MC30 | RG65 | WS203 | SimLex
Simy 0.874 10.852 |0.719 |0.514
Sima 0.885 | 0.868 | 0.749 |0.515
Sims 0.793 10.829 | 0.651 |0.416

wpath(corpus) | 0.514 0.781 |0.482 | 0.356
wpath(graph) |0.582 |0.824 |0.508 |0.381
SimE oucon 0.824 |0.811 | 0.647 |0.449
SimSeccon 0.845 |0.827 |0.712 |-

SimSeccar 0.842 |0.836 |0.686 |—
Word2Vec 0.833 |0.853 |0.763 |0.458
ESA 0.577 |0.563 |0.423 |0.159

Simy. The reason is that combining hypers of the categories with other features
(gloss words and links) yields a better semantic representation of a Wikipedia
concept. It is because the concept pair will be more similar if their categories
have common hypers even though they don’t have a set of common categories.
Our best method Sims outperforms all the comparison methods on all MC30,
RG65, SimLex. On benchmark WS203, Word2vec obtains the best correlation
while Sims shows the second best performance. All of our methods and other
comparison methods relatively under-perform on SimLex as compared to other
benchmarks. It is because in SimLex dataset the antonym pairs are rated dis-
similar. While in KRs antonyms have a high degree of similarity.

5 Related Work

Jiang et al. [5] proposed IC-based measures by treating WCG as a large seman-
tic ontology. However, in these methods other Wikipedia features like text and
hyperlinks are not considered. Moreover, due to multiple inheritance in WCG,
it is difficult to identify a single least common subsumer of two comparing cate-
gories [4]. Hussain et al. [4] proposed SS methods using multiple inheritance fea-
ture in WCG. However, the limitation of their methods is that they also do not
consider the semantic details of other Wikipedia features. Qu et al. [9] proposed
a series of hybrid SS methods, they combine text and categories to compute
SS of Wikipedia concepts. Their methods require fine tuning of five weighting
parameters to balance the contribution of each feature w.r.t Wikipedia versions
and benchmarks. This hampers their applicability as a general-purpose solution
in Wikipedia. In contrast, our approaches combines different Wikipedia features
to construct a concept vector. OQur approaches do not require any parameter
tuning. Finally the results of our methods show better performance in term of
correlation with human judgment.
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6 Conclusion

We represent Wikipedia concept as a concept vector by integrating multiple
Wikipedia features and their statistics. We use IC and tfidf weights for the
features. Our methods obtain show better performance on gold standard bench-
marks in comparison with other SS methods. Especially the method Sims proved
to be more robust on all the benchmarks. The empirical evaluation shows that
the integration of multiple weighted features improves the similarity assessment
between concepts.
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Abstract. This work presents AdaptiveSGA, a model for implementing
Dynamic Difficulty Scaling through Adaptive Game Al via the Symbiotic Game
Agent framework. The use of Dynamic Difficulty Balancing in modern com-
puter games is useful when looking to improve the entertainment value of a
game. Moreover, the Symbiotic Game Agent, as a framework, provides flexi-
bility and robustness as a design principle for game agents. The work presented
here leverages both the advantages of Adaptive Game Al and Symbiotic Game
Agents to implement a robust, efficient and testable model for game difficulty
scaling. The model is discussed in detail and is compared to the original
Symbiotic Game Agent architecture. Finally, the paper describes how it was
applied in simulated soccer. Finally, experimental results, which show that
Dynamic Difficulty Balancing was achieved, are briefly analyzed.

Keywords: Dynamic Difficulty Balancing - Adaptive Game Al - Intelligent
Agent Design - Symbiotic Game Agents

1 Introduction

Players interact with computer games uniquely and are, therefore, most likely to pursue
unique strategies in order to win. This means that non-player characters (NPC) expe-
rience each player differently [1]. This phenomenon is foundational to the realisation of
Adaptive Game Atrtificial Intelligence (AGAI): game Al that can change its behaviour
based on the player’s behaviour [2]. AGAI has a chance of providing entertainment to
players. This adds more value to a game than static game Al since the value of a
computer game is directly related to its level of entertainment [3, 4].

Dynamic Difficulty Balancing (DDB), on the other hand, refers to the act of
automatically adapting the challenge the game presents to the player depending on the
player’s proficiency [5, 6]. This technique may help accommodate players with dif-
ferent playing abilities [7]. In addition, DDB aims to achieve an even game between the
game Al and the human player. An even game is one where the difference between the
number of wins and losses for each agent is relatively small [2, 4]. Furthermore,
research done by Hagelback and Johansson [8] has shown that players First Person
Shooter games enjoyed an even game more than one static difficulty.

In order to achieve successful DDB, the following three requirements must be met
[9]: (1) the game should be quick in classifying and adapting itself to the player’s

© IFIP International Federation for Information Processing 2020
Published by Springer Nature Switzerland AG 2020

Z. Shi et al. (Eds.): ITP 2020, IFIP AICT 581, pp. 107-117, 2020.
https://doi.org/10.1007/978-3-030-46931-3_11


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-46931-3_11&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-46931-3_11&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-46931-3_11&amp;domain=pdf
https://doi.org/10.1007/978-3-030-46931-3_11

108 S. P. Sithungu and E. M. Ehlers

proficiency, (2) efficient in identifying improvements and lapses in the player’s per-
formance and (3) adapting itself in a believable way.

Game Al may be implemented in various ways as an NPC controller. A natural
approach to implementing an Al-based NPC controller is the use of an intelligent agent
[10]. An agent typically has three main components: (1) perception, (2) decision-
making and (3) action. A game agent architecture essentially follows the same con-
vention. Therefore, the choice of the intelligent agent architecture to be used is critical
to the success of a game. This work proposes the use of the Symbiotic Game Agent
(SGA) architecture to achieve DDB.

SGA is a special kind of multi-agent system based on biological symbiosis [11],
which is the formation of persistent relationships among candidates of different species.
Symbiosis can be observed across a broad spectrum of animal and plant life on earth
and is more potent than lateral gene transfer — a transferal of traits that may occur
between different species. This is because symbiotic relationships between two entities
may result in a more genetically, biochemically and behaviorally complex organism
[12].

The rest of the paper is organized as follows: Sect. 2 is the problem background.
Section 3 provides a literature review of similar works. Section 4 presents the model -
AdaptiveSGA. Section 5 presents the experiment setup. Finally, Sect. 6 discusses
experimental results, and Sect. 7 concludes the paper.

2 Problem Background

The problem this works aims to solve is designing an SGA-based model for efficiently
performing AGAI-based DDB. Game Al that is adaptive alleviates the shortcomings of
traditional game Al by allowing for the creation of NPCs that can effectively react to
changing situations in unpredictable ways [3]. An essential part of DDB is measuring
how challenging the player is finding a game to be at a given moment. This can be done
by defining a challenge function [9] that maps the player’s performance to a suitable
difficulty level.

It is important to note that AGAI is not a requirement for DDB. DDB can be
achieved in various ways and has been implemented in games without the use of
AGAIL One common approach is to continuously modify game parameters (e.g.
opponent health, the time provided to complete a task, game speed, etc.) to change the
difficulty of a game. Although this approach may work, it does not solve the problem of
making game Al adaptive in terms of behaviour [2]. The work presented here aims to
achieve DDB through AGAL

DDB is a worthwhile goal to achieve because it supports the concept of designing
weak Al (i.e. Al that behaves reasonably intelligent to players) for games, as opposed to
strong Al (i.e. Al that always makes the correct, desirable or optimal decisions and
potentially surpassing human cognition).
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3 Literature Review

3.1 Dynamic Difficulty Scaling Through Adaptive Game Al

Tan et al. [1] proposed two algorithms to achieve DDB through adaptive, behaviour-
based AI: Adaptive Uni-Chromosome Controller (AUC) and Adaptive Duo-
Chromosome Controller (ADC). Both AUC and ADC were behaviour-based con-
trollers and were defined in terms of 7 possible behaviour states which were encoded as
a chromosome vector. Each element of the vector stored a real number indicating the
probability of that behaviour being activated.

Experimental results showed that the AUC and ADC controllers both achieved
DDB by maintaining an even game against static controllers through 5000 game
instances for each experiment. Moreover, both algorithms were able to achieve a score
difference of 4 or lower for 70.22% of the time [1].

Spronck et al. [4] also proposed the use of AGAI to achieve DDB. Their method
utilized dynamic scripting [3] to generate new opponent strategies (AGAI) while also
scaling the difficulty level of game AI (DDB). Three approaches were used to achieve
this: (1) high fitness penalizing, (2) weight clipping and (3) top culling, which was the
highest performing approach.

3.2 Dynamic Difficulty Balancing Through Symbiotic Game Agents

Obodoekwe et al. [13] proposed the use of SGA to perform DDB in a serious game in
order to maintain player immersion. Facial expression analysis was used to classify the
expression on the player’s face, and this information determined how the difficulty of
the game would be adjusted.

The task of the facial expression recogniser was to continuously analyse the
player’s facial expression and compare it to the following basic expressions: anger,
sadness, surprise, disgust, happiness and fear. The information on the player’s emotion
and duration was then passed to the play classifier, which modified the game’s diffi-
culty accordingly.

After a given time interval, the player’s emotion and difficulty level were matched
up with the player’s score. A fitness value was then assigned to the emotion, difficulty
and score combination, and a genetic algorithm was used to optimise the choice of
difficulty for a given facial expression. This method performed well as it resulted in the
overall increase in player scores over long periods of time [13].

4 AdaptiveSGA

The work presented here aims to achieve AGAI-based DDB through the SGA model.
Although DDB has been implemented by Obodoekwe et al. through SGA [13], the
paper did not mention the use of AGAI to achieve it. DDB was achieved by modifying
two parameters: game speed and question difficulty. This does not necessarily change
the game AI’s behaviour. Moreover, the use of computer vision involves recording the
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player’s face and surroundings. Some players might not be comfortable with this
approach from a privacy perspective.

The discussed approaches proposed by Spronck et al. and Tan et al. used AGAI to
achieve DDB through dynamic scripting and adaptive controllers (AUC and ADC),
respectively. However, the work presented here seeks to achieve DDB using SGA
(Please refer to Fig. 1) due to the flexibility offered by this architecture.

Intelligent Game Agents

Symbiotic Game Agents Dynamic Difficulty Balancing Adaptive Game A.l.

Adaptive Al-based Dynamic Difficulty Balancing via Symbiotic Game Agents

Fig. 1. A flow diagram indicating how the different concepts discussed thus far are used to
realise the proposed model.

By using SGA, for example, one can swap symbiont agents without having to take
their architecture into consideration. In addition, the swapping of agents may happen in
real-time, without having to suspend gameplay. Cotterrell et al. performed this using a
control symbiont agent. Please refer to Fig. 2 for the original SGA model by Cotterrell
et al. [11].

/ CGommunication Mebrane Symbiont Environm
NPC Agent

Shared Memory

Sensors [

Acuators

<:

Symbiont AgentA

Symbiont Agent B

Control Symbiont Agent

Symbiont Agent C

Qame Environment

Fig. 2. The initial SGA model. Proposed by Cotterrell et al. Image adapted from [11].

The control symbiont agent is essentially an added agent with the purpose of
facilitating communication among the various symbiont agents. In order to alleviate
this issue, this work proposes an SGA model that does not make use of a control



Adaptive Game Al-Based Dynamic Difficulty Scaling 111

symbiont agent. This is achieved by placing more responsibility on the communication
membrane. Figure 3 illustrates the proposed SGA model without a control symbiont
agent.

/ Communication Membrane Symblont Enviw"meh

NPC Agent

Perceive I l
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Execution Agent

\Game Environment
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E
Shared Memory

Game State
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Classification Agent

Decision-Making Agent

/

Fig. 3. The AdaptiveSGA model for achieving DDB through AGAI

Game Environment. This is where the NPC agent interacts with the game’s elements
and other NPCs. Every action that the NPC performs affects the game environment
accordingly. For games with dynamic environments, the environment, as well as the
entities inside it, have the potential of changing the state of the NPC even if the NPC is
idle.

Symbiont Environment. This environment is separated from the game environment
by the communication membrane. Events that occur in the game environment cannot
directly affect the symbiont environment. Symbiont agents interact with the commu-
nication membrane the shared memory within the symbiont environment.

Communication Membrane. Information about the game state is sent to the symbiont
environment via the communication membrane. Furthermore, the communication
membrane acts as a filter which allows only certain information to flow from the game
environment into the symbiont environment and vice-versa.

4.1 NPC Agent and Symbiont Agents

The NPC Agent is the symbiotic agent and serves as the NPC controller. The NPC
agent’s internal workings are enabled by a multi-agent system of symbiont agents. The
symbiont agents only interact with the communication membrane and shared memory.

Perception Agent. The role of the perception agent is to maintain a percept history in
the shared memory for later use by the classification agent. This agent has the
autonomy to decide in what format the data should be stored.
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Decision-Making Agent. The decision-making agent is only responsible for decisions
that the NPC makes in the game environment. Decisions relating to the symbiont
environment are made by the communication membrane in conjunction with the
classification agent. The decision-making agent typically makes use of algorithms such
as finite-state machines, decision trees, behaviour trees, etc. to help the NPC make
appropriate decisions in the game environment.

Execution Agent. The execution agent’s task is to process decisions made by the
decision-making agent and translate them into literal actions. The reason for having two
separate symbiont agents for decision-making and execution is to separate decision-
making models from code that translates a decision to low-level actions. This provides
flexibility because, in some cases, it may be unnecessary to replace a decision-making
symbiont agent simply to modify the efficiency with which actions are executed.

Classification Agent. The task of the classification agent is to continuously analyse
the historical data stored in shared memory in order to classify the player’s current
proficiency. Classifying proficiency helps in choosing the right difficulty for future
game instances.

5 Experimental Setup

5.1 Prototype

In order to test the applicability and feasibility of the model, we applied it to the
problem of achieving DDB in simulated soccer. The soccer game application was
designed using the Java programming language, and a screenshot of it is shown in
Fig. 4. The team in yellow is controlled by a static game Al while the team in blue is
controlled by AGAI-based SGA. Some of the rules of real-world soccer were excluded
in this prototype because they do not significantly contribute to the aim of this research.

Fig. 4. Simulated soccer. The team in yellow is controlled by a static game Al while the team in
blue is controlled by AGAI-based SGA. (Color figure online)
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As such, goalkeepers were excluded from the game. The offside rule does not apply.
When the ball leaves the pitch, it is placed at the centre of the pitch, and the game
continues. Each match (game instance) was 1 min 20 s with each update cycle occurring
every 80 ms. This resulted in each match lasting 1000 time steps. It should be noted that
all real-world soccer rules can be incorporated into the prototype, although the problem
that is being addressed by this work does not depend on their presence.

There were 8 available conditions an NPC could evaluate at any point during the
game: (1) Opponent’s goals close? (2) Own goals close? (3) Teammate has the ball?
(4) Opponent has the ball? (5) Do I have the ball? (6) Am I close to a teammate?
(7) Teammate ahead? (8) Am I close to the ball?

There were 7 available states for an NPC to transition to at any point during the
game: (1) Shoot, (2) Pass the ball to a teammate ahead, (3) Pass the ball to the closest
teammate, (4) Make an attacking run, (5) Make a defensive run, (6) Chase the ball, or
(7) Dribble.

5.2 Achieving DDB Through AGAI

Static Game AI Implementation. As mention in Subsect. 5.1, the yellow team was
controlled by a static game Al which did not use SGA to control the NPCs. The static
game Al object made use of a finite-state machine (FSM) to make decisions and it
executed the decisions itself. The FSM used by the static game Al followed the design
depicted in Fig. 5.

Fig. 5. FSM used by the static game Al to control the yellow team. (Color figure online)

Adaptive Game AI Implementation. The blue team was controlled by the AGAI-
based SGA controller. In order to achieve AGAI, we leveraged the flexibility that SGA
brings as an agent design principle: the ability to swap in and out symbiont agents
during the execution of the game without interruption. Three difficulty settings were
implemented: EASY, MEDIUM and HARD. The classification symbiont agent was
responsible for predicting an appropriate difficulty setting.
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The rules for choosing a difficulty setting were inspired by the concept of achieving an
even game with the static game Al. The even-game approach is the same approach that
was followed by Spronck et al. [4] and Tan et al. [1]. Therefore, the primary goal of the
classification symbiont agent was to ensure that the adaptive team achieved an even
game with the static team.

At the end of every match, the communication membrane provided the classifi-
cation symbiont agent with the match result and the current difficulty setting. Upon
predicting the next appropriate difficulty setting, the classification agent provided the
new difficulty setting to the communication membrane. The communication membrane
would then swap decision-making agents accordingly in order to scale the difficulty of
the game (Please refer to Fig. 6).

@munimhon Membrane

Game State

BasicDecisionMakingAgent

IntermediateDecisionMakingAgent
Shared Memory

AdvancodDocisionMakingAgent

Perception Agent
Classification Agent

Action

Execution Agent

Decision-Making Agent

e /

Fig. 6. An illustration of how the swapping of decision-making symbiont agents is performed
by the communication membrane.

Three decision-making symbiont agents designed for this game: (1) BasicDeci-
sionMakingAgent, (2) IntermediateDecisionMakingAgent and (3) AdvancedDeci-
sionMakingAgent. Each decision-making symbiont agent used a different algorithm to
reach decisions.

The BasicDecisionMakingAgent and IntermediateDecisionMakingAgent used FSMs
of different logical structure and complexity. The AdvancedDecisionMakingAgent made
use of a decision tree. Each decision made by the decision-making symbiont agent during
the game was passed to the communication membrane, which further passed it as a
percept to the execution symbiont agent, which determined the final action to be taken
by the respective NPC. At the end of every match, the perception agent was responsible
for storing the following match-related data in persistent storage for later analysis:
(1) difficulty setting, (2) yellow team’s score and (3) blue team’s score.

6 Experimental Results

In order to test the ability of the SGA model to achieve AGAI-based DDB, we sim-
ulated 100 matches between the static game Al (yellow team) and the adaptive game Al
(blue team). The aim of collecting this data was to determine if the blue team could
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achieve an even game with the yellow team over 100 matches. We used Eq. (1) [1] to
measure how evenly matched the two teams were based on the results of each of the
100 matches.

_ (1)

where W is the number of wins by the blue team, L is the number of losses by the blue
team and #n is the number of matches, and D is the number of draws. According to a
survey performed by Tan et al., players deem a large number of draws as more
frustrating than. Therefore, having achieved an even game, it is also desirable to
achieve a small number of draws. Moreover, a relatively high score difference between
the two teams signifies an entertaining game [1].

6.1 Achieving an Even Game

Please refer to Fig. 7 for the trend in difficulty adjustment throughout the 100 matches.
For most of the matches, the difficulty transitioned between EASY and MEDIUM. 1t
was only in match 12 and 24 that the AdvancedDecisionMakingAgent (i.e. HARD
difficulty) had to be swapped in order to maintain an even game.

With regards to achieving an even game, we defined the threshold for an uneven
game as |W — L| = 0.1 % n. Therefore, if the difference between wins and losses
exceeds 10% of the total games, we declared the encounter as uneven. The number of
wins for the blue team was 35 (W = 35) while the number of losses was also
35 (L = 35), which means that |[W — L| = 0. This means that the adaptive game Al was
able to achieve an even game against the static game Al

Game Instance vs Difficulty
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Fig. 7. A line graph depicting how the difficulty was adjusted at each game instance (match).

6.2 Achieving Entertainment Value

With regards to the number of draws, we defined the requirement for a non-frustrating
game as D <0.1 * n, which is 10% of the total games. The total number of draws was
30 (D = 30), which amounts to 30% of the total number of games. The adaptive game
Al can be improved, in this aspect, so that the encounter causes the least amount of
frustration for the opponent.
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When looking at the score-difference history (Please see Fig. 8), we can see that
87% of all drawn matches took place within the first 50 matches. This means that the
game was less frustrating in the final 50 matches. Therefore, there is definitely room for
improvement. Finally, in terms of score difference - which we translated into goal
difference for a soccer game - the adaptive game Al achieved a fairly entertaining game
with the goal difference between the two teams being 47. This is a promising result.

Game Instance vs Score Difference
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Fig. 8. A line graph depicting the score difference for each match (game instance) for all 100
matches.

7 Conclusion

The aim of this work was to achieve DDB through AGAI by making use of SGA
architecture. According to experimental results, DDB was indeed achieved when using
the even-game approach as a performance measure. However, there is still room for
improvement with regards to reducing the level of frustration by further minimizing the
number of draws. One approach may be to use a goal-based classification agent that
incorporates historical data in its predictions.

The advantage of the presented model is that it requires no training phase. However,
there is still the limitation that, once the adaptive game Al faces an opponent that is
stronger than the AdvancedDecisionMakingAgent, there is no way to dynamically
improve the AdvancedDecisionMakingAgent in real-time. This is similar to the problem
faced by Tan et al.’s method in the sense that the adaptive controllers cannot learn. Once
a player is as good as the controller’s full potential, DDB will no longer be achievable.
Future work will focus on the use of machine learning approaches to enable decision-
making symbiont agents that can learn useful behavioural traits from opponents.
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Abstract. Vector representations learning (also known as embeddings) for
users (items) are at the core of modern recommendation systems. Existing works
usually map users and items to low-dimensional space to predict user prefer-
ences for items and describe pre-existing features (such as ID) of users (or items)
to obtain the embedding of the user (or item). However, we argue that such
methods neglect the dual role of users, side information of users and items (e.g.,
dual citation relationship of authors, authoritativeness of authors and papers)
when recommendation is performed for scientific paper. As such, the resulting
representations may be insufficient to predict optimal author citations.

In this paper, we contribute a new model named scientific paper recom-
mendation using Author’s Dual Role Citation Relationship (ADRCR) to capture
authors’ citation relationship. Our model incorporates the reference relation
between author and author, the citation relationship between author and paper,
and the authoritativeness of authors and papers into a unified framework. In
particular, our model predicts author citation relationship in each specific class.
Experiments on the DBLP dataset demonstrate that ADRCR outperforms state-
of-the-art recommendation methods. Further analysis shows that modeling the
author’s dual role is particularly helpful for providing recommendation for
sparse users that have very few interactions.

Keywords: Matrix factorization * Dual role - Citation relationship *
Authoritativeness - Clustering

1 Introduction

With the continuous development of information technology, scientific social networks
have become the fastest and most suitable way for researchers to communicate with
each other. However, as a growing numbers of scientific papers are shared in scientific
social networks, which makes it difficult for researchers to locate the papers they are
interested in from a large number of scientific papers. Therefore, how to recommend
scientific papers of interest to researchers in social networks has become a hot research
topic. Essentially, recommender system [1] provides suggestions of items that may
interest to users. At present, scientific paper recommendation methods can be divided
into two categories: content-based recommendation [2] and collaborative filtering [3].
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In the content-based recommendation method, researchers usually apply the title,
abstract and keywords of scientific papers to generate the recommendation. Collabo-
rative Filtering is a technique widely adapted in recommendation systems which
assesses items (in this case papers) according to the former users-items interactions [4].
In this recommendation method, the researchers obtain the prediction score for the
scientific papers by the researchers’ scoring information on the scientific papers, and
finally get a recommended list of scientific papers. Hybrid recommendation method
usually combines the content-based recommendation method with the collaborative
filtering recommendation method. It usually generates better recommendation results
than that of recommendation methods only using one strategy, but it still has the
disadvantages of data sparsity and low recommendation accuracy. To effectively
improve the accuracy of scientific papers recommendation, we propose a new model
named scientific paper recommendation using Author’s Dual Role Citation Relation-
ship (ADRCR), which incorporates information on both authors and papers. The
contributions are summarized as follows.

e We emphasize the importance of clustering scientific papers by topic to improve the
performance of recommendation.

e We develop a novel ADRCR method to learn authors’ preferences for dual role by
building models of explicit interactions (e.g., citation and reference) and implicit
connections.

e We perform experiments on the DBLP dataset and demonstrate that the ADRCR
method can improve the accuracy of scientific papers more effectively than other
baseline methods.

2 Related Work

We review existing work on common latent space approach for recommendation and
methods based on user feature matrix shared representation, which are related to our
work, together with the emphasize of differences from ADRCR.

2.1 Common Latent Space Approach for Recommendation

The matrix decomposition method is a factual method of collaborative filtering using
explicit feedback. The basic idea is to embed users and items into shared potential
spaces [5]. By merging reference relationships into matrix factorization techniques,
several methods have been considered from the perspective of users and items, such as
item-based methods [6], user-based methods [7] and combinations of these two
methods [8]. The hybrid model [8] associates the user with the paper through the label
information of the paper to build a user model and a paper model. This recommen-
dation model effectively alleviates the cold start problem. The previously proposed
cross-domain model does not consider the two-way potential relationship between
users and items, nor does it explicitly model user information and project character-
istics. The [9] method extracts multiple user preferences in the domain while retaining
the relationship between users in different potential spaces to provide recommendations
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in each domain [10]. This method is based on the perspective of deep learning, taking
users and items characteristics as the original input, using the proposed model to learn
the potential factors of users and items, and then combining the obtained potential
factors to make fast and accurate predictions. However, these methods only consider
the single role of the user.

2.2 Method Based on User Feature Matrix Shared Representation

There are many recommendation models based on the shared representation of user
feature matrices. User feature matrix shared representation refers to the simultaneous
decomposition of the rating matrix and the social relationship matrix. The recom-
mendation model assumes that the user feature matrix is hidden in both the rating
information and the social information. Several remarkable works in the field [11, 12]
take user rating and social information into account, but they do not consider additional
information about users and items. In fact, ratings and reviews are complementary and
can be viewed as two different aspects of users and items. Therefore, [13] merging the
scoring model and text reviews can effectively learn more accurate representations of
users and recommended items [14]. This method considers the correlation between
users. It use three independent autoencoders to learn user functions with roles of rater,
truster and trustee, respectively. The method [12] is most similar to our method, but it
only reflects the information of the user, not the information of the item. Our proposed
method considers not only the user and item perspectives, but also the different roles
assigned to the user.

3 Matrix Decomposition: A Model-Based Method

3.1 Notation and Problem Statement

Notation. We first introduce some frequent notations utilized in the following sec-

tions. We use bold capital with subscripted letters to represent column vectors (e.g.,

M,), and apply bold capital letters and subscripts with transpose superscript T to
T . . . .

represent row vectors (e.g., (L,) "), respectively. We indicate all matrices by bold upper

case letters (e.g., @), and g, denotes the entry of matrix Q corresponding to the row

a and column p. We denote a predicted value, by having a A over it (e.g., §).

Problem Statement. Given a recommendation system with »n authors and m papers,
0 = [gaplnxm represents the author-paper citation matrix, where g, is the number of
times that the author a cites the paper p. Authors and papers are usually mapped to the
low-dimensional feature space. After the Q decomposition, the author a vector L, of k-
dimensional and the paper p vector M, are obtained, respectively. Finally, we learn the
feature matrices L and M by minimizing the sum of squares loss function:
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where, v is the set of observable (author, paper) pairs in Q, || - H% Frobenius paradigm;

Regularization terms |\L||125 and ||M ||12E are used to avoid over-fitting. The stochastic
gradient descent algorithm is used to solve the local optimal solution of the function
defined by Eq. (1), and the product of L and M is adopted to approximate the citation
matrix Q. For the missing items g,, in the citation matrix Q, we apply the inner product
of L, and M), to predict:

Qap = (Lﬂ)TMP (2)

3.2 Matrix Decomposition in Scientific Research Reference Network

Let G = (A, E, T, W) denote a directed social reference relation network with »n nodes,
where A represents a set of authors and E represents the edge set. T = [7,.],xn, denotes
the transfer matrix of influence propagation, and ¢, indicates the propagation proba-
bility from author a to author e; If there is an edge from e to a in the social citation
network (i.e., e trusts a), then ¢,, > 0, and otherwise, #,, = 0. The structure of G is
described using the reference relation asymmetric matrix W = [w,,],«, between
authors, and w,, expresses the strength of the reference relation between author e and
author a, that is, the weight of the edge. Due to dissymmetrical property of citation, we
map each author a of reference network as two distinct latent feature vectors, depicted
by reference-specific feature vector L, and referenced-specific feature vector U,
respectively. L, and U, characterize the behaviors of ‘to reference others’ and ‘to be
referenced by others’, respectively. After giving two vectors, the strength w,, of the
reference relationship is modeled as the inner product of L, and U,, and the feature
matrix L € R¥" and U € R*" can be learned by minimizing the following objective
function:

Ininl Z (L)"U.) — Wea)

LU 2 (e,a)ed

2 A2 22
+7||L||p+ ?”U”F (3)

Where 6 is an observable (author, author) pair sets in W, the specific calculations of 7,,
and w,, in the T and W matrices will be introduced below. The superscript ¢ mentioned
below represents a specific class.

Please note that both objective function (1) and objective function (3) use the idea
of matrix factorization. The difference is that the objective function (1) learns the
author’s citations to the paper, while the objective function (3) learns authors’ and
authors’ citations. The two objective functions are fused into the final objective
function, reflecting the main purpose of this article, that is, the author’s dual-citation
role.
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4 The Propose Method

4.1 Basic Framework

We now represent the proposed ADRCR model, the framework of which is illustrated
in Fig. 1.

| p2|ps|ps|ps p|p2|ps & @
Author- 1 I T5 151 Jo |2 als [2]2
Paper o
Citation a0 (3 01 ]2 a0 [3 |2 &
List as |1 [0 [4 ]2 ]0 a1 [0 |0 as
o) a1 |1 oo 4 a1 |1 ][4 E% ﬁ%
as]o Jo 1 ]3]0 as[0 Jo Jo
a; ay a
Pi . N N
% P ps & E%
& L a |1 [0 a 7
Authors (i & 10 |1
reference [% as |4 |2 E%
network a; as |0 |0 a3 E%
E% as|1 |3
& & a;
a g ay =
®
Enhance the matrix Calculate authoritativeness of authors and
decomposition of S papers together with compute strength
authors and papers reference relationship among authors

Fig. 1. The framework of ADRCR

There are five components in the framework: (1) Dividing author-paper citation
matrix and reference network between authors; (2) Clustering papers by topic and
deriving social reference networks for authors (excluding authors who have not cited
any papers) in a specific class; (3) Calculating the strength of citation relationships
between authors and the authority of authors and papers; (4) Enhancing the matrix
decomposition for authors and papers; and (5) Predicting the author’s citation to the

paper.
4.2 Citation Relationship Strength and Authoritative Calculation

Citation Relationship Strength Calculation. In a specific scientific social reference
relation network, if author e and author a have a reference relationship in class ¢, the
number of times that author e cites author a’s paper will be used to measure the
strength of the reference relation between them, that is, the weight on the edge is
x5, [15].

The author’s research interests may also change over time. According to the
number of papers published in the six research fields on the DBLP dataset, we con-
struct the attribute vector of each author a, and the attribute value of each dimension
corresponds to the author a. The number of papers published in these fields can be
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adopted to calculate the similarity of author’s research interest using cosine similarity,
which is defined as follows:

1, a=-e
abe
6, = b aten(ae) €E 4)
0, others

Finally, the edge weights constructed by authors a and e are defined as follows:

S (5)

“ T T Iglx, x s5,)

Influence Calculation. In the scientific social reference network, the structure of the
node reflects the author’s authority to a certain extent. Authors with higher authority
can provide valuable reference information to other authors; Low authority authors are
willing to refer to the suggestions of authoritative authors. In this paper, the influence
propagation algorithm is used to calculate the authoritative value of the author in each
class [16]. Let fi denote the influence of author a on author e in class ¢ as follows:

1
A L DL P AR (6)
1+A e
st fo ,=as, e=a,ando >0 (7)
Where N¢ = {e1, €2, -, e,} denotes a set of trusted friends of author e in class ¢ (i.e.,

author e refers to a class of other authors). 7, represents the propagation probability
from author & to author e, and >_;_, #{, < 1. The parameter 4 is the damping coefficient,
and o € [0, 1] is the domain knowledge of the author a. In particular, f* and v; , are set
as default in reference [16].

Centrality Calculation. We utilize three centralities to evaluate the status of nodes in
the network. The central node can be regarded important because it has a favorable and
influential position in the network. When a given node has more neighbors, it will
occupy an important position. For a given node a, the final status of the node in the
network is obtained by calculating the average of the three centralities [17], which is
defined as follows:

<
> G
ACE == (8)
Z
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where z is the number of centralities, and C}, is the centrality value of node @ measured
according to the centrality. In our example, the value of k is 3, since we adopt three
centralities.

If author @ has a greater influence on author e and a very important status, then
author a is more authoritative. We sort the influence and centrality of n° authors, then
let author a rank as s§ = £, x AC¢ and s5 € [1,n¢], where n° denotes the number of

a—e

authors in W°. The authoritative value of author a is defined as:

1

0, = T+ 1g(s) 9)

It can be seen from the above formula that when the author’s influence value ranks
first in class ¢, then O¢ = 1, and O, decreases as the author’s ranking decreasing, that
is, the author’s influence value ranks lower, and the corresponding authoritative value
is lower. Therefore, the authoritative values of all authors can be calculated using

Eq. (9).

Authoritative Calculation of the Paper. Generally, the higher the authority, the more
important the paper is on the scientific research platform, and the higher the citation
rate of the paper by authors in related fields. On the contrary, the lower the authority,
the lower the citation rate is. We then calculate the weight Hin) as follows:

1, preEA

c ) —(r=yp) +1

=B 2/3, peB+(1—Pe @ (10)
1/3, pfecC

where f§ is a parameter. (A, B, C) respectively represents the collection of A, B and
C category papers recommended by the CCF Association, and p¢ € A indicates that the
paper p in category ¢ belongs to A category. ¢ represents the current time. y, represents
the publication time of the paper p, and g, indicates the number of times the paper p has
been cited. The authoritative value I; of the paper p is normalized using the Sigmoid

function.

4.3 Recommendation Model

In the scientific social reference network, if an author is more authoritative, it means
that he has more citation times to high-quality papers; If the authoritativeness of a paper
is higher, it demonstrates that it will be cited by many authors in the field. Therefore,
this article also uses the authority of the author and the paper to measure the author’s
citations of the paper, namely:

1 C ¢ ce\T pgc c \2 Ay c 12 Ay c |12
%r;—(a%;yfoalp@((g) My) = qo,)" + I L + I MY (1)
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v° is a set of pairs (authors, papers) in Q°. In formula (11), if author @ has higher
authority in class ¢ and the authority of the paper is also high, it means that author a has
cited the paper multiple times. That is, the error between the predicted number of
citation and the actual number of citation is small; In contrast, there is a large error
between the predicted citation times and the actual citation times.

In order to more conveniently learn the parameters, the author’s authorization value
should be set between 0 and 1, thus the time of citation is mapped to the [0,1] interval
by using the function f(x) = x/QOmax, Where Oy is the maximum citation time. The
Logistic function g(x) = 1/(1+ exp(—x)) fixes the inner product of the predicted

citation case (LZ)TM; to the interval [0,1]. Therefore, the optimization objective
function in the citation model is defined as follows:

Z O4T5(8((L) My) — q5,)" +
1 (12)
S Z (s((UO)LY) = o) + (L. M, U)
(e,a)€d’
My . A . Ve
(LM U) =T | L I+ 5 Ml + 5 0 [ (13)

The above objective function can be minimized by performing the following gradient
descent for all authors and papers M7, Ly, Us. Parameter 4. controls the influence
proportion between the times of citations and the reference relationship in the training
model.

5 Experiments

All experiments are performed on a computer with an Intel (R) Core (TM) i5-6402P
CPU, 2.80 GHz, and 8 GB RAM. The Operation System is Windows 10 Professional,
using MATLAB2017 data processing. We perform experiments on DBLP dataset to
answer the following research questions:

* RQ1: How does the performance of our proposed ADRCR compare with state-of-the-
art recommended methods designed to learn from a large number of recommended
scientific papers?
* RQ2: Can ADRCR help to solve data sparsity problem?

In what follows, we will first describe the experimental settings and then answer the
above two questions.

5.1 Experimental Settings

In order to verify the effectiveness of the proposed method, the experiment is designed
and verified.
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Dataset. In order to verify the effectiveness of the proposed method, 8,301 papers
published by journalists in the field of data mining (DM) in journals (DMKD, TKDE)
or conferences (KDD, ICDM, SDM) are selected.

Evaluation Metrics. Two of the most classic evaluation metrics [18] are used in our
experiments: mean absolute error (MAE) and root mean square error (RMSE). We
perform 10-fold cross-validation. In each fold, 20% of the data set is randomly selected
as the test set, and the remaining 80% is used as the training set.

Comparison Methods and Parameter Setting. To compare and evaluate the per-
formance of our proposed methods, we chose the following three representative
methods as competitors. We set the best parameters according to the corresponding
references or based on our experiments.

* IBCF [6] and UBCF [7]: These methods are chosen to consider only unilateral
item or user information.

e TrustMF [12]: It considers the dual role of users and the social trust network
between the same users to improve the performance of the recommendation system, but
it does not think over the information of the item.

The parameters B, A, 4, 41, 42, 43 and the dimension k of the implicit feature vector
will affect the recommended performance. By performing many experiments, it is
found that the performance of this method is the best when the parameters B = 1/2,
Ae =1, 2=0.176, 11 = A, = 23 = 0.001, and k = 10.

5.2 Experimental Results and Analysis

Performance Analysis (RQ1). We first compare our method with the collaborative
filtering recommendation performance of state-of-the-art methods. Then, we study
performance when the recommended number N is set to [10, 20, 50, 80]. Please note
that for a author, our evaluation measure will rank all the unobserved papers in the
training set. In this case, a smaller value of N will make the result more unstable.
Therefore, we report relatively large results. The experimental results are recorded in
Table 1, where k is the dimension of the feature space. The main observations of this
experimental study are summarized in Table 1.

Table 1. Performance comparisons on DBLP dataset

N 10 20 50 80

Methods | MAE | RMSE | MAE | RMSE | MAE | RMSE | MAE | RMSE
k =10 |IBCF 0.9511.235 |0.942]1.223 |0.922|1.211 |0.904|1.205
UBCF [0.942]1.217 |0.933|1.215 [0.917|1.205 |0.902|1.203
TrustMF | 0.832|1.072 |0.821|1.079 |0.817 | 1.062 |0.806 | 1.059
ADRCR |0.815|1.051 |0.811|1.047 | 0.818|1.034 |0.798 | 1.023
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We can observe that in terms of MAE and RMSE, the proposed ADRCR method
always outperforms other state-of-the-art methods. In particular, compared with the
best method TrustMF, When the recommended number N is 20, 50, 80, and £ = 10, on
RMSE, the performance of the ADRCR method is improved by 2.1%, 2.8% and 3.6%,
respectively. In addition, as the number of recommended papers increases, so does the
recommendation efficiency. This shows that an accurate dual role and an approach that
takes into account both users and items information modeling can improve recom-
mendation performance.

Impact of Data Sparsity (RQ2). The problem of sparsity usually limits the expression
of recommendation systems, since some papers are rarely cited by authors. Therefore,
we investigate how our proposed ADRCR model can improve the recommendation
performance of the paper with few citations. Specifically, we divide all authors into
groups based on the number of citation records: [0-5, 6-10, 11-15, 16-20, >20]. In
each group, the number of authors ranges from 100 to 200, which can eliminate the
randomness of the experimental results. For every group, we compare the performance
of our method with the benchmark methods. The results are shown in Fig. 2.

0s m[BCF = UBCF m [BCF = UBCF
0'7 A ® TrustMF ADRCR 13 o ® TrustMF ADRCR
0.6 1.25
12
0.5
204 g 115
Z 03 Z L1
0.2 1.05
0.1 1
0 0.95
[0,5] [6,10] [11,15][16,20] [>20] [0,5] [6,10][11,15][16,20] [>20]
Number of citation Number of citation

(a)MAE result with a recommended number  (b) RMSE result with a recommended number
of 50 of 50

Fig. 2. Performance of IBCF, UBCF, TrustMF and ADRCR on authors with different number
of citation records

It can be seen from the results that when the author cites becomes sparse, the
proposed ADRCR performance is better than other methods. Especially for RMSE, the
performance of ADRCR is improved by 7.07% from the fifth group to the first group,
while the performance of UBCF and TrustMF is improved by 4.70% and 5.06%,
respectively. It is found that as the data becomes sparse, the performance gap between
ADRCR and other methods becomes more apparent. Because the ADRCR model
considers both authors and papers information, it can achieve good recommendation
performance for authors with sparse citations.
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6 Conclusions

The traditional method of recommending scientific papers does not think over the
information of authors and papers simultaneously. To this end, we propose a recom-
mendation method that considers the authority of authors and papers concurrently.
Through the author’s citations of scientific papers, find the scientific papers that the
author is interested in, and recommend them to a large number of scientific papers. The
experimental results show that compares with other traditional recommendation
methods, the proposed method has achieved good recommendation results on both
evaluation indicators. Especially in the topic of scientific papers, clustering is divided
into different class by offline clustering. This not only enhances the recommendation
speed, but also improves the recommendation efficiency.
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Abstract. Traveling as a very popular leisure activity enjoyed by many
people all over the world. Typically, people would visit the POIs that
are popular or special in a city and also have desired starting POlIs
(e.g., POIs that are close to their hotels) and destination POIs (e.g.,
POIs that are near train stations or airports). However, travelers often
have limited travel time and are also unfamiliar with the wide range
of Points-of-Interest (POIs) in a city, so that the itinerary planning is
time-consuming and challenging. In this paper, we view this kind of
itinerary planning as MandatoryTour problem, which is tourists have to
construct an itinerary comprising a series of POlIs of a city and includ-
ing as many popular or special POIs as possible within their travel
time budget. We term the most popular and special POIs as manda-
tory POIs in our paper. For solving the presented MandatoryTour prob-
lem, we propose a genetic algorithm GAM. We compare our approach
against several baselines GA, MaxM, and GreedyM by using real-world
datasets from the Yahoo Flickr Creative Commons 100 Million Dataset
(YFCC100M), which include POI visits of seven touristic cities. The
experimental results show that GAM achieves better recommendation
performance in terms of the mandatory POls, POlIs visited, time budget
(travel time and visit duration), and profit (POI popularity).

Keywords: Travel recommendations - Itinerary recommendations -
Recommendation systems - Location recommendations

1 Introduction

Traveling is entirely considered as a pleasure activity and it does not take long for
travelers to travel. People have high travel expectations and enjoy their journeys
and experiences. Travel itinerary or tour planning is one of the most important
tasks for people to travel to unfamiliar cities and places. It mainly focuses on
a plan with a sequence of visits of a given number of Points-of-Interest (POIs),
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which must be visited within a limited time. Additional information is also con-
sidered such as the number of POlIs visited, travel time, and POI visit duration
of the trip. Especially, in order to maximize the number of POIs and/or the visit
duration, the travel time or the distance between POIs should be cut down. It
is intuitive to include mandatory POIs, which are everywhere on the user’s trip
as they are often very popular or special POIs where tourists should visit in a
city.

The existing works adapt a simple measure based on user interest and POI
popularity for itinerary recommendations. In our work, we view this kind of
itinerary planning as MandatoryTour problem, which is tourists have to con-
struct an itinerary comprising a series of POIs of a city and including as many
popular or special POIs as possible within their travel time budget. Hence,
mandatory POIs are the term of the most popular and special POIs. We propose
a travel itinerary recommendation approach, named GAM, to solve the Mandato-
ryTour problem by using a genetic algorithm. Besides, we use real-world datasets
which are derived from the Yahoo Flickr Creative Commons 100 Million Dataset
(YFCC100M) provided by [1] to evaluate our approach. We make contributions
to the field of itinerary recommendation as follows:

1. We introduce and formulate the MandatoryTour problem, which is the term
the most popular and special POls.

2. We propose the GAM algorithm for recommending an itinerary comprising a
series of POIs of a city and including as many mandatory POIs as possible
within travel time budget.

3. The results show that GAM outperforms better than several baseline methods
and achieves good recommendation performance in terms of the mandatory
POIs, POIs visited, time budget (travel time and visit duration), and profit
(POI popularity).

The remainder of this paper is organized as follows. Section?2 introduces
related work. Section 3 describes the problem definition and genetic algorithm
model. In Sect. 4, our experiments are presented. The results and discussion are
discussing in Sect. 5. The last section summarizes conclusions.

2 Related Work

In this section, we present state-of-the-art methods in related areas of genetic
algorithm, itinerary recommendation, POI recommendation, and the differences
in our research with existing works.

2.1 Genetic Algorithm in Tourism

Genetic Algorithm (GA) has its origins from the imitations of natural evolu-
tion and genetics. It uses multistage processing, such as initialization, selection,
crossover, and mutation to optimize the solution. In recent years, researchers
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have been applied the GA to recommendations in the tourism area [2-5]. The
main objectives of these works are to find the optimal travel route comprising
a set of POIs, while the GA uses the fitness function to select the best route.
More formally, [3] studied the problem of user preferences to recommend a travel
route. They estimated popular POIs where user has visited in the past by mining
from the GPS trajectories. Then, the GA was used to model the interest of user
for an unvisited place and improved the accuracy of the recommendation.

2.2 TItinerary Recommendation

Itinerary recommendation is a well-studied field that typically focuses on sug-
gesting a sequence of POIs to visit. Most existing studies on itinerary recom-
mendations focus on user interests within the given trip constraints towards the
POIs [6,7]. Several research works apply itinerary recommendations in the field
of Operations Research [8-10]. Most of these works are formulated as an Integer
Linear Program based on the Orienteering problem and the traveling salesman
problem variants using social media datasets. [9] studied the travel recommen-
dation problem based on the Orienteering problem by proposing the PersTour
model. First, user travel histories based on geo-tagged photos were extracted.
Next, they used the first and last photos taken at each POI to sort POI visiting
time and construct user travel sequence. At last, the PersTour algorithm with
the characteristic of POIs, users’ interest preferences and trip constraints were
used to recommend personalized trip itinerary to users. There are also several
real-life constraints like POI popularity [11], visit duration [12], travel time [13],
queuing time [8], and photo frequency [9] to recommend itinerary recommenda-
tion systems.

2.3 POI Recommendation

In POI recommendation, the problem is to provide users with the suggestion
of a set of popular and interesting places to users. The common recommen-
dation techniques have been extensively studied such as content-based [14,15],
collaborative [16,17], and hybrid approach [18,19]. One example in [18], the
hybrid recommendation was proposed by merging content-based, collaborative,
and knowledge-based techniques into a recommendation process for travel desti-
nations to individuals and groups. The algorithm was based on the users’ ratings,
personal interests, and specific demands for the next destination.

2.4 Differences with Existing Works

We focus on interesting insights into the itinerary recommendation problems.
Our proposed approach differs from the above existing works in several aspects.
The current state-of-the-art itinerary recommendation approaches consider POIs
with various trip constraints. These approaches do not consider mandatory POIs
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which are the actual place covering attractions, buildings, shopping malls, uni-
versities, transports, etc. In contrast, we propose an enhance itinerary recom-
mendation system that considers mandatory POIs through these POIs with a
specific starting and ending POI and additional constraints. So, the itinerary
planning can be composed of a series of POIs including mandatory POIs within
a certain time. We improve an itinerary recommendation by considering several
aspects with the GA method to achieve better performance.

3 Problem Definition and Genetic Algorithm Model

In this section, we give the definitions used in our work and formulate the Manda-
toryTour problem, and a genetic algorithm is presented for dealing with this
problem.

pl ‘ 4 l 1 l 6 l 29 " 2 ‘l Gene (POT) pl

One-point Crossover

7 l 25 1 l 9 l 3 l 12 l 15 “ Choromosome | P2 ‘

- |
S ENENENEN
w7 [ [«[»]2]
" Next Generation
p4 16 21 8 Population
p6 ‘ 7 l 11 l 1 l 9 l 3 l 12 15

Fig. 1. An example of POI code and one-point crossover

3.1 Problem Definition

Our proposed MandatoryTour problem which recommend an itinerary with
mandatory POIs is NP-hard. A shortcoming of traditional methods that use
a brute-force approach is that the complexity of MandatoryTour is exponen-
tial, which is caused by the increasing of the number of POIs. The objective
of this problem is to maximize the number of mandatory POIs, while keeping
travel time between POIs and visit duration under a fixed time budget. The
recommended itinerary includes a specified starting POI and ending POI.

This problem can be viewed as a directed graph G = <N, E>, where N is the
set of nodes (or POIs) and F represents the set of edges. Each edge connecting
node i to j has a profit, a travel time, and a visit duration, and can be represented
as fij, tij, and v; ; respectively. The total time cost that includes travel time
and visit duration between visited POIs for a tour is no more than the time
budget Thrax which limits how many POIs can be visited on the tour.

In this paper, an itinerary is defined as a path between specified starting
POI and ending POI, and at least one other POI is contained. Note that all
POIs in the itinerary can be visited only once, so sub-tours are excluded. Let
C ={c1,...,cp} be the set of POIs, and M = {mq,...,mi} where K < L be
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the set of mandatory POls, ideally an itinerary with mandatory POIs can be
described as I = {¢s,...,m1,..., MK, ...Cqa}, where ¢ is the starting POI and ¢y
is the destination POI and c;,cq ¢ M.

Algorithm 1. GAM algorithm

Input: time budget o,
population size a,
crossover rate 3,
mutation rate -y,
iteration number §

Output: best tour ¢

1: generate « individuals randomly as initially population set P

TotalTimeCost(p) < o for each p € P

2: for i =1 to 6 do

3: for j =1to ado

4: randomly select two individuals p, and p, from P

5: generate p. and pgq by one-point crossover to p, and p, under the crossover
rate 3

6: save p. and pq to Pi

7 end for

8: for j =1to a do

9: randomly select an individuals p, from P;

10: randomly select a gene position from p, and mutate it to generate a new
individual p; under the mutation rate ~

11: if TotalTimeCost(p,)> o then

12: update p; with a feasible tour by repairing p;

13: end if

14: update p, with p; in Py

15: end for

16: update P = P,

17: end for

18: return the best tour ¢ in P

3.2 Genetic Algorithm Model

In our genetic algorithm, P is the set of population, the set of genes of each
individual p; is represented using POls directly, in terms of the IDs of POls,
and we encode them as shown in the left part of Fig. 1. An example of one-point
crossover process is simply stated in the right part of Fig. 1.

In fact, MandatoryTour problem is a multi-objective optimize problem, and
as it is difficult to design a fixed fitness score for every tour. Therefore, we
optimize the objective function directly instead. By giving different priorities to
the metrics used in Sect. 4, the objective function is defined as follows:

if the number of mandatory POIs in p; has not been maximized

[P
MaxF(p;) = Max Zi:l XM (pa;)
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where

XM (pa;) = 0 otherwise

if the above one has been maximized and the visit duration of p; has not been

maximized ipal1 |
Pax PJ_
MaxF(p;) = Maz g E i Vb,

if the above two have been maximized and the total profit of p; has not been

maximized o1 |
P Pal
MaxF(p;) = Max Z Z fpx Pa,

We use the one-point crossover in our proposed approach because of the
relatively small data sets, and the probability 5 = 0.8. For other parameters,
mutation rate v = 0.2, time budget o € {300,250, 600, 450,350} as it is differ-
ent for each city, the population size « = 60, the iteration number § = 100,
and finally the best tour t is returned. The detailed optimization procedure is
described in Algorithm 1.

4 Experiments

In this section, we describe our experiments, which include our datasets, baseline
algorithms, evaluation metrics, and results and discussion.

4.1 Datasets

For our experiment and analysis, we use datasets from the Yahoo! Flickr Cre-
ative Commons 100M [1], which contains 100 million photos and videos. POIs
with other details were collected from [10]. These geo-tagged photos were then
mapped to a list of POIs based on their respective entries on cities in which
the details refer to [9]. There are seven cities: Budapest, Edinburgh, Toronto,
Vienna, Glasgow, Perth, and Osaka.

4.2 Baseline Algorithms

We compare our proposed GAM with several baseline algorithm to evaluate its
recommendation performance.

1. GA. Generates an itinerary without mandatory POIs. The generated
itinerary comprises a path starting at a specified POI and ending at another
specified one where the total profit and visit duration are maximized, the cost
is minimized, and the total travel time is limited by a given time budget. Note
that mandatory POIs may be included in the itinerary, and we will show its
result in the next section.
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2. GAM (our proposed model). Generates an itinerary with mandatory
POIs. This model is built upon the GA model using a similar objective func-
tion but adds mandatory POIs and the objective of maximizing the inclusion
of the mandatory POIs. This model considers a general tour which generally
includes popular or special POIs where tourists often want to visit.

3. MaxM. Generates an itinerary with a relatively large profit with mandatory
POIs. Mandatory POlIs are added first then the other POIs by allocating
a large profit value to each POI using the greedy strategy. This approach
provides a profit baseline for the Mandatory problem.

4. GreedyM. Generates an itinerary by adding the mandatory POIs first,
then the remaining POIs. This is the simplest practical method to gener-
ate itineraries based on visiting mandatory POIs. As the tour focus on the
mandatory POls, a tour that has the most mandatory POIs within the time
budget is preferred.

The algorithms used for this work were implemented using the C++ pro-
gramming language.

4.3 Evaluation Metrics

We evaluate the performance of our algorithm and the baselines, which involves
evaluating a specific starting and ending POI and additional constraints. The
recommended itinerary contains the set of mandatory POIs or at least one of the
mandatory POIs within a certain time based on travel cost budget and profit.
Our algorithm utilizes evaluation metrics for the itinerary recommendation as
follows:

1. Mandatory POlIs. The set of mandatory POIs that are popular or special
POIs in the recommended itinerary.

2. POIs Visited. The number of unique POIs that can be visited in the rec-
ommended itinerary.

3. Time Budget. The total time budgets both travel time and visit duration
in the recommended itinerary. Hence, travel time is the time traveled from
one POI to another POI while visit duration is the time visited in each POI.

4. Profit. The total profits of all POIs in the recommended itinerary.

4.4 Results and Discussion

In this section, we present and discuss the experimental results in term of manda-
tory POIs, POIs visited, time budget (travel time and visit duration), and profit
(POI popularity). In addition, we considered four mandatory POI sets includ-
ing one POI, two POIs, three POIs, and four POIs respectively, and they are
randomly selected from the whole POI set.

Number of Mandatory POIs of Recommended Tours. The GA algorithm
without mandatory POlIs is the basis for comparisons with other algorithms, and
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Fig. 2. Average travel time and visit duration by number of mandatory POIs for each
city.
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Table 1. Number of GA itineraries (out of 100) which visited all or at least one
mandatory POIs. Higher values are better.

City Visited all Visited at least one
mandatory POIs| mandatory POls
1 12 |3 |4 |1 2 3 4
Budapest |28 |13 28 |65 |77 |82
Edinburgh | 53 |22 53 |69 |78 |86
Toronto 31 |18 31 |67 |73 |88
Vienna 34| 5 34 |53 |68 |77
Glasgow |43 |22 |12 43 |68 |82 |89
Perth 50 |20 50 |67 |81 |88
Osaka 48 |15 48 165 |78 |88

ot | 0|~

oo R R|w| R~

(G2 e ]

Table 2. Number of successful itineraries (out of 100) which included mandatory POIs.
Higher values are better and the best performance among GAM, MaxM, GreedyM is
in bold.

City GAM MaxM GreedyM
mandatory POIs | mandatory POIs | mandatory POls
1 /2 |3 |4 1 /2 |3 |4 1 /2 |3 |4
Budapest (89|81 /49|34 |89 |78 |45 |27 |89 |78 |45 27
Edinburgh | 87 |50 |31 |15 |87 75|58 36 |87|75 58|36
Toronto 77/54136|14 |77 50|29 | 7 77|50 29| 7
Vienna 87|56 |23 |10 |87/65|/39 /18 |[87/65|/39|18
Glasgow 81|66 /42 22 |81 |60 37|16 |81/60 |37 |16
Perth 86|63 |46 21 |86 |67 47|23 |86 67|47 23
Osaka 99 86 |64 131 |99 |88 /69|49 |99 88|69 49

visiting any of the mandatory POIs in a generated tour is not guaranteed. The
result of the inclusion of mandatory POIs of generated tours by the GA algorithm
is shown in Table 1. It can be seen that with the increase of mandatory set size,
the number of tours successfully visited all mandatory POIs in the mandatory
sets is decreased rapidly, however, the number of tours visiting at least one
mandatory POI move up as more options are available.

Table 2 presents the number of successful tours found by GAM, MaxM, and
GreedyM, along with the different mandatory POI sets. The GAM algorithm
achieves moderate performance in all cities.

Number of Total POIs Visited of Recommended Tours. Table 3 presents
the average number of total POIs visited every algorithm’s generated tours.
Overall, GAM has the best performance among all algorithms over all the cities.
Specifically, for the GAM algorithm, the mandatory POI set of four including
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Table 3. Average number of POIs visited including failed itineraries by algorithm,
mandatory POlIs set size and city. Higher values are better and the best performance
among GAM, MaxM, GreedyM is in bold.

City GA |GAM MaxM GreedyM
mandatory POlIs mandatory POIs | mandatory POIs
1 2 3 4 1 2 |3 |4 1 2 |3 |4
Budapest |12.82/10.3 10.1| 9.4 | 8.4(4.3/4.6|5.1|/5.3 /4.6(4.8/5.2 5.4
Edinburgh | 12.5712.7|10.4 |/ 10.2 9.8 |3.84.5|/5.1 5.5 1 5.3|/5.6/5.9/6.2
Toronto 12.02| 9.8 /10.1| 9.2 8.4|45/49|5.2/5.3/4.1/4.3/4.6 /4.9
Vienna 10.6210.4| 79| 7.6 |7.2|3.1|3.8/4.3/4.7 4.2/4.7/5.0/5.2
Glasgow 12.42110.410.0| 9.5/9.1/4.3/4.3/4.6/4.8 4.3/4.6/4.8|5.1
Perth 10.8210.2| 8.9 | 8.3 /8.2/45/4.8/5.1/544.6/49|5.1|5.5
Osaka 10.75|11.2| 7.8 7.3/7.0/5.2|5.3/5.6/59 5.7/55/5.8/6.0

more POIs than smaller mandatory sets, but for MaxM and GreedyM, they see a
decline along with the increase of the mandatory POI set size. This is reasonable
because of the mandatory POIs may limit the MaxM and Greedy algorithms’
performance in the metric of average number POlIs visited.

Travel Time and Visit Duration of Recommended Tours. From Fig. 2,
we can see that the total travel time for the itineraries generated by all methods
was never exceeded, and the GAM uses the time budget efficiently in all seven
cities, in the meanwhile, the visit duration also utilized better, and GA has the
similar results with GAM. In contrast, the GreedyM often comes the last about
allocating the time budget, and MaxM’s performance just above GreedyM.

Total Profit of Recommended Tours. The results of the average profit of
recommended tours are shown in Fig. 3. It is clear that the GA algorithm gets
the highest profit in almost every city as there are no extra constraints except
the time budget, and the GAM comes the second. In addition, the reason why
the MaxM algorithm does not achieve the best performance is that the greedy
strategy limits it to generate a tour with the optimal solution.

5 Conclusions

In this paper, we formulated the kind of itinerary planning as MandatoryTour
problem, which comprised a series of POIs of a city and including mandatory
POIs within travel time budget. The mandatory POIs can be termed as the
most popular and special POIs. We then solved this MandatoryTour problem
by a generic algorithm and we proposed this approach as the GAM algorithm. We
also used real-world datasets which are derived from the Yahoo Flickr Creative
Commons 100 Million Dataset (YFCC100M), which include POI visits of seven
touristic cities. Compared with several baselines GA, MaxM, and GreedyM,
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GAM achieved better recommendation performance in terms of the mandatory
POIs, POIs visited, time budget (travel time and visit duration), and profit (POI
popularity).
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Abstract. It turns out that the Stochastic Blockmodel (SBM) and its variants
can successfully accomplish a variety of tasks, such as discovering community
structures. Note that the main limitations are inferencing high time complexity
and poor scalability. Our effort is motivated by the goal of harnessing their
complementary strengths to develop a scalability SBM for graphs, that also
enjoys an efficient inference process and discovery interpretable communities.
Unlike traditional SBM that each node is assumed to belong to just one block,
we wish to use the node importance to also infer the community membership(s)
of each node (as it is one of the goals of SBMs). To this end, we propose a
multi-stage maximum likelihood strategy for inferring the latent parameters of
adapting the Stochastic Blockmodels to Overlapping Community Detection
(OCD-SBM). The intuitive properties to build the model, is more in line with the
real-world network to reveal the hidden community structural characteristics.
Particularly, this enables inference of not just the node’s membership into
communities, but the strength of the membership in each of the communities the
node belongs to. Experiments conducted on various datasets verify the effec-
tiveness of our model.

Keywords: Overlapping community detection - Stochastic Blockmodels -
Maximum likelihood

1 Introduction

Studies show that classical network modeling statistical models have been explored for
decades. Such real-world networks contain omnipresent features to reflect small world
phenomena, overlapping clusters or community structures [1, 2]. Additionally, a crowd
of the recent works have focused on recomposing classical statistical models to boost
the performance of model statistical inference [3-5].

In order to partition the graph such that nodes within each group are structurally
equivalent and/or tightly connected, statistical and/or probabilistic methods are typi-
cally used to partition the graph structure. Among them, stochastic blockmodel
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(SBM) is one prominent model for such purposes. Suppose that each node belongs to
only one of the K groups is the simplest form of SBMs. Then the goal of the statistical
learning is to infer the probability of connection between these unobserved groups and
groups based on the observable edges of the entire graph [6—8]. Due to its computa-
tional flexibility and structural interpretation, SBM and its extensions have been
popularizing in a variety of network analysis tasks.

Non-overlapping. Recent years have seen work on SBM implementations for non-
overlapping community detection algorithm [9, 10]. These methods have the same
assumption that nodes in the network can only be assigned to one cluster, and the
possibility of existence of edges between pairs of nodes depends only on the cluster to
which they belong. Snijders [5] first present method of revealing such a cluster
structure using posteriori information. The approach named ML-SBM [11] is to use
SBM to develop a scalable non-overlapping community detection method on large
graphs, which simply based on multi-stage MLE approach to learn latent parameters.

Overlapping. In their seminal work, Airoldi [12] proposes the first mixture-based
model with overlapping communities and successfully applied to the real networks.
This model, called the Mixed-Member Stochastic Blockmodel (MMSBM), is an
adaptation of earlier mixed membership models [13] to the context of networks.
Latouche et al. [14] propose another extension of the SBM to overlapping classes,
called Overlapping Stochastic Blockmodel (OSBM). The main difference between
OSBM and MMSB is that the latent classes are no longer drawn from the multinomial
distributions but from a product of the Bernoulli distribution.

In general, comparing to many non-attribute community detection methods,
ML_SBM [11] method is based on SBM to effectively infer and learn model parameters
for community detection tasks, and this algorithm performs well on most networks
compared to most existing methods. It is worth noting that our work is a significant
extension of ML_SBM. Yet, we consider not only learning and inferring the model
latent parameters, but also introducing the importance of intuitive attributes and instinct
consistent with real-world network features in overlapping community detection tasks.

In this paper, an overlapping community detection approach based on SBM, i.e.
adapting the Stochastic Blockmodels to Overlapping Community Detection (OCD-
SBM), is proposed to conquer the limitation of high time complexity and poor scal-
ability of SBM. Our model explicitly encodes the importance of overlapping nodes
characteristic, and thus is capable to correct the bias caused by statistical inference in
the traditional SBM. In summary, the contributions of this paper are as follows:

(1) We develop a fast algorithm that uses an SBM to adjust overlapping community
detection in the undirected graph to address the limitations of existing algorithms
of high-time complexity and scalability of large-scale networks. Contrary to other
community detection methods, we use the SBM generation model to mine better
clustering results in the network to preserve the characteristics of the real network.

(2) Different from the rules of establishing edge between two nodes using simple
SBM, we not only consider the strength of the connection between the commu-
nities, but also the importance of nodes-to-communities. To this end, we model a
method of detecting large-scale overlapping community structures in the real
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world via introducing the importance of intuitive attributes and instincts consistent
with real-world network features in overlapping community detection tasks.

(3) Various verification experiments performed on synthetic datasets and real-world
datasets with ground-truth show that this is a new possibility to combine the
advances in overlapping community detection and SBMs to broaden the under-
standing of organizing principles of complex networks.

The rest of this paper is organized as follows. Section 2 introduces the motivation
and framework of our proposed model. Section 3 describes the inference algorithms in
OCD-SBM. We describe the experimental results of simulations in Sect. 4. Section 5
concludes this paper.

2 Preliminaries

2.1 Motivation

Notation. Consider an undirected graph G = (V, E), where V is the node set of size
N =|V], and E is the edge list of size M = |E|. The corresponding N x N adjacency
matrix is denoted by A, where A;; = 1 when there is an undirected and unweighted edge
for the dyad (i, j), A; = 0 otherwise. Let matrix Z € [O,I]N * K the importance of a
node is different to K blocks, where Z; represents the importance of node i for j block.
And each node must subject to Z]K: 1Zij = 1. Let matrix B € [0,11% * X, suggesting the
probability of connection between the parameterized blocks, i.e., a node from cluster
r is connected to a node from cluster s. If r = s, B, represents the probability of a
connection within the block. The stochastic blockmodel is a special type of probability
distribution over the space of adjacency arrays.

We then define the probability matrix ® = ZBZ" using matrices B and Z. From the
following model, the adjacency matrix A of a sample network can then be generated:

P(Ay) = 1
(A3) =05, ifAy—0 (1)

{ 05, ifA;=1
for i,j € {1, 2,...,N} and i # j, indicating that A; is a sample from the Bernoulli
distribution with success rate 0.

Usually in practice, the adjacency matrix A can be observed from the network data
set. The main purpose is to ultimately estimate Z, i.e. the block labels.

Motivation. Our motivation for proposing the overlapping version of SBM, i.e. OCD-
SBM, comes from following intuitive properties:

(1) If a node is important to a community, there are edges with most nodes in the
community.

(2) The connection between node i and j is affected by the connection between the
community that i and j belongs to respectively, in addition to their own impor-
tance of the community they exist.
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(3) Communities can overlap, as individual nodes may belong to multiple communities.
(4) If two nodes are important to multiple public communities, they are more likely to
belong to the same community. (i.e., overlapping communities are more intensive).

Our ultimate goal is to capture the following three instincts that conform to the
assumptions of real-world network characteristics:

(1) the possibility that a node community membership affects whether a pair of nodes
are linked,

(2) the extent of the impact (probability of node connections belonging to the same
community) depends on community that node belongs to, and

(3) the connection probability is independently influencing each community.

For special probability statistical models, the maximum likelihood estimation
(MLE) is a setting that maximizes the parameters of likelihood function.
As defining in Eq. (1), if only A is given, the log-likelihood function is

Hi(B,Z|A) = > log P(Ay) =Y log[(1 — Ay) + (24; — 1)0;] (2)
i#] i#j

For large graphs, directly maximizing this likelihood function with traditional
optimization methods takes too much time since there are at least N°K unknown
variables to estimate.

2.2  Framework

Figure 1 clarifies the proposed generative model. Rectangle (A;) is an entry of the
observed network adjacency matrix A. Circles denote two latent variables: node
importance strength Z and probability of connection B. In the following section, we
will reveal how to estimate community memberships from node connections of the
network structure (i.e., how to infer W from Z and B).

block r @

block s @ node j

Fig. 1. Plate representation of OCD-SBM. 0,;: Probability that A; = 1; Z;: Importance strength
of node i to block r; Z: Importance strength of node j to block s; B,,: the probability of
connections to block r and s; Wj;: the project of overlapping membership node matrix.

Menbership
Matrix

Adjacency
Matrix
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Note that the above probability model generative process satisfies our three
aforementioned requests. The network edges are created due to the importance of node-
to-block (Request (1)). Furthermore, each membership W;; of a node i is regarded as an
independent variable to allow a node to belong to multiple blocks simultaneously
(Request (2)). This is in stark contrast to ‘soft-membership’ models, setting constraints
Zszl W;; = 1 so that W;; is a probability that a node i belongs to a particular block.
Finally, because each block r generates connections between its members indepen-
dently, nodes belonging to multiple common blocks have a higher probability of
connection than that they share just a single community (Request (3)).

3 Method

3.1 Algorithm and Complexity Analysis
Our method is summarized in Algorithm 1. Our algorithm has the following advantages:

(1) Interpretable Method. Adapting the SBMs to overlapping community detection,
we conquer the limitation of non-interpretable community detection.

(2) Membership Strength. In particular, this enables inference of not just the node’s
membership into communities, but also the strength of the membership in each of
the communities the node belongs to.

(3) More realistic. Intuitive observations consistent with real network characteristics
are proposed to quantify the importance of nodes to the community, which make
sense actually.

Algorithm 1.Inference for OCD-SBM
Input: Initialization for model parameters matrixes B, Z* into many tiny communities, Z¢"
= 79, membership matrix W, membership threshold &, the number of communities K, stop
criterion 0.
Output: Learned model parameters Z, B, cluster structure W.
1. Compute variational likelihood H,,, by (5)
2. repeat
3. Hyy=Hpen
4. inference Z, B
5. randomly set community number to K
6
7
8
9

repeat
fori=1:Ndo
compute N9 for node i
. update Z; by block coordinate descent method via (7)
10.  zV=z"

11.  update N
12. end for

13.  update B via (6)

14. determine overlapping community membership

15. update W via (8)

16. Compute variational likelihood H,,,, with updated parameters by (5)
17. until | Hye - HM| <0
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The time complexity for each updating is O(NK?). However, if we only consider
the pairs of communities that have at least one edge between them, time complexity
becomes O(M). Community updating runs at the end of each stage after updating Z and
B. The overall time cost of the algorithm is O(NK? + M).

3.2 Parameter Inference

The ultimate aim is to maximize the model posterior given the observations. To speed
up the inferring process, a fast algorithm is proposed, which updates B and Z in turn in
order to maximize the objective function H;(B,Z|W), and uses a two-stage updating
framework to deal with the global optimum solution approach. Given A, MLE for
(B; Z) can be defined as

argmax {H;(B,Z|A) = Zlog +(24; — 1)0;]
0<BZ<1 por
K K (3)
_ Z; Banm
ZZIOg + (2AU o 1) mel Zn 1 i }

[(1—A4y)
i Z]N:l (Zﬁ:l Zn 1 ZinBn ij)

subject to Z]K: 1 Zij = 1. We solve the above optimization problem by alternatively
updating B and Z.

As we can see that the form of 0; is too complicated for the process of maxi-
mization. In addition, maximizing the objective function is to solve a relatively
apposite value not an exact value. Therefore, we rewrite Eq. (3) as the truly function of
maximum likelihood:

argmax {H,(B,Z|A) = Zlog [(1—-A4y)+ (24, — 1)0’]]

0<BZ<1 i£] (4)
= log[(1 - Ay) + (245 — 1) Z Z ZBunZ},)
i#]
Such,
H(B,Z|A) = log(1 + (245 — 1)0] (5)
i#j

where 9;, =K K ZuBumZ! - Next we use the Optimization Strategy to update
matrices Z and B in turn. When Z is fixed and B is considered as unknown, B is
updated Gradient descent method, we have the updating strategy for elements in
matrix B

KE K (6)
(E+ E) E Z Z’”’th;s
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When B is fixed, Z is updated row by row utilizing the block coordinate descent
method. The updating strategy for elements in matrix Z can be written as Eq. (7) to
reduce time complexity, Z; is defined as:

(d)

Kk N NCIY,

Zy=3 0, By (=) ] )

where N© € RX, the entries are the number of nodes in each community, and ND ig

defined as the vector with the number of nodes connected to node i in each community.
Due to space limitations, we have omitted relevant proof.

3.3 Determine Community Membership

After learning Z, the ultimate goal is to determine whether node i belongs to block j. To
achieve this, if Z;is below a threshold f3, it can be considered that node i does not belong to

block j. Otherwise (Z; > f), it can be regard i as belonging j. Specifically, let community

N xK

membership matrix W € {0, 1} , where W;; indicates that node i belongs to j block.

(8)

P(Z) = Wy=1, ifZ;>8
v W; =0, ifZ;<p

Solving this inequality, let § = \/—1log(1 — ¢). For all our experiments we set
¢ ~ 1073, It is worth noting that other values of f are also tested in practice, but the

above-mentioned f3 setting provides overall good performance.

4 Empirical Study

In this section, we empirically evaluate our method with the aim of answering the
following research questions:

e RQI1: How does OCD-SBM perform as compared with state-of-the-art community
detection methods?

e RQ2: How does the overlapping community detection benefit from the importance
of node-to-block assignment?

4.1 Experiments Settings

Datasets. Experiments are conducted on synthetic networks and several well-studied
real-world datasets’ (Table 1) with ground-truth community information to verify the
effectiveness and efficiency. To be more objective and fairer, the results on the syn-
thetic networks are omitted in experimental part.

! Networks are available at http://snap.stanford.edu and http://www.voiden.com/article/p-plritjbe-rv.
html.
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Evaluation Metrics. For evaluation purposes, we use the metrics, Avg F1 [7] and
Avg NMI [14], to quantify the degree of correspondence between the detected com-
munity and the ground truth community. In view of an agreement between the ground-
truth community C* and the detected community C, we adopt two evaluation proce-
dures previously used in [7, 14] to quantify performance.

Baselines for Comparison. Experiments are conducted on various networks to
demonstrate the effectiveness, and we compare OCD-SBM with following community
detection algorithms:

MMSBM [13]: This is a dynamic model-based approach and it is a state-of-the-art
overlapping community detection method using SBM.

BIGCLAM [7]: The method is an optimization-based method for overlapping
community detection approach that scales to large networks of millions of nodes and
edges.

ML_SBM [11]: This is a multi-stage maximum likelihood approach to recover the
latent parameters based SBM for non-overlapping community detection.

CD-SBM: In order to further explore the benefit of node-to-community assignment
to overlapping community detection methods, we denote CD-SBM as the variant
method of CD-SBM as we do not perform step 15 in algorithm 1 thus each row of
Z contains only one nonzero entry.

Table 1. Real-world network datasets statistics. N: number of nodes, E: number of edges, C:
number of communities, S: average community size, A: community memberships per node. On
average 95% of all communities overlap with at least one other community.

Datasets | Description N E C S A

Youtube | Youtube online 1,134,890 2,987,624 | 8,385(26.72 |0.33
social network

Friendster | Friendster online 65,608,366 | 1,806,067,135 | 957,154 | 9.75 0.26
social network

DBLP DBLP collaboration 317,080 1,049,866 | 13,477 | 429.79 | 2.57
network

Amazon | Amazon product network 334,863 925,872 75,149 199.86 |14.83

Polblogs | political blog 1,490 19,090 2| 745 1
network

4.2 Performance Comparison (RQ1)

To answer (RQ1), we start by comparing the performance of all the methods, and then
explore how the modeling of community membership improves on synthetic datasets
and real-world networks.
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Results of Real-Word Networks. We conduct experiment on each dataset 500 times,
comparing the average NMI with three different community detection methods. Jointly
analyzing Fig. 2, we have the following observations:

4
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(a). Average NMI (b). Running Time

Fig. 2. Performance evaluation for networks on Avg NMI and running time.

MMSBM: Although MMSBM can detect overlapping communities, the perfor-
mance of this method is the worst among comparison methods in large networks. It
may be that MMSBM is not suitable for large-scale community structures when
dynamically updating community assignments.

BIGCLAM: BIGCLAM and OCD-SBM maintain high average NMI value on
four datasets. However, BIGCLAM cannot correctly extract overlapping communities
in the network because the BIGCLAM method implicitly assumes overlapping sparse
connections between communities.

OCD-SBM: OCD-SBM performs best on four real-world networks. The reason
for this may be to adopt a multi-stage maximum likelihood estimation method, which
uses an important definition of nodes-to-community to accurately detect overlapping
communities that are highly similar to the benchmark. OCD-SBM nearly perfectly
reveals the hidden structure of the overlapping network.

4.3 Study of OCD-SBM (RQ2)

In this section, we attempt to understand how the overlapping community detection
benefit from the importance of node-to-block assignment (RQ3). We observe how their
representations are influenced w.r.t. the depth of OCD-SBM on political blog network.
The performance evaluation of ML._SBM and CD-SBM is shown in Table 2. We have
the following findings:

(a) Although the ML_SBM method can reveal the community structure, our method
shows outstanding performance results in terms of NMI value and running time.
(b) Comparing the performance and clustering structure of ML_SBM and CD-SBM
methods. This is consistent with the intuition that two parties have a few sig-
nificant overlapping blogs of over a hundred links and the rest of the blogs with
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clearly connections membership. Obviously, the CD-SBM method outperforms
the ML_SBM method for nonoverlapping community detection. This is verified
via their clustering accuracies reported in Fig. 3.

(a). Truth. - (b). MLﬁSBl\./I” ' (©). CD-SBM.

Fig. 3. Prediction on the political blog network: (a) Truth, manually labeled two groups by [4].
(b) ML_SBM. (c) CD-SBM. Red represents the Liberal Party cluster; green represents the
Democratic Party and yellow represents the overlap. (Color figure online)

Table 2. Performance evaluation of political blog net-
works: ML_SBM and CD-SBM.

Grade ML_SBM CD-SBM

0 1 0 1
Cluster result 727 743 754 736
Running time (min) 43.5 36.6
Avg NMI 0. 9432 0.9855

In short, even though both methods use the MLE to update community assignment
parameters, the OCD-SBM approach integrates node-to-community importance into
the optimization process of maximal community assignment parameters, which makes
the detection community more accurate and meets real-world networks characteristics.

5 Conclusions

In this paper, we propose a fast overlapping community detection algorithm, OCD-
SBM, to uses an SBM to perform on undirected graph. Intuitive observations consistent
with real network characteristics are proposed to quantify the importance of nodes to
the community. Combining the overlapping intuitions, we adapt SBM to overlapping
community detection tasks. Our model explicitly encodes the importance of overlap-
ping node features and is therefore able to correct for deviations caused by statistical
inference in traditional SBM. OCD-SBM broadens our understanding of the organi-
zation of complex social networks and opens up new possibilities to combine com-
munity detection with advances in SBMs.
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Abstract. Aiming at the problems of existing algorithms, such as instability,
neglecting interaction between nodes and neglecting attributes of node, an
overlapping community discovery algorithm combining topological potential
and trust value of nodes was proposed. Firstly, the importance of nodes is
calculated according to topological potential and the trust value of the node, and
then K core nodes are selected. In final, the final division of communities are
finished by using the extended modularity and core nodes. Experimental results
on LFR network datasets and three real network datasets, verify the efficiency of
the proposed OCDTT algorithm.

Keywords: Overlapping community detection - Importance of node -
Topological potential + Trust value

1 Introduction

A complex network is an abstraction of a complex system. Most real-world networks,
such as transportation, social or gene-regulatory networks, are complex networks. The
“community” refers to the set of nodes with the same or similar characteristics in a
complex network [1], there are overlapping and non-overlapping communities in
complex network, which reflects the different agglomeration of nodes.

So far, there have been many research algorithms for the study of overlapping
community research. Li [2] detect overlapping communities in the unweighted and
weighted networks with considerable accuracy. Gregory [3] propose overlapping
community detection algorithm based on nodes splitting, according to betweenness and
edge-betweenness. Zhang [4] is inspired by label propagation and modular optimiza-
tion, they introduce a community detection algorithm based on fuzzy membership
propagation. In each iteration, candidate seed of potential communities are selected
using topological features, and then the membership of the selected seeds is propagated
to non-seed vertices, thus multiple communities could be obtained. Ahn [5] propose
LINK algorithm performing hierarchical clustering on links based on idea of trans-
forming in overlapping and non-overlapping communities in link networks. Although,
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researchers achieve great achievements in the research of community detection [6, 7].
Finding communities is a very challenging and promising research field. How to dis-
tinguish stable overlapping communities and propose efficient algorithms is still one of
hot problems for many researchers.

We propose an overlapping community discover algorithm combining the topo-
logical potential and the trust value of nodes (Abbreviated as OCDTT) against prob-
lems appeared in existing algorithms. Firstly, the importance of nodes I(v;) in the
network is computed combining the topological potential of nodes and the trust value
of the node, and then K core nodes are selected according to I(v;). Based on the core
nodes, communities are extended using the extended modularity.

2 Preliminary Study

We review the existing concepts, and define basic concepts and the problem of com-
munity detection. Table 1 gives a list of symbols used in this paper.

Table 1. Symbols

Symbols | Definition

I'(v;) The set of p-order neighbor nodes of v;
s(vi, v;) | The similarity between node v; and v;

c The size of the set I'(v;)

o The balance factor

@(v;) The topological potential of node v;
t(v;) The trust value of node v;

1v) The importance of node v;

A Regulation parameter (0 < 1 < 1)

2.1 Trust Value of Nodes

Definition 1. If pathy,,(vi, v;) = p, the node vj is called as the p-order neighbor node of
node v;.

For example, when pathi,(vi, v;) = 1, vj is 1-order neighbor node of v;. The trust
value of the node v; is defined as the sum of the similarity s(v;, v;) between v; and all its

p-order neighbors [8]. v4 = (ai1 e ,aid ) is attribute vector of node v; in formula (1).

W& Il < [

t(vi) = Z s(vi, vy) and s(vi,vj)—ll]H (1)
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2.2 Topological Potential of Nodes

Potential refers the work generated by a particle moving from one point to another
point in the field, and the work may depend only on the position of the particle and not
depend on the path along which the particle moved in the physics science. If each node
in a complex network is regarded as a particle in the field, and the edge between the
nodes is used as a link between the particles to generate work [9]. Then the concept of
potential field is applied to complex networks, which makes the connections between
nodes have fine physical features and stability. Considering that the work will decrease
with the increase of the shortest path length between nodes, So the topological potential
of node v; in the complex network G can be improved as formula (1). Impact factor é €
(0, +00) is used to control impact scope of each node.

P””’miy{("i i) )2

o(vi) = Z count(k) x e 5 (2)
=1

Here, count(k) is the number of the k-th order neighbors of node v;. Keeping
k constant, ¢(v;) get larger as count(k) gets larger, the network is densely. Therefore,
the topological potential in Eq. (2) reflects the intensity of the network.

3 Implementation on Our Framework

In this research, we aim to solve community detection problem and describes how they
work under this framework, the overall procedure our algorithm is shown in Fig. 1.

Topological potential
of nodes p(v)
Trust value of nodes
v)

Return the first K Sort top[k] in
clements top[K] descending order

initial division of
the community

Importance of
nodes /(v;)

Attributes set

Social network G

Fig. 1. Framework of OCDTT algorithm

3.1 Select Core Nodes

Due to the different positions of nodes and the difference of the interaction between
nodes in complex networks, which make each node has different importance, their
contributions to the network are also different [10]. Thus we can estimate the impor-
tance of nodes I(v;) from the structure of network and attributes of node.
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1(vi) = op(vi) + (1 — o)(v;) 3)
Next, top-k nodes are selected as core nodes according to the value of I(v;).

Input: Network G =(V, E, A),o0,a,K
Output: Core node set topl]
1. initialize top[]={0}, k=1;
2. for each v;€V do
2.1 for each v;€V and j#i do
if 1< pathgin(vi, vy3) <p then
2.1.1 compute topological field of node v;;
2.1.2 compute trust value of the node v;;
2.2 get the value of I(v;)by formula (5)
2.3 toplkl= I(vy):
3. Sort the array toplk]lin descending order, and select
the first K elements to output;
4. return topl[K];

3.2 Division of the Communities

We selects adjacent node of the core nodes in turn, and tries to add it to a community
and calculate the value of EQ [11].

Bo=-> Y oy @

— 5 [ ij
2m veCrmeC 0,,0,, 2m

If adding of the adjacent node makes EQ increases, then add the node into the
community. Otherwise, select other adjacent node and repeat such operations until all
adjacent nodes of core nodes is retrieved. Procedure is as follows:

Input: G=(V,E,A), core nodes set topl[K]

Output: Initial community C = {Ci, Csy.., Cx}

1. C = &;

2. Select nodes from core nodes to expand communities:
for each v;E€topl[K], i=1,2, ..K do

2.1 C; ={vy}

2.2 if(EQ(C;Uvy)>EQ(IC;)) then ¢ = CiUwvy

2.3 C = cUIc

3. return C;
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4 Experimental Results and Analysis

To compare and contrast the performance of the OCDTT method, we apply it to a
variety of two datasets. We use Normalized Mutual Information (NMI) to evaluate
performance of communities finding.

4.1 Experimental Results and Analysis

Complex simulation LFR network which internal structure and sizes of communities
are scalable to demonstrate effectiveness of our method. Table 2 illustrates four groups
parameter information of simulation LFR network.

Table 2. Two groups of LFR network parameter information
Name | N Kavg Kmax Cmin Cmax H Om On

Sy 100015 |50 |10 |25 [0.1|2 |0-20
S» 100010 |50 |10 |50 |0.1|2 |0-10

For LFM algorithm, range of parameter o is [0.8, 1.6] and step is 0.1. In CFinder,
k is integer in [3, 8]. Range of threshold in LINK is [0.1, 0.9] and step is 0.1. Impact
factor of OCDTT o = 1.034. Considering that structure and attributes have equal
impact, set balance factor ¢ = 0.5.

We can study by observing Fig. 2 that OCDTT is more outstanding to partition
communities in most conditions. It indicates that more communities a node belongs to,
more complex the network is, lead to poorer performance of algorithms. It can be
observed through comparing results of S; and S, that OCDTT is more stable than
others when the number of communities increases.

. —— Cfinder —0— OCDTT N —— (Cfinder —a— OCDTT
115 LFM —a—LINK 105 LFM

—»— LINK
b e 09 |
%
085 075

07 0.6 \\_“

055 | 045
04 | 03
025 0.15

L L L L L L L L
1 5 10 15 20 25 1 10 20 30 40 50

(a) NMI on Si (On=2) (d) NMI on Sz (Ow=5)

Fig. 2. Results of four algorithms on different subsets
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4.2 Results and Analysis on Real Datasets

Three real networks consist of Karate, Dolphins and Football. Karate is friend network
of 34 members in a Karate club. The network has 78 edges representing relations
among 34 members. Dolphins dataset is about dolphin groups in New Zealand. The
network represents biological family relations of 62 dolphins having 159 edges.
Football data represent groups of match teams in a university including 115 members
and 613 relations. It can be seen from Table 3 that EQ is not less than 0.5000 after
partition in OCDTT. The partition performance is remarkable. LINK algorithm pro-
duces linking communities of small sizes when implementing. It hampers form of
communities, so corresponding result is the worst.

Table 3. EQ value on real network

Name LFM | CFinder | LINK | OCDTT
Karate |0.3740|0.1860 |0.0270 | 0.3720
Dolphins | 0.4360 | 0.3610 | 0.1490 | 0.5000
Football | 0.5260 | 0.4880 |0.0830|0.5650

5 Conclusion

We combine the topological potential of nodes and the trust value of nodes to compute
importance of nodes in the network. Start from those selected core nodes, utilize
expanding module function to generate final community partition. Experimental results
demonstrate that OCDTT could achieve better results comparing to algorithms of the
same kind. In further work, we will continue partitioning communities in aspects of
structure and attributes. Based on this, optimize OCDTT. Strengthen efficiency of the
implement. Attempt to apply the algorithm to real network analysis and web
recommendations.
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Abstract. How to improve the classification accuracy is a key issue in
four-class motor imagery-based brain-computer interface (MI-BCI) sys-
tems. In this paper, a method based on phase synchronization analysis
and common spatial pattern (CSP) algorithm is proposed. The proposed
method embodies the idea of the inverted binary tree, which transforms
the multi-class problem into several binary problems. First, the phase
locking value (PLV) is calculated as a feature of phase synchronization,
then the calculated correlation coefficients of the phase synchronization
features are used to construct two pairs of class. Subsequently, we use
CSP to extract the features of each class pair and use the linear dis-
criminant analysis (LDA) to classify the test samples and obtain coarse
classification results. Finally, the two classes obtained from the coarse
classification form a new class pair. We use CSP and LDA to classify the
test samples and get the fine classification results. The performance of
method is evaluated on BCI Competition IV dataset Ila. The average
kappa coefficient of our method is ranked third among the experimental
results of the first five contestants. In addition, the classification perfor-
mance of several subjects is significantly improved. These results show
this method is effective for multi-class motor imagery classification.

Keywords: Electroencephalography - Motor imagery - Phase
synchronization - Common spatial pattern - Linear discriminant
analysis

1 Introduction

Brain-computer interface (BCI) is a direct communication and control channel
between the human brain and a computer or other electronic device, through
which people can express ideas or manipulate devices directly through the brain
without using language or action [1]. It can effectively improve the ability of
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patients with severe disabilities to communicate with the outside or control
external environment [2]. The BCI research team often use EEG to measure
the biological brain signal [3]. Brain wave is a method of recording brain activ-
ity using the electrophysiological index [4]. It records the wave changes during
brain activity and is the overall reflection of the electrophysiological activity of
the brain cells in the cerebral cortex or scalp surface [5]. When a certain region of
the cerebral cortex is activated by the senses, action instructions or motion imag-
ination and other stimuli, the region’s metabolism and blood stream increase, at
the same time, the information is processing. These can lead to the amplitude
reduction or block of the corresponding band of the EEG signal. This kind of
electrophysiological phenomenon is called ‘event-related desynchronization’ or
ERD. The brain exhibits a significant increase in electrical activity at quies-
cent conditions, which is called ‘event-related synchronization’ or ERS [3]. The
theoretical basis of motion imagination lies in ERS and ERD.

Motor imagery (MI) refers to a psychological process that there are indi-
vidual rehearsal and simulation of the given actions but no obvious physical
activity [6]. Relevant studies have shown that the neuronal activity of the pri-
mary sensorimotor areas generated by motor imagery is similar to the neuron
activities of primary sensorimotor areas generated by actual motion [7,8]. The
biggest advantage of the motor imagery-based brain-computer interface (MI-
BCI) system is that the EEG signal is generated by imagination without relying
on any sensory stimulation. Therefore, many BCI teams based on motion imag-
ination are devoted to the study of EEG feature extraction and classification
algorithms, especially for the classification of the four-class motor imagery. Peng
et al. [9] proposed a discriminative extremum learning machine with a supervised
sparse preservation (SPELM) model, which is effective in multi-class classifica-
tion tasks and regression tasks. Gouy-Pailler et al. [10] proposed maximum likeli-
hood framework to improve the classification recognition rate of multi-class BCI
paradigms, bridging the gap between the common spatial model (CSP) and blind
source separation (BSS) of non-stationary sources. The average kappa value is
0.50. Nicolas-Alonso et al. [11] used a method for classifying four-level motion
imaging tasks by combining adaptive processing and semi-supervised learning.
The kappa coefficient is 0.70. He et al. [12] constructed a common Bayesian
network by selecting relevant channels using nodes with common and different
edges, and then classified them with SVM. The average kappa coefficient reaches
0.66.

The main purpose of this paper is to propose an inverted binary tree clas-
sification method which combines phase synchronization analysis and common
spatial pattern (CSP). This method can improve the classification accuracy of
multi-class motor imagery EEG. We assess this method on the data set ITa which
contains four different motor imagery tasks. First, the phase locking value (PLV)
is calculated as a feature of phase synchronization, then the calculated correla-
tion coefficients of the phase synchronization features are used to construct two
pairs of class. Then, we use CSP to extract the features of each class pair and use
the linear discriminant analysis (LDA) to classify the test samples and obtain
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coarse classification results. Finally, the two classes obtained from the coarse
classification form a new class pair. CSP and LDA are still used to classify the
test samples and get the fine classification results.

This paper is organized as follows. Section 2 describes the BCI Competition
IV dataset ITa. In Sect.3, processing methods and all steps of the proposed
method are described in detail. Experimental results are presented in Sect. 4.
Finally, Sect.5 concludes the paper.

2 Data Acquisition

Our experiment uses the dataset Ila, which is available from the 4*" Interna-
tional BCI Competition (BCI-IV) and is provided by the Graz Technical Univer-
sity. Detailed description about dataset Ila can be downloaded from the website
(http://www.bbci.de/competition/iv/#datasets). It consists of EEG data from
nine subjects (named as A01, A02, A03, A04, A05, A06, A07, A08, A09, respec-
tively). The cue-based BCI paradigm comprises four classes of motor imagery
EEG measurements, namely left hand (class 1), right hand (class 2), feet (class
3), and tongue (class 4). Two sessions are recorded for each subject on different
days, one for training and the other for evaluation. Each session is composed
of 6 runs separated by short breaks. Each run consists of 48 trials (each class
appears 12 times), yielding 288 trials per session. The timing scheme of one trial
is illustrated in Fig. 1.

Beep

-

Fixation Cue
Cross

0 1 2 3 4 5 6 7 8 £(s)

Motor imagery | Break

Fig. 1. Timing scheme of the paradigm for recording dataset Ila.

The subjects sit in the comfortable armchair in front of the computer screen.
A cue arrow indicates to perform the desired motor imagery task. The exper-
imental data are recorded with 22 Ag/AgCl electrodes (3.5 cm inter-electrode
distance) and 3 monopolar EOG channels. The signals are sampled with 250 Hz
and bandpass-filtered between 0.5 Hz and 100 Hz.

The competition requires participants to provide a continuous classification
output for each sample in the form of class labels that could be ‘1, <2’, ‘3" or ‘4’.
The winner is the algorithm with the largest kappa value.
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3 Methods

3.1 Data Preprocessing

In this work, the original signals derived from the BCI-IV are intercepted into
single-trial data. The above-described data is then filtered between 8 Hz and
30 Hz with a third-order Butterworth bandpass filter. This band-pass frequency
range is used because it covers both mu (8-12Hz) and beta (18-25Hz) rhythms.
It can be seen from the timing scheme of one trial that the real motor imagery is
starting at 3s. Therefore, for the following feature extraction and classification,
the 3s data from 3s to 6s are intercepted from the filter data. The length of
data for each sample is 750 data points.

3.2 Phase Synchronization Analysis

Phase synchronization analysis is based on the interrelation of the phase and
the EEG with synchronization angle [13]. It can retain the phase components of
EEG signals and inhibit the impact of amplitude.

For a continuous time signal z(t) recoded from channel z, its complex analysis
signal by Hilbert transform can be defined as:

Zy(t) = x(t) + i2(t) = Ay (t)e'?=® (1)

where A, (t) and @, (t) are the instantaneous amplitude and instantaneous phases
of signals z(t), respectively. Z(t) is the Hilbert transform of @, (t). Analogously,
y(t) represent the signal recoded from channel y, we define Z,(t) = A, (t)e'®v®
for signal y(¢).

There are many methods to measure synchronization. PLV is an important
measure of phase synchronization when studying biosignals, especially electrical
brain activities [14], and is defined as:

PLV = | < exp(i{@,(t) — 8,(H)}) > | (2)

where < . > means the averaging operator of a continues time t. @,(t) and
&, (t) are the instantaneous phases of the analytical signals Z,(t) and Z,(t),
respectively.

Every two channels can be used to build different channel pairs. Dataset I1a
has 22 channels. We calculate PLV of all channel pairs. And a symmetric matrix
K with dimension ¢ X ¢ can be obtained. The matrix K is given as:

1 k12 A klc
kgl 1 e k20
K= : : : : (3)
Ee—1)1 ke—1)2 - - - K(e—1)e
kcl kc2 1



Coarse-to-Fine Classification of Motor Imagery-Based BCI 173

The average PLV is defined as:

N;
PL avgl = Z exp ]{@ éy(t)}» (4)

where N; is the number of samples belonging to class i. ¢ denotes either class 1,
2,3 or 4.

3.3 Correlation Coeflicients of Phase Synchronization Features

The correlation coefficient calculation formula is defined as:

e T YA~ A) (B B) o)

VEn S, (A, - A2(B,, B

where A represents a symmetric matrix composed of the PLV value of a test
sample, and B represents a symmetric matrix composed of the average PLV
values of the training samples of each class. A is equal to mean(A) and B is
equal to mean(B). m and n denote the row and column of the matrix A and
B, respectively. In this paper, as introduced in the Sect.3.2, m and n are the
same, which are equal to the number of EEG signal channels. The dataset Ila
contains four classes of motor imagery EEG data, so each test sample will form
four correlation coefficients. Thereby, a column vector R can be obtained:

RZ [7“17“27“37“4]T (6)

where r1, ro, 73 and r4 denote the correlation coefficient.
Then we can get a new column vector ¢ from r, and c can be expressed as:

oo

T ’ ’ ’ ’
c= [rarbrcrd] STy > Ty >T. >Ty (7)

7., = abs(r; — mean(R)). Analogously, r,, 7, and 7, have the same meaning.

3.4 Coarse Classification and Fine Classification

The proposed method mainly consists of two aspects: coarse classification of test
samples based on phase synchronization feature correlation coefficients and fine
classification of test samples based on coarse classification.

For coarse classification, we use the two classes of EEG data set corresponding
to the first two correlation coefficients in ¢ as the training samples for CSP
feature extraction, and use LDA to classify the test samples. The test samples
are classified into one of the two classes. The same operation on the last two
correlation coefficients and the result are classified into the other classes.

For fine classification, with the result of coarse classification, we can get a
new pair of class and then make fine classification of the test sample with the
CSP and LDA to acquire final classification result.
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3.5 Summary of the Proposed Method

Figure2 shows a detailed flow chart of the proposed method. The method
includes several stages: signal preprocessing with a third-order Butterworth
bandpass filter, use phase synchronization analysis to measure the relationship
between two different channels, calculate the correlation coefficients of phase syn-
chronization features, coarse classification and fine classification (CSP is used to
extract features and LDA is employed to classify a test sample).

PS Correlation coefticient

Left | PLVavg, L5 . Coarse classification

/ . . .
Ta Fine classification
class (a or b)
2
.
’
Ry ®
” [classe |
/
i

7 . J

Right »{| PLVavg,
Class label

Filtering
Training EEG data

Foot || PLVavg,

class (c or d)

lﬂl_

Tongue |,] PLVavg,

o I I I I

Filtering

Single trial EEG }——'l A test sample H PILV |

Fig. 2. Flow chart of the proposed method.

4 Experiments

4.1 Phase Synchronization Features

Dataset Ila uses 22 electrodes for data acquisition, including four-class motor
imagery tasks. For training data sets, we calculate the PLV of all channel pairs
and get the average PLV of each class. Each class includes 72 samples. Taking
the subject A03 as an example, the average PLV matrices of each class is shown
in Fig.3. The matrix contains the interaction between the channel pairs and
the instantaneous phase between the channels. The closer the chroma to 1, the
more synchronized the EEG signals of the two channels. It can be seen from
the figure that the average PLV feature obtained from various classes of EEG
training sample is different, which can be used to classify the EEG signal.

4.2 Topography of Optimal Spatial Filter

The proposed algorithm utilizes one versus one CSP algorithm to find the appro-
priate spatial filter which can maximize the difference between the two classes.
That is, the variance of one class is maximized while the variance of the other
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Fig. 3. The average PLV matrices of each class on training dataset.

class is minimized. In this paper, the optimal spatial filter is constructed by
selecting 8 optimal projection directions (the first 4 rows and the last 4 rows).
The projection direction of the spatial filter can be visualized by brain topog-
raphy. Figure4 shows the first and the last columns of the CSP filter, which
corresponds to the maximum and the minimum eigenvalues of subject A03. The
brain topography reflects the neural activity of the brain intuitively. After opti-
mizing the pairing, there are significant differences in the EEG data of the two
classes of motor imagery in each class pair. From the figure, we can also see
the features of ERD/ERS produced by four kinds of motor imagery, which are
effective for the classification of EEG data.

4.3 CSP Features Subspace Mapping

The CSP algorithm is used to calculate the eigenvector, and each sample pro-
duces an 8-dimensional eigenvector, i.e. f = [f1, fa,- - , fg]. Take the subject A03
as an example, we select two spatial features from the optimized CSP features
as the research object. The final result can carry out by optimizing group for
three times only and constructing three spatial filters. Figure 5 shows the feature
subspace mapping between the optimized combinatorial classes. The optimized
combination is as follows: first, Fig.5(a) and (b) make coarse classification of
the combination of class 2 and class 4, and the combination of class 3 and class
1. Then, Fig.5(c) obtain new optimization group and make fine classification of
class 2 and class 1, which is eventually divided into class 2.
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Fig. 4. Topographic map of the first and last eigenvector of CSP filters for classifying
different single-trial test samples, and 22 electrode locations. The results for subject
A03 are shown.
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Fig. 5. (a) Feature subspace mapping of class 4 and class 2, coarse classification. (b)
Feature subspace mapping of class 3 and class 1, coarse classification. (c) Feature
subspace mapping of class 2 and class 3, fine classification.

4.4 Classification Results

After coarse classification and fine classification, the predicted label by experi-
ment and the real label are compared to determine the coarse classification and
fine classification accuracy. Table 1 shows the classification accuracy of method
proposed in this paper in handling the dataset Ila.

Table 1 shows that the nine subjects have a coarse classification whose accu-
racy range from 62.2% (A05) to 96.9% (A01) with an average of 81.75%. The
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Table 1. Coarse classification accuracy and fine classification accuracy of BCI Com-
petition IV Dataset 1la.

Mean | A01| A02| A03|A04 A05|A06|A07 | A08|A09
Coarse(middle acc) % |81.7596.9|72.6|91.7|74.0|62.2|65.3|93.4|87.2|92.7
Fine(final acc) % 62.66 | 78.8|52.8|73.6|/50.4|37.2/40.3|74.0/77.8|79.2

fine classification accuracy range from 37.2% (A05) to 79.2% (A09) with an
average of 62.66%. Obviously, the accuracy of coarse classification will affect the
fine classification accuracy to a certain extent. The coarse classification accu-
racy of some subjects is about 90%, such as A01, A03, A07, A08, A09, and the
corresponding fine classification accuracy is higher than other subjects.

We also calculate the confusion matrix of the four subjects, as shown in Fig. 6.
It can be seen from the figure that the accuracy rate of right-hand motor imagery
of subjects A03 is 100%, which is higher than all the other subjects. However,
the accuracy of his feet motor imagery is the lowest. It can be inferred that
the subject may be more concentrated during the right-hand motor imagery. In
addition, the diagonal elements of the confusion matrix are always the largest,
which indicates that the proposed method is applicable to the classification of
multi-class motor imagery tasks.

A01
Left

Right 100.00

90.27

Fig. 6. Confusion matrices of four different subjects.

In the dataset ITa BCI competition IV, the winner is the method with the
largest kappa coeflicient. In order to make a fair comparison with the outcome
of the competition, we use the same standard, that is, the kappa value obtained
according to [15]. Table 2 presents the kappa values obtained from the proposed
method in this paper and the best five competitors. A description of the results
and the methods are provided on the website (http://www.bbci.de/competition/
iv/results/index.html).

Table2 shows that our approach produces quite good results in multi-
class and multi-channel EEG identification, with the average kappa coefficient
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Table 2. Kappa values of the performance of the proposed method and five best
competitors in dataset ITa BCI competition IV.

Mean | A01 |A02 |A03 |A04 |A05 |A06 |AO7 |AO8 |A09 |Rank
Kai Keng Ang |0.57 |0.68 |0.42 |0.75 |0.48 |0.40 |0.27 |0.77 |0.75 |0.61 |1st
Liu Guangquan|0.52 |0.69 |0.34 |0.71 |0.44 |0.16 |0.21 |0.66 |0.73 |0.69 |2nd
Our method 0.50 |0.72/0.37/0.65|0.34/0.16/0.20|0.65|0.70|0.72

Wei Song 0.31 |0.38 |0.18 |0.48 |0.33 |0.07 |0.14 |0.29 |0.49 |0.44 |3rd
Damien Coyle |0.30 |0.46 0.25 [0.65 |0.31 |0.12 |0.07 [0.00 |0.46 |0.42 |4th
Jin Wu 0.29 |0.41 |0.17 |0.39 |0.25 |0.06 |0.16 |0.34 |0.45 |0.37 |5th

accounting for the third of the six different approaches, slightly below the first
contestant (down 0.07) [16] and the second contestant (down 0.02) [17]. However,
our algorithm has a significant advantage (up to 0.19) compared to the original
third of the contestants. In addition, we can also see the kappa coefficient of
subject A01 and subject A09 is the highest among the six methods.

5 Conclusion

We have proposed a coarse-to-fine classification method based on phase synchro-
nization and common spatial pattern to extract effective features and improve
classification accuracy. Phase-locking value is used to measure the phase synchro-
nization relationship and spatial information between two different channels. The
correlation coefficients of phase synchronization features are calculated to con-
struct several class pairs. The CSP is used for feature extraction and the LDA
is used to classify the selected features in coarse classification and fine classifica-
tion. The core idea of this method is to obtain the feature coefficient relationship
between EEG signals by using phase synchronization and optimize the pair com-
bination of various classes of EEG data. This method can reduce the number of
spatial filters and weaken the impact of the two-class pairs with higher feature
coincidence on the classification results. The effective combination of features is
only used to improve the classification accuracy. We conduct the experiment on
the dataset ITa to evaluate the performance of the proposed method. The exper-
imental results show that the average classification accuracy can reach 62.66%.
The algorithm has good feature extraction ability and increases the classification
accuracy of multi-class EEG signals.
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Abstract. Simultaneous recording of electroencephalography (EEG) and
functional magnetic resonance imaging (fMRI) have attracted extensive atten-
tion and research owing to their high spatial and temporal resolution. However,
EEG data are easily influenced by physiological causes, gradient artifact
(GA) and ballistocardiogram (BCG) artifact. In this paper, a new blind source
separation technique based on dictionary learning is proposed to remove BCG
artifact. The dictionary is learned from original data which represents the fea-
tures of clean EEG signals and BCG artifact. Then, the dictionary atoms are
classified according to a list of standards. Finally, clean EEG signals are
obtained from the linear combination of the modified dictionary. The proposed
method, ICA, AAS, and OBS are tested and compared using simulated data and
real simultaneous EEG-fMRI data. The results suggest the efficacy and
advantages of the proposed method in the removal of BCG artifacts.

Keywords: Eelectroencephalography (EEG) - functional Magnetic Resonance
Imaging (fMRI) - Ballistocardiogram - Dictionary learning - Signal processing

1 Introduction

With the development of brain science, the simultaneous acquisition of electroen-
cephalography (EEG) and functional magnetic resonance imaging (fMRI) has attracted
extensive attention and research. EEG signal has the characteristics of low spatial
resolution and high temporal resolution, while fMRI has the characteristics of low
temporal resolution and high spatial resolution. Therefore, the combination of EEG
signal and fMRI is very important for the study of brain function, pathogenesis and

cognition of mental diseases [1, 2].

However, we face a serious problem: during recording data in an MRI scanner,
EEG signals are easy to be affected by the gradient artifact (GA) and ballistocardiogram
(BCG) artifact [7]. Fortunately, the gradient artifacts have time-shift invariance and

© IFIP International Federation for Information Processing 2020
Published by Springer Nature Switzerland AG 2020

Z. Shi et al. (Eds.): ITP 2020, IFIP AICT 581, pp. 180-191, 2020.
https://doi.org/10.1007/978-3-030-46931-3_17


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-46931-3_17&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-46931-3_17&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-46931-3_17&amp;domain=pdf
https://doi.org/10.1007/978-3-030-46931-3_17

Ballistocardiogram Artifact Removal for Concurrent EEG-fMRI Recordings 181

their amplitude is more than 100 times higher than that of an EEG signal [3]. Thus,
gradient artifacts are easily discernable, and they can be removed from the EEG signal
by average artifact subtraction (AAS) [4]. However, the original EEG signals still
contain another serious artifact, the most difficult one to remove: the ballistocardiogram
artifact (BCG). The BCG artifact is caused by the hall effect induced by blood flow and
the scalp twitch caused by blood pulsation, which mainly covers the frequency of EEG
signal at alpha (8—13 Hz) and below [12]. Therefore, BCG artifacts are a major bot-
tleneck to the wide application of simultaneous EEG-fMRI, and it is also a problem we
need to solve urgently.

To ensure the quality of EEG signals in EEG-fMRI, many methods have been used
to remove BCG artifact. (1) Averaged artifact subtraction (AAS), in which a BCG
artifact template is estimated by averaging over the intervals of EEG signal that are
corrupted by the artifact and subsequent subtraction of the template from the corrupted
segments to obtain clean signal [4]. (2) Independent Component Analysis (ICA) [5]
and (3) Principal Component Analysis (PCA) [6] are used to separate the original EEG
signal into different components, identify the artifact components and then remove
them. The primary challenge with these two methods is the definition of a consistent
standard for artificial component selection. There is always a trade-off in selecting the
number of components: removing a small number of components may still leave traces
in the EEG signal, on the contrary, removing a large number of components may lead
to the loss of important information in the EEG signal [11].

In recent years, dictionary learning has been widely used in multiple denoising
study areas concerning images and medical signals. Abolghasemi et al. [8] firstly used
dictionary learning to removal BCG artifact. The method first learns a sparse dictionary
from the given data. Then, the dictionary is used to model the existing BCG contri-
bution in the original signals. The obtained BCG model is then subtracted from the
original EEG to achieve clean EEG. The results show that dictionary learning is better
than AAS, OBS and DHT. However, their methods lack the study of learned dic-
tionary. Their work proved the reliability from the evaluation index while not from the
dictionary itself. The features of atoms is not fully explained and the amount of useful
EEG features in the dictionary on real-time data has not been proved.

In this paper, based on the previous approach, we propose a new blind source
separation technique for removing BCG artifacts EEG data based on dictionary
learning. The original EEG signal is firstly studied through dictionary learning, while
the dictionary contains all of the features of the dictionary, which can ensure that all
BCG features are fitted. Then, the atoms contain only EEG features are sorted
according to a list of standards. Finally, the clean EEG signal is obtained by the linear
combination of the sorted atoms. The proposed method is tested on synthetic data and
real data, and compared with ICA, AAS and OBS, which proves that the method has
better performance.
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2 Method

2.1 Dictionary Learning

Dictionary learning is a machine learning algorithm that has been widely used in image
denoising and classification, medical signals analyzing and so on. The learning method
aims at inferring a dictionary matrix which can give a sparse representation of the input
image or signal. Each column of the dictionary is called an atom which describes the
features of the input data. The method is also called sparse dictionary learning which
means the signal is represented as a sparse linear combination of atoms [13]. Assume a
dictionary matrix D = [d},---,dx] € R™K, n<K, has been found from the input
dataset X = [x1,- -, Xy], x; € R". Each column of the dataset matrix which usually
represents a signal x; can be represented as the linear combination of the atoms of
dictionary, i.e. x; = D -s;. Representations s;, the elements of sparse matrix S =

[s1,---,sm] need to achieve enough sparsity. Thus, the learning process can be for-
mulated as:
m
rgjy{lgllxi*DSf||§+iIISf||o, A>0 (1)

The lyp-norm in the minimization problem (1) is commonly substituted by /,-norm for
measurement of sparsity since the previous is NP-hard [17]. A usual procedure to solve
the problem is iteratively updating dictionary and sparse coding, i.e. solve dictionary
D while sparse coding S is fixed then solve S when D is fixed, until convergence. K-
SVD [19] is a powerful algorithm that based on Singular Value Decomposition
(SVD) and K-means implements the alternating minimization process well. And the
paper uses K-SVD as the core algorithm to complete the dictionary learning.

2.2 The Proposed Technique

The input data for the proposed method which is the original signal added by all 32
EEG channels with length L is segmented into m pieces of data of length n. Each
segment is a piece of continues EEG signal. The segments would increase the amount
of the input which means there would be a certain amount of duplication between each
other. This strategy, which is quite similar to the one between decision tree and random
forest, has the advantage that it can capture most of the local features in the giving
sample [8]. Each segment can be formulated as:

x; =PX, P; € R™ 2)
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P; is a binary matrix. Hence the proposed method can be formulated as:
- 2
i > JIIPX ~ D + 2o, 4> 0 (3)

After solving the above problem, a dictionary D with atoms contain all of the features
will be obtained.

Since the dictionary matrix contains the features of signals, it has similar mathe-
matical forms with Independent Component Analysis (ICA), which the signals can be
represented by the linear combination of independent components. Compared with ICA,
dictionary learning has allows the dimensionality of atoms to be higher than the number
of EEG channels. This property leads to adding redundant information to the dictionary,
in this case, which mainly is the clean EEG but also provides an improvement in sparsity
and precision of the signal features representation. To improve the result of dictionary
learning, we modify the dimension of the dictionary and sort the atoms we learned
through atoms classification and rearrangement. For the learned redundant dictionary
matrix D, principal component analysis (PCA) is first applied to reduce the dimen-
sionality and figure out the number k of the first principal components (Fig. 1).
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Fig. 1. The single values of PCA. In this situation, the first 3 single values mainly describe the
features of dictionary.

The space spanned by the first k principal components is considered to capture the
most important characteristics of the original signal that mainly depend on BCG arti-
facts. For the reduced dictionary atoms, k-means clustering algorithm is applied to
classified BCG atoms and EEG atoms. The clustering result can be plotted to 3D-space
spanned by the first 3 principal components, as shown on Fig. 2.
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02
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Fig. 2. Atom clustering of dictionary atoms learned from synthetic data. Red dots are BCG
artifacts atoms; gray dots are EEG atoms. (Color figure online)

After identifying the atoms which describe the features of the BCG, we return BCG
atoms to zero to avoid returning artifact information. Therefore, the dictionary would
have a better description of clean EEG signal (Fig. 3).

X clean EEG row

‘ | [ ] clean EEG row

dictionary sparse code matrix

Fig. 3. Schematic diagram for dictionary atom selection and rearrangement. The green atoms in
the dictionary are clean EEG atoms. The grey atoms are BCG atoms. White girds in sparse code
matrix are 0. (Color figure online)

3 Experiment

In this section, we divide the experimental results into two parts: synthetic and real
data. The performance of AAS, OBS, ICA and dictionary learning was evaluated by
experiments on these two data types, which proved the superiority of the proposed
method.
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3.1 Data Acquisition

(1) Synthetic Data

The synthetic EEG data used in this paper was proposed by Abolghasemi et al. in 2015
[8]. The synthesized signal consists of two parts: 1/f noise (also known as pink noise)
and BCG artifact. For the non-uniform characteristics of EEG signal, 1/f noise is
selected as EEG signal [14], while the synthesized BCG artifact is overlapped by
cosine waves of different frequencies and amplitudes. For the final synthesized signal,
10 dB white Gaussian noise is added, and these signals and their synthesized signals
are shown in Fig. 4.
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Fig. 4. Synthetic data: (a) BCG; (b) EEG (1/f noise); (¢) Summation of a and b; (d) Summation
of a and b. The SNR is 10 dB.

It can be seen from Fig. 4 that as the 1/f noise of EEG signal, its amplitude is
significantly smaller than that of simulated BCG signal. In fact, the EEG signal of
synchronous acquisition of EEG and fMRI obtained from actual acquisition is the same.
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(2) Public Data

The experimental data is provided by FMRIB research center of Oxford University. The
test data (FMRIB_Data.set) downloaded from the open-source EEG signal processing
website includes EEG signal, BCG artifact, gradient artifact and other noises [6].

(3) Clinical Data

The experimental data were provided by the sleep neuroimaging center of Southwest
University. Two healthy subjects with no history of nerve or heart disease participated
in the experiment. Indicates that the object rests in the scanner with the eyes open and
closed, without performing any specific tasks. Among the 32 channels recorded, 30
EEG channels used 10-20 international system. In addition, there are two bipolar
channels for EMG and ECG. The data sampling rate is 5000 Hz.

3.2 Data Preprocessing

The premise of effectively suppressing BCG artifacts is that there are no gradient
artifacts that seriously distort EEG signals in EEG signals, so it is necessary to pre-
process the collected EEG data first.

Matlab (2017b; MathWorks, Inc., Natick, MA) and eeglab 12.0 (Delorme and
makeig, 2004) were used to preprocess the EEG data. Firstly, the FMRIB 2.1 plug-in in
EEGLAB [15] is used to remove the gradient artifact in EEG data of MRI scan. In
order to save memory, we can down sample the data to 250 Hz. All EEG data are then
bandpass filtered at 0.5-50 Hz. The data is finally converted to a 32 channel EEG with
sampling frequency of 250 Hz.

3.3 Evaluation

Various evaluation indexes are used to determine the ability to inhibit BCG artifacts
(more importantly, to retain brain activity), and to compare the experimental results of
various methods.

The evaluation is mainly carried out from the following aspects: (a) the amplitude
changes; (b) Power Spectral Density [16]; (c) Improvement in Normalized Power
Spectral Density Ratio (INPS) [9]; (d) Peak-to-peak Value (PPV) [10]. In addition,
INPS and PPV can be calculated as follows:

5N Z ¢Pbef0re 1(f)

INPS =— ) 10log,, =2~ @)
n ; 0 Z d)P after,i (f)

PPV = %Z:‘;l Vbeforeﬁi o Z?:I Vbefore,i (5)

1 n - n
;Zizl Vafter,i Z,‘:] Vafter,i



Ballistocardiogram Artifact Removal for Concurrent EEG-fMRI Recordings 187

4 Result

Figure 5 gives the results using AAS, OBS and ICA and dictionary learning methods to
the synthetic signal.
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Fig. 5. Extracted BCG from synthetic data using (a) AAS, (b) OBS, (c¢) ICA, and (d) the
proposed method.

According to the method in Sect. 3.3, the normalized power spectral density (INPS)
is 13.16, the peak-to-peak value is 8.44. The values of the two performance evaluation
indexes are much higher than 1, indicating that dictionary learning plays an important
role in inhibiting BCG artifacts.

Figure 6 shows a segment of EEG data with a length of 10 s processed by various
methods. Visualization results of EEG records before and after BCG artifact correction
(AAS, OBS, ICA, proposed) of DATA 3. With the application of BCG removal
method, BCG artifact contribution is attenuated, so EEG signal strongly decreases.
However, it is obvious that the BCG residuals significantly decreased when using the
proposed method.
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Fig. 6. Result of 10 s signal from channel Fpl (for DATA 3) between the EEG recordings
before (RAW) and after BCG artifact correction (ICA, AAS, OBS).

Figure 7 shows averaged power spectral density of EEG data using different artifact
removal algorithms. It shows that our procedure can effectively reduce the artifacts in
different EEG frequency bands without affecting alpha (8—13 Hz) and beta (13-15 Hz
in Fig. 7) activities.
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Fig. 7. Averaged power spectral density of channel Fpl (for DATA 3) using different artifact
removal algorithms.
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Figure 8 and Table 1 compares the performance of AAS, OBS, ICA and the
proposed method in terms of INPS ratio. It can be concluded that the proposed method
is obviously superior to other methods.

Table 1. INPSs for all channels using different artifact removal methods.

DATA 1| DATA 2 | DATA 3 | DATA 4 | DATA 5
Dictionary Learning | 8.13 6.68 12.16 591 4.23
ICA 7.12 6.21 9.66 5.6 4.76
AAS 3.61 -1.6 7.16 3.66 -0.77
OBS 5.78 2.77 8.6 3.83 1.33
INPS ratio computation
12 mProposed Method
mICA
10 mAAS
mOBS
8
2
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. ||
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Fig. 8. INPS Reduction for all channels using different artifact correction methods versus the
EEG data after removing imaging artifacts.

Table 2 compares the peak-to-peak ratio of BCG artifact suppression methods
based on AAS, OBS and ICA, and the results prove the advantages of dictionary
learning.

Table 2. Peak-to-peak value for all channels using different artifact removal methods.

DATA 1| DATA 2 | DATA 3 | DATA 4 | DATA 5
Dictionary Learning | 13.40 9.18 20.03 4.22 3.71
ICA 10.74 9.03 15.44 5.57 3.11
AAS 5.57 1.52 8.72 2.08 1.30
OBS 6.15 2.63 11.16 2.69 1.52
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Table 3 is the averaged INPS and peak-to-peak ratio using different method. it is
obvious that the performance indexes of dictionary-based learning methods are almost
higher than those of ICA, AAS and OBS methods, except DATA 3, so it can be
considered that the dictionary-based learning method studied in this paper is more
effective in inhibiting BCG artifacts.

Table 3. Averaged INPS and peak-to-peak ratio.

DATA 1| DATA 2 | DATA 3 | DATA 4 | DATA 5
Dictionary Learning | 13.40 9.18 20.03 4.22 3.71

ICA 10.74 9.03 15.44 5.57 3.11
AAS 5.57 1.52 8.72 2.08 1.30
OBS 6.15 2.63 11.16 2.69 1.52

5 Conclusion

In this study, a set of new algorithms based on dictionary learning has been developed
to remove BCG artifact from EEG recordings simultaneously acquired with continuous
fMRI scanners. This method can reduce the BCG related artifacts in EEG fMRI records
without using additional hardware. The validity of this method is verified by the
experiments of synthetic data and real data.

It is gratifying that we still have a lot of room for progress. The classification
standards still need further study, such as classifying the atoms through mutual
information, the features of ECG are considered to sort m atoms with the largest mutual
information with the ECG [18]. At present, most of the EEG-fMRI researches are on-
line data artifact removal, only a few involve real-time correction. We can consider
applying the proposed method to real-time detection and removal of artifacts. One of
the limitations of our study is that we did not compare the results with the data recorded
outside the MRI. In fact, we can design specific paradigms involving in and out of
scanner experiments, so that we can how BCG was considered affecting EEG signals
from these recorded data.

Acknowledgement. This work was supported by NSFC (61633010, 61671193, 61602140),
National Key Research & Development Project (2017YFE0116800), Key Research & Devel-
opment Project of Zhejiang Province (2020C04009, 2018C04012).

References

1. Mulert, C., Pogarell, O., Hegerl, U.: Simultaneous EEG-fMRI: perspectives in psychiatry.
CEN 39(2), 61-64 (2008). https://doi.org/10.1177/155005940803900207

2. Shams, N., Alain, C., Strother, S.: Comparison of BCG artifact removal methods for evoked
responses in simultaneous EEG-fMRI. J. Neurosci. Methods 245, 137-146 (2015)

3. Iannotti, G.R., Pittau, F., Michel, C.M., Vulliemoz, S., Grouiller, F.: Pulse artifact detection
in simultaneous EEG-fMRI recording based on EEG map topography. Brain Topogr. 28(1),
21-32 (2015)


https://doi.org/10.1177/155005940803900207

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Ballistocardiogram Artifact Removal for Concurrent EEG-fMRI Recordings 191

Allen, P.J., Polizzi, G., Krakow, K., Fish, D.R., Lemieux, L.: Identification of EEG events in
the MR scanner: the problem of pulse artifact and a method for its subtraction. Neuroimage 8
(3), 229-239 (1998)

Bénar, C., Aghakhani, Y., Wang, Y., et al.: Quality of EEG in simultaneous EEG—fMRI for
epilepsy. Clin. Neurophysiol. 114(3), 569-580 (2003)

Niazy, K., Beckmann, C.F., Iannetti, G.D., et al.: Removal of FMRI environment artifacts
from EEG data using optimal basis sets. Neuroimage 28(3), 720-737 (2005)

Hu, L., Zhang, Z.: EEG Signal Processing and Feature Extraction. Springer, Singapore
(2019). https://doi.org/10.1007/978-981-13-9113-2

Abolghasemi, V., Ferdowsi, S.: EEG-fMRI: dictionary learning for removal of ballistocar-
diogram artifact from EEG. Biomed. Signal Process. Control 18, 186-194 (2015)
Ghaderi, F., Nazarpour, K., Mcwhirter, J.G., et al.: Removal of ballistocardiogram artifacts
using the cyclostationary source extraction method. IEEE Trans. Biomed. Eng. 57(11),
2667-2676 (2010)

Mantini, D., Perrucci, M.G., Cugini, S., Ferretti, A., Romani, G.L., Del Gratta, C.: Complete
artifact removal for EEG recorded during continuous fMRI using independent component
analysis. Neuroimage 34, 598-607 (2007)

Winkler, 1., Haufe, S., Tangermann, M.: Automatic classification of artifactual ICA-
components for artifact removal in EEG signals. BBF 7, Article no. 30 (2011). https://doi.
org/10.1186/1744-9081-7-30

de Munck, J.C., van Houdt, P.J., Gongalves, S.I., van Wegen, E.E.H., Ossenblok, P.P.W.:
Novel artefact removal algorithms for co-registered EEG/fMRI based on selective averaging
and subtraction. Neurolmage 64, 407-415 (2013)

Quan, Y., Xu, Y., Sun, Y., Huang, Y., Ji, H.: Sparse coding for classification via
discrimination ensemble. In: Proceedings of the Conference on Computer Vision and Pattern
Recognition (CVPR), pp. 5839-5847 (2016)

Demanuele, C., James, C.J., Sonuga-Barke, E.J.: Behav. Brain Funct. 3, 62 (2007). https://
doi.org/10.1186/1744-9081-3-62

The FMRIB Plug-in for EEGLAB. https://fsl.fmrib.ox.ac.uk/eeglab/fmribplugin/

Dressler, O., Schneider, G., Stockmanns, G., Kochs, E.F.: Awareness and the EEG power
spectrum: analysis of frequencies. BJA 93, 806-809 (2004). https://doi.org/10.1093/bja/
aeh270

Mairal, J., Bach, F., Ponce, J., Sapiro, G.: Online dictionary learning for sparse coding. In:
Proceedings of the 26th Annual International Conference on Machine Learning - ICML
2009 (2009)

Liu, Z., de Zwart, J.A., van Gelderen, P., Kuo, L.-W., Duyn, J.: Statistical feature extraction
for artifact removal from concurrent fMRI-EEG recordings. Neuroimage 59, 2073-2087
(2012)

Aharon, M., Elad, M., Bruckstein, A.: K-SVD: an algorithm for designing overcomplete
dictionaries for sparse representation. IEEE Trans. Signal Process. 54(11), 4311-4322
(2006)


https://doi.org/10.1007/978-981-13-9113-2
https://doi.org/10.1186/1744-9081-7-30
https://doi.org/10.1186/1744-9081-7-30
https://doi.org/10.1186/1744-9081-3-62
https://doi.org/10.1186/1744-9081-3-62
https://fsl.fmrib.ox.ac.uk/eeglab/fmribplugin/
https://doi.org/10.1093/bja/aeh270
https://doi.org/10.1093/bja/aeh270

)

Check for
updates

Comparison of Machine Learning and Deep
Learning Approaches for Decoding Brain
Computer Interface: An fNIRS Study

Jiahao Lu’, Hongjie Yan?, Chungqi Changl(m),

and Nizhuan Wang3('g)

! School of Biomedical Engineering, Health Science Center,

Shenzhen University, Shenzhen, China
cqgchang@szu. edu. cn
2 Department of Neurology, Affiliated Lianyungang Hospital
of Xuzhou Medical University, Lianyungang, China
3 Artificial Intelligence & Neuro-Informatics Engineering (ARINE) Laboratory,
School of Computer Engineering, Jiangsu Ocean University,
Lianyungang, China

wangnizhuanll20@gmail. com

Abstract. Recently, deep learning has gained great attention in decoding the
neuro-physiological signal. However, which one (classical machine learning or
deep learning) has better performance for decoding the functional near-infrared
spectroscopy (fNIRS) signal is still lack of full verification. Thus, in this paper,
we systematically compared the performance of many classical machine
learning methods and deep learning methods in fNIRS data processing for
decoding the mental arithmetic task. The classical machine learning methods
such as decision tree, linear discriminant analysis (LDA), support vector
machine (SVM), K-Nearest Neighbor (KNN) and ensemble methods with strict
feature extraction and screening, were used for performance comparison, while
the long short-term memory-fully convolutional network (LSTM-FCN) method
as a representative of deep leaning methods was applied. Results showed that
the classification performance of SVM was the best among the classical machine
learning methods, achieving that the average accuracy of the subject-
related/unrelated were 91.0% and 83.0%, respectively. Furthermore, the clas-
sification accuracy of deep learning was significantly better than that of the
involved classical machine learning methods, where the accuracy of deep
learning could reach 95.3% with subject-related condition and 97.1% with
subject-unrelated condition, respectively. Thus, this paper has totally showed the
excellent performance of LSTM-FCN as a representative of deep learning in
decoding brain signal from fNIRS dataset, which has outperformed many
classical machine learning methods.

Keywords: Brain computer interface (BCI) - Functional near-infrared
spectroscopy (fNIRS) - Brain signal decoding - Classical machine learning -
Deep learning
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1 Introduction

The brain computer interface (BCI) is a technology that provides communication for
the human or animal brain with the external environment [1]. When the brain performs
a functional task, it activates (or suppresses) the functional brain-related regions,
directly affecting the regional cerebral blood flow (rCBF) and cerebral blood volume
(CBV). Changes occur and eventually manifest as rapid changes (elevation or decline)
in blood oxygen levels in the corresponding regions of the brain, which is called
neurovascular coupling [2]. Cerebral nerve activity causes the corresponding changes
in blood oxygen levels, and the consequent changes in blood oxygen levels can impact
the magnetic and optical properties of brain tissue. It is well known that the water,
oxygenated hemoglobin (oxy-Hb), and deoxygenated hemoglobin (deoxy-Hb) have
different absorption coefficients for near-infrared light of different wavelengths [3-5].
According to the neurovascular coupling, when the functional cognitive neural activity
tasks are performed, the oxygen demand in the active area under the functional task is
increased, with the perfused cerebral blood flow. In functional cognitive tasks, the
activated brain region generally showed an increase in the concentration of oxy-Hb and
total hemoglobin (t-Hb), a decrease in the concentration of deoxy-Hb. The well-known
functional magnetic resonance imaging technique generates the blood-oxygen-level-
dependent (BOLD) signals by magnetic changes caused by changes in hemoglobin
concentration [6], while fNIRS measures oxy-Hb and deoxy-Hb by the absorption of
near-infrared light at wavelengths around 704 nm and 887 nm [3, 7, 8].

In 2007, Coyle [9], Sitaram [10], Naito [11] has demonstrated the feasibility of
controlling the output of fNIRS-BCI. Today, researchers can identify motor execution,
motor imagery, metal arithmetic, music imagery with fNIRS-BCI [12]. Although deep
learning has become more and more popular in signal processing, deep learning has not
attracted enough attention from fNIRS-BCI researchers in recent years, which is
possibly due to the limitation of relatively small samples in fNIRS-BCI experiments.
For example, in 2015, Johannes Hennrich et al. has compared deep neural network with
part of classical machine learning methods and they showed that deep neural network
did not yield higher classification rates than the shrinkage LDA [13]. However, whether
classical machine learning or deep learning has better performance for decoding the
brain signal is still lack of full verification. Thus, in this paper, a public fNIRS-BCI
mental arithmetic data was used to aim at completely finding out the which one
(classical machine learning or deep learning) could perform better in fNIRS-BCI data
processing under the brain decoding task. In order to improve the performance of
machine learning, a new feature screening method is used to find out positive channels
and time period of fNIRS mental arithmetic dataset.
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2 Experimental Design and Dataset

In this paper, a public fNIRS-BCI dataset was involved in performance validation,
which was a mental arithmetic dataset of prefrontal and temporal lobes, with a total of
eight subjects, collected and published by the Neuroengineering Laboratory of Graz
University [14, 15]. The designed experiment paradigm and data recording were
detailed in the following sub-sections.

2.1 Experimental Paradigm

During the designed experiment, all eight subjects were firstly asked to keep an eye on
the computer screen. The computer screen was black before the task was activated.
Before the mental arithmetic task started, the green line appeared on the screen and
lasted for two seconds. When the mental arithmetic task started, the mental arithmetic
task prompt (e.g. 97—4) appeared on the screen for one second. The subject needed to
follow the prompts to calculate the mental arithmetic task. Namely, the subject should
calculate the 97 minus 4 task (97, 93, 89, 85...) until the green line in the middle of the
screen disappeared. Specifically, the green line appeared for 14 s in each trial. The first
two seconds prompt that the trial was about to start. After the green prompt line
appeared for 2 s, the mental arithmetic task calculation formula appeared above the
green prompt line for 1 s (e.g., 97—4). Then, the subject was asked to watch the screen
and started mental arithmetic until the green line disappeared (the mental arithmetic
task lasted for 12 s). After the green line disappeared, the subject continued to watch
the black screen and to wait for the next trial (as a resting trial without mental arith-
metic task).

2.2 Data Recording

A continuous wave system (ETG-400, Hitachi Medical Co, Japan) was used in the
experimental instrument. Using 16 photo-detectors and 17 light emitters to form a
3 x 11 grid probe arrangement, 52 channels in total were distributed on the prefrontal
and temporal lobes, and each one was capable of measuring oxy-Hb concentration,
deoxy-Hb concentration and t-Hb concentration. The sampling rate was 10 Hz and the
distance between the source and the probe was 3 cm. The channel closest to the nose
side was arranged along the FP1-FP2 series of the International. The channel 48 in the
electroencephalogram 10-20 system was located at the FP1 position (as shown in
Fig. 1).
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Fig. 1. Schematic illustration of the multi-channel positional layouts for 52 channels [15]

3 Classical Machine Learning for fNIRS Signal Decoding

3.1 Data Preprocessing

It well known that there is a physiological interference signal in the captured fNIRS
data. In order to obtain a brain functional activation signal with high signal-to-noise
ratio (SNR), it is necessary to preprocess the original data to reduce physiological
noises caused by physiological activities such as heartbeat, respiration, and blood
pressure fluctuations [16]. Physiological noise generated by heartbeat, respiration,
blood pressure, and Mayer waves are relatively stable and statistically independent
interference signal [17]. The most common method for dealing with physiological
noise is to use a band-pass filter that uses a digital filter to eliminate the effects of
heartbeat, respiration, Mayer wave signals, and baseline drift based on the frequency of
physiological noise. In our experiment, the finite impulse response (FIR) band-pass
filter is used to pass the 0.05-0.7 Hz signal, aiming at improving the SNR of the
signal.

3.2 Feature Extraction

The fNIRS-BCI data refers to the time-series signal of the multi-channel scattered light
intensity change collected by the fNIRS device. Statistical features directly reflect the
statistical characteristics of fNIRS data and reduce the redundant information, which is
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widely used in fNIRS data processing [18]. In the past few years, the main feature
extraction method of fNIRS-BCI data in classical machine learning methods is the
average concentration of the time-intercept signal intercepted in seconds [19-22] and
slope [21, 22].

In the feature extraction stage, the average and slope of the 0.5 s window and 1 s
window, the average of the full data segment, the linear fitting regression value, the
variance, the range, and the skewness were selected as the classification features. Each
subject dataset could provide 125 features, including the average and linear regression
of the time window, and the average of the entire data segment, linear regression,
variance, range, and skewness.

3.3 Feature Screening and Classification

After the stages of data preprocessing and feature extraction, the feature data with the
size of 36 x 156 x 125 was first obtained. After the feature data was converted into
two dimensions, a matrix with size of 36 x 19500 was obtained. The channel
screening and feature screening procedure was performed to remove redundant infor-
mation, and to determine the main activation channel (brain region) of the mental
arithmetic task and the main change time of cerebral blood flow. The classification
contribution values of each single-channel with all features data 36 x 1 x 125 and the
single-feature with all channels data 36 x 156 x 1 were evaluated, respectively. The
classification contribution values were then selected as follows: the input feature data
was classified by five classifiers such as LDA, SVM, KNN, Decision Tree and
Ensemble Learning classifier, and then the average value of the top three accuracy was
used as a criterion.

Then, based on the channel classification contribution values and the feature
classification contribution values, the optimal combination of the multiple channels and
multiple features should be determined. In this paper, the channels and features
combinations of multi-channel and multi-features were classified and judged by the
exhaustive method with different number of optimal channels and optimal features.
Although the number of channels and the number of features was simply changed in the
feature screening process, the corresponding calculation time could be greatly reduced
in searching optimal combinations. The approximate activation channel (in spatial
domain) and approximate activation period (in temporal domain) of the mental arith-
metic task were obtained by optimal combination through a large number of calcula-
tions. The detailed procedure was shown in Fig. 2.

Finally, after the procedure of feature screening, the chosen features were put into 5
classifiers (i.e., LDA, SVM, KNN, Decision Tree, and Ensemble Learning classifier) to
perform the classification task.
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Fig. 2. Flowchart of channel and feature screening

4 Deep Learning for fNIRS Signal Decoding

In this paper, a long time-term memory (LSTM) based on a fully convolutional net-
work (FCN) [23], namely LSTM-FCN was used. FCN replaced the last three fully
connected layers of the classic convolutional neural network (CNN) [24] with three
convolutional layers.

The original fNIRS data of 8 subjects were processed according to the data
interception method, generating the data with dimensions of 36 x 156 x 200, where
36 denoted the number of experimental trials, 156 represented the number of channels,
and 200 was the length of a trial. Input data is randomly assigned in a 4 to 1 ratio to
obtain the training set and test set, respectively. The followed experimental results were
averaged from the results of 5 cross-validation.

The 1-D convolution has proven to be an effective learning method for time series
classification problems [24]. An FCN with 1-D convolution was commonly used as a
feature extractor. Global average pooling [25] was applied to reduce the number of
parameters in the model before classification. In the proposed model, the FCN was
enhanced by the LSTM module, and then the dropout function was involved to prevent
over-fitting and to accelerate the training process [26]. The FCN module consisted of
three stacked 1-D convolution blocks with filter sizes of 128, 256 and 128, respec-
tively. Each convolution block was identical to the convolution block in the FCN
architecture proposed by Wang [24]. Each block consisted of a temporal convolutional
layer, each block was processed for bulk normalization [27], and then the activation
function was used. The time series data was input into the LSTM block, and then the
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dropout function was called. The output of the FCN module and the output of the
LSTM were concatenated. The architecture of LSTM-FCN for fNIRS-BCI data was
showed in Fig. 3.

LST™ > dropou
input Concat B softmax
ConviD ConviD ConviD

128 256 128

Fig. 3. Architecture of LSTM-FCN for fNIRS-BCI data

5 Results and Discussion

5.1 Channel and Feature Screening in Classical Machine Learning

In the optimal channels determination procedure, the classical machine learning
methods classified 156 channels and 125 features without prior conditions, and per-
formed exhaustive tests on all channels to find the optimal channels. After the data of
several subjects was processed, it can be determined that the activated brain area of the
mental arithmetic task was more significant in channel 26, 36, 37, 46, 48, which was
shown in Fig. 4. Moreover, it was found in the feature screening stage that the average
value of the data in the interval [6 s, 17 s] contributed more to classification perfor-
mance. Each subject processing could provide a priori condition for the next data
processing, which could help determine the activation brain area and activation time
period.

Fig. 4. The activation channel map of mental arithmetic task

5.2 Decoding Performance: Classical Machine Learning V.S. Deep
Learning

In Table 1, the highest accuracy of SVM in the classical machine learning of the
subject-related classifier was 91%, and the accuracy of the deep learning method was
95.3%. Under the subject-unrelated conditions, the accuracy of classical machine
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learning reached 83%, and the accuracy of deep learning reached 97.1%. For the SO3,
S04, S07, SO8, in the case of different network dropout rate, can achieve 100%
accuracy. At this point, deep learning method, i.e., LSTM-FCN, has been significantly
better than the classical machine learning methods have, and a 100% accuracy could
make BCI system more stable.

Table 1. Accuracy of classical machine learning methods and deep learning method

SO01 | S02 | S03 | S04 | SO5 | S06 | S07 | SO8 | Average | All

subjects
Classical Decision [69.4 |75 |86.1/854(64.6(77.1|77.1|75 |76.2 71
machine tree
learning LDA 77.8183.3(/91.7|77.166.7|68.8|85.4/93.8|80.5 60.1

SVM 91.791.7/97.2|93.8 | 77.1 | 83.3|95.8/97.9|91.0 83.0
KNN 77.8183.3/88.9/89.666.7|77.1|97.9|93.8|84.3 69.8
Ensemble | 83.3 | 97.2|88.9|91.7 | 66.7 | 81.3|93.8|95.8 | 87.3 75.9

Deep 0.3 91.7 91.7 100 | 100 |87.5 93.7/97.9 100 953 | 86.4
learning: 0.5 86.1/83.3/97.2/ 100 | 93.7 95.8 100 | 100 945 | 97.1
LSTM-FCN ¢ 6 83.3/86.1/97.2 /100 |89.5/93.7|100 | 100 |93.7 88.5
with different | o 91.7/88.8 100 | 100 749792958 100 913 | 90.8

dropout rate

In the subject-related classification, accuracy of SO5 and S06 was lower than that of
other subjects. But in deep learning method, the accuracy of SO5 and S06 can reach
90%. Contritely, the deep learning method (LSTM-FCN) still got better decoding
performance for the difficult subjects in the classical machine learning. In the subject-
unrelated classification, the deep learning method was with significantly higher accu-
racy than the classical machine learning methods did. The highest accuracy of deep
learning was 14.1% higher than that of the classical machine learning methods where
the accuracy of deep learning is very close to 100%. Thus, according to Table 1, it was
easily concluded that the LSTM-FCN method as a representative of deep learning had
better performance for fNIRS-BCI decoding.

6 Conclusion

In this paper, we made a full decoding performance comparison between the classical
machine learning methods and deep learning method on fNIRS-BCI data. According to
the experimental results, it was found that the LSTM-FCN method as a representative
of deep learning showed superior performance to all the classical machine learning
methods such as decision tree, LDA, SVM, KNN and ensemble classifier. In terms of
the training time in the classical machine learning methods, it took more time to do
channels screening and features screening task. As the amount of data increased and the
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new models were developed, the deep learning methods could achieve the classification
accuracy and robustness on the small fNIRS-BCI dataset. Thus, the deep learning is a
promising tool for decoding fNIRS-BCI data in comparison to the classical machine
learning.
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Abstract. In this paper, a new phase plane analysis method is proposed to
study the nonlinear phenomena of traffic flow. Most of the papers describe only
one or several traffic phenomena and do not analyze all of them from the
perspective of system stability. Therefore, this paper studies the phase plane
analysis of traffic flow phenomenon from the perspective of traffic system sta-
bility, and describes various complicated nonlinear traffic phenomena through
phase plane analysis.

Keywords: Phase plane diagrams - Stop-and-go waves - Stability analysis -
Phase plane analysis

1 Introduction

At present, traffic congestion is getting more and more serious in most cities and
regions in China. In order to solve the problem of heavy traffic, we cannot simply
increase the number of traffic roads and limit the driving of vehicles, which can only
solve the temporary problem on the surface. Only by strengthening the research on the
intrinsic nature of traffic flow can we fundamentally prevent and solve the problem of
traffic congestion.

In a large number of studies on traffic flow phenomena, we find that although many
scholars have studied and proposed many research methods, the results only describe
one or several traffic phenomena [2, 3, 6, 7]. In this paper, from the perspective of
system stability, traffic congestion and system instability are related, and a phase plane
analysis method is proposed to transform the traffic flow problem into a system stability
analysis problem.

The core content of phase plane analysis is variable substitution. Substitute the
density and speed variables in traditional traffic models. It can be described as ¢ = 1/v
and ¥ = 1/(p,, — p). The physical meaning of variable substitution is that from ¢ =
1/v it can be found that as long as traffic congestion occurs and the vehicle speed
approaches zero, the state variable ¢ tends to infinity and the system becomes unstable.
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It can be found from n = 1/(p,, — p) that as long as there is traffic congestion, the
density of vehicles tends to saturation density, the state variable # tends to infinity, and
the system becomes unstable. This means that the substitution expands the scope of the
variable to infinity, so the correspondence between traffic congestion and system
instability can be established on the phase plan.

2 Variable Substitution Based On a Macroscopic Traffic
Flow Model

Tang et al. proposed a macroscopic traffic flow model considering the driver’s pre-
diction effect [1]. He expression is as follows:

& L A _

o G pve 2D 1)
a_:"f"}ﬁ: T+ ft —ﬁTCOPV(P)EV(

Type:

p—Average vehicle density;
v—Average vehicle speed;

t—Time interval;

f—Nonnegative constants;

Ve[p(x, t)]—Equilibrium speed,;

c,— Velocity of disturbance propagation;
Ve[p(x,1)] has the following form:

Ve[p]ZVf{ [1 + exp(%%)]l—E»ﬂZ X 10—6} (2)

From the formula (2):

—0.25p,
Vr €Xp (p 0.06p,, )
Vi(p) = — " 2 3)
0.06p,, {1 + exp (”60%6:"”1)}
Here vy is the free flow velocity, p,, is the maximum or congestion density.
In the present paper, a simple transformation is employed as follows,

1

o= —

v
| 4)
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Substituting the variables into Eq. (1), we have a new traffic flow model as follows:

@G+ = pun”) G + ot =
o Oa 1+ B) "ﬂ(ﬂ)_% 2 7
1028 — 1/o*e — WAL g, (o = 3) el (=4 =0

Then substitute the variable into formula (2), and the expression of the equivalent
velocity is as follows:

075 — 1\
V() = v |1+ exp <'006””m>] ~3.72 x 10° (6)

L 5 is substituted into VI(p), we can get:

Then variable substitution # = ;

m

Vy(n) = — — 7
o 0.06p, 2|1 125 - 1] 7
D6p,m~ | 1A exp(12.5 = 56,5

Specifically, the range of variable p in the original traffic flow mode is
0 — 0.25 veh/m and the range of variable v is 0 — 30 m/s, so the range of variation in
density or velocity is very limited. At this time, the variable substitution in the phase
plane analysis method plays a vital role, it can expand the state variables p and v in the
original model to infinity, which means that it breaks through the limitations. It can be
found that when the speed approaches zero, the state variable ¢ is close to infinity.
Similarly, the state variable # approaches infinity when the density approaches the
congestion density. The increase of state variables ¢ and 5 indicates that the average
vehicle speed decreases, vehicle density increases, and the system becomes unstable.
Therefore, changes in state variables can be used to judge the stability of the system. In
phase plane analysis, traffic congestion can be equated with system instability.

3 Study on the Stop-and-Go Phenomenon Based on the Phase
Plane Analysis

In this section, we mainly do a comparative analysis. The comparison objects are the
new model with variable substitution and the traditional model without variable sub-
stitution. The method of analysis is to compare the phase plane diagram drawn by the
new model with the density space-time diagram [4, 5] of the traditional model through
specific numerical simulation. It turns out that the new method is consistent with the
traditional method in describing the stop-and-go traffic phenomenon. But phase dia-
grams can more clearly describe changes in density or velocity at any time or in any
part.
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We can find the stop-and-go traffic phenomena in the phenomenon of small dis-
turbance amplification. We simulate stop-and-go traffic phenomena in an enlarged local
disturbance on the initial uniform traffic flow. The expression of the initial density is as
follows:

) = o [0 (- 3] S [ BV}

x €0, L]

Type:
po—Initial uniform density;

Apy—Disturbance density;
L—Section length;

Among them, Ap, =0.01 veh/m is the amplitude of localized perturbation, the path
length L investigated in this section is 32.2 km. The expression of the initial velocity is
as follows:

v(x, 0) = V(p(x,0)) x€[0, L] )
The dynamic adjacent boundary conditions are given by the following formula:

p(1,8) = p(2,1),p(L,t) = p(L — 1,¢8),v(l,t) = v(2,1),v(L, 1) = v(L — 1, 1)
(10)

In order to facilitate the simulation, the space interval is equal to 100 m, the time
interval is 1 s, and the values of other parameters in the model are as follows:

co=11m/s, T = 5s,vy = 30m/s, p,, = 0.2veh/m, f = 0.3

Corresponding to the above parameters, according to the stability condition, the
critical density of the prediction model is 0.037 veh/m and 0.091 veh/m, the initial
density is set at 0.037 veh/m < p, < 0.091 veh/m the traffic flow is linearly unstable
in this range, small perturbations at this initial density will diverge and lead to stop-go
phenomenon.

In this section, in order to draw the model replaced the new prediction model of the
floor plan, we should first of all, for a given value, the discrete model of finite difference
method, and numerical solving state variables, take (17, %), (r], %), (0, %), (0, %)
as the coordinates, draw four phase plans in proper order. Through the four figures, we
can study more clearly the corresponding density or velocity or displacement change at
any time, thus the fluctuations of traffic flow completely into the stability of the system
analysis.
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Fig. 1. f = 0.2 initial density p, = 0.01 veh/m (a) is the density space-time diagram, (b) is
the phase plan with coordinates (0', %), (c) is the phase plan with coordinates (11, %), (d) is the

phase plan with coordinates (o, %), (e) is the phase plan with coordinates (11, %)

Figures 1(b)—(e) are the phase plane diagrams of variables # and o. We draw the
stage process of the curve and find the starting point and the route of the whole run. We
can see all the curve changes from outside to inside, gradually approaching the center
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of the ring. No curve approaches infinity, which indicates that the initial small dis-
turbance disappears with time. On the whole, Figs. 1(b)—(c) have no curve at infinity.
This means the system is stable and there are no traffic jams. This is consistent with the
density space-time diagram in Fig. 1(a). The disturbance eventually disappears and the
traffic flow eventually converges to the initial uniform density. Figure 1(a) is the
density spatiotemporal diagram where the initial density of the model is set within the
stable range. Figure 1(d)—(e) reflects the fluctuation of vehicle density and speed in the
whole section at each moment.

We found that its trajectory is composed of multiple overlapping circle structure,
this means that all running curve is outside-in change over time. It shows that the
density fluctuations gradually reduce over time on the whole road. The initial small
disturbance is disappeared with the time and the transportation system is stable. If it’s
unstable, it’s the opposite.

Figure 2 shows an unstable traffic flow phenomenon, which diverges when a small
disturbance is applied. As can be seen from the density spatiotemporal diagram in
Fig. 2(a), due to the initial density taken within the unstable range of the model, the
small disturbance imposed on the initial uniform density is gradually amplified with the
increase of time, resulting in the instability of the traffic flow and the formation of the
traffic phenomenon of walking and stopping, that is, the traffic cluster. According to
curve sections, draw Fig. 2(b) and Fig. 2(d). We can find that there are many curves
approaching infinity, and the further up the outer ring goes, which indicates that the
density fluctuation is increasing at the top, the vehicle speed is decreasing at the top, the
state variable is approaching infinity, and the system becomes unstable, which is
consistent with the tendency of the system to become unstable as shown in Fig. 2(a).
From the Fig. 2(d) and Fig. 2(e), we can find that there are many curves tend to
infinity, which shows that the density fluctuations are enlarged with time, and the
phenomenon of small disturbances diverging with time is displayed intuitively. The
entire system is unstable. Compared with the density spatiotemporal map, the phase
plan can more clearly reflect the density change at the current time and the next time on
the entire road section. Through the phase plan, we can directly convert the traffic
congestion phenomenon into the instability curve of the system. The more unstable the
traffic system is, the more obvious the effect is.
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Fig. 2. f = 0.3 Initial density p, = 0.042veh/m (a) is the density space-time diagram, (b) is
the phase plan with coordinates (o‘7 %), (c) is the phase plan with coordinates (r], %), (d) is the

phase plan with coordinates (a, %), (e) is the phase plan with coordinates (11, %).

4 Conclusions

In this article, the original model is transformed into a new model by using a variable
method. Using the phase plan, we can also describe the various non-linear phenomena
observed in the traffic flow. We first build a new traffic flow model by replacing
variables in the model. By analyzing and comparing the space-time diagrams and phase
diagrams of different initial densities, it is found that when the traffic system changes
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from gentle to congested, you can immediately see some curves that tend to infinity
from the phase plane diagram, and these curves that tend to infinity are throughout the
whole The phase plan accounts for a very large proportion. If the traffic is always
smooth, it can be found from the phase plan that the curves with small oscillations are
concentrated in the part of the initial position. This shows that the performance of the
new method on stop phenomenon is consistent with the traditional method. This new
method allows for a clearer description of changes in density or velocity over time on a
phase plan. This method changes the limitation of space-time density and transforms
the study of traffic flow phenomenon into the study of system stability. It can be better
applied to the study of traffic flow phenomenon.
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Abstract. In this paper, the traffic flow problem is converted into a system
stability problem through variable substitution and a phase plane analysis
method is presented for analyzing the complex nonlinear traffic phenomena.
This method matches traffic congestion with the unstable system. So these
theories and methods of stability can be applied directly to solve the traffic
problem. Based on an anisotropic continuum model developed by Gupta and
Katiyar (GK model), this paper uses this new method to describe various
nonlinear phenomena due to different input and output conditions on ramps
which were rarely studied in the past. The results show that the traffic phe-
nomena described by the new method is consistent with that described by
traditional methods. Moreover, the phase plane diagram highlights the unstable
traffic phenomena we are chiefly concerned about and describes the variation of
density or velocity with time or sections more clearly.

Keywords: Phase plane diagrams - Nonlinear traffic phenomena - Stability
analysis + Ramps

1 Introduction

In a real traffic flow, almost every driver meets with the phenomenon of traffic con-
gestion. There have been several recent advances in traffic theory, notably those that
treat traffic like a fluid. An important branch of the subject, with repercussions on all
the other branches, is the quantitative study of traffic phenomena. More recently, there
has been an increasing tendency to adopt scientific methods, and try to assess all kinds
of traffic phenomena by means of controlled experiments. Paralleled with experiments,
many physical models have been proposed [1-3]. Most of them are hydrodynamic
models which provide a macroscopic description of traffic flow. The study of contin-
uum traffic phenomena began with the LWR model developed independently by
Lighthill and Whitham [4] and Richards [5]. In this model, vehicles have often been
considered as interacting particles and traffic flow can be considered as a one-

© IFIP International Federation for Information Processing 2020
Published by Springer Nature Switzerland AG 2020

Z. Shi et al. (Eds.): ITP 2020, IFIP AICT 581, pp. 213-221, 2020.
https://doi.org/10.1007/978-3-030-46931-3_20


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-46931-3_20&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-46931-3_20&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-46931-3_20&amp;domain=pdf
https://doi.org/10.1007/978-3-030-46931-3_20

214 W. Ai et al.

dimensional compressible flow of these particles. In the past decades, researchers have
made many efforts to improve the LWR model, they developed many higher order
models which use a dynamic equation to make speed to replace the equilibrium rela-
tionship. Subsequent studies [6-9, 11] of the models have explained many observed
features of the free flow and traffic jams in highways. Gupta and Katiyar [10] develop a
macroscopic continuum traffic flow model to solve the characteristic speed problem
that exists in the previously developed high-order models, which is referred to as GK
model.

In this paper, we use a new method to describe a variety of nonlinear traffic flow
phenomena which are raised by different input and output on the ramp. We use some
variable substitution to convert the traffic flow model into a functional stability model.
From this model many well-known nonlinear phenomena may be analyzed. This paper
studies the change of the flow at the ramp on the highway which is rarely studied by
others. It includes various situations of fixed vehicle generation rate but increasing
initial homogeneous density with a single ramp.

The remainder of the paper is organized as follows. In Sect. 2, we present the
description of variable substitution and a functional stability model about traffic flow
has been postulated. In Sect. 3, we analyze all kinds of nonlinear phenomena which are
raised by different input and output on ramp by the new model. In Sect. 4, we con-
cluded the paper.

2 Variable Substitution Based on GK Model

GK model is an anisotropic continuous traffic flow model. It has been mostly studied
nowadays and has the following form:

dp | Opv) _

ot + ox 0

v v , 1 dp 1 &p 1 [(0p\* ov
% Vo T alVe(p) = v] + aV,(p) 2 0x + 62 on2 27 \ox —2/36(0)&

(1)

where p is the density; v is the velocity; x and ¢ represent space and time respectively; a
is the driver’s sensitivity which equals the inverse of the driver’s reaction time;
Ve[p(x, 1)] is the optimal velocity function and has the following form:

ve[p]:vf{ [1 + exp(W)]_l_&n x 106} (2)
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Vip) =
sound speed given by:

(p) < 0is the traffic

p) = —=5= e =~/ -5 (3)

Here vy is the free-flow speed, p,, is the maximum or jam density.
In the present paper, a simple transformation is employed as follow:
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Substituting the variables into Eq. (1), we have a new traffic flow model as follow:
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Similarly, substituting the variables into Eq. (2), the equilibrium velocity v.(n) is as

follow:
| 075 — g\ 3.72 x 1076 6
+ eXp W —J. X ( )

According to the variable substitution o = % and n = ﬁ, we can see that as long as

Ve ('i) =V

the vehicles velocity goes to zero or the vehicle density becomes saturated, the state
variable o or 1 will approach infinity. So we can use the phase plane diagrams about the
variable 1 or ¢ to describe clearly the relationship between traffic jams and system
instability. When the traffic becomes congested, the state variable p and v both tend to a
specific value. However, through such variable substitutions, the state variable # or
both tends to infinity. As long as there is traffic jam formation, the value of # or ¢ will
approach infinity. So the problem of traffic flow could be converted into that of system
stability. Some stability theories and mathematical tools can be applied directly to solve
the traffic problems. If we use the new model by such variable substitution, we can see
from the phase plane that there is a one-to-one relationship between the traffic con-
gestion and the unstable system. The new traffic flow model can analyze various traffic
phenomena directly and can also analyze the chaotic fluctuations of traffic flow.
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3 The Analysis of Different Input and Output Traffic
Phenomena Using the New Method

Gupta By analyzing the model, we first carried out numerical tests for the phenomena
of fixed vehicle generation rate but increasing initial homogeneous density with a
single ramp, which is rarely studied in the past. To study the effects of ramps, we
added the source and the drain terms on the right-hand side of the continuity equation
in (5) as follow:

0_2% + (’7 - Pmnz)— + G_x = rin(t) - rout(t) (7)
where r;,(7) and r,,(t) represent the external flux through an on-ramp and through an
off-ramp, respectively. This section uses MATLAB software to carry out numerical
simulation in the Windows system environment. We have also taken the test road
section as 32.2 km long and set a ramp in the middle of the road section. The vehi-
cle generation rate was set to 0.0001 veh/m/s. That was to say, the number of vehicles
through an on-ramp was 0.0001 more than that through an off-ramp every meter per
second. The initial density p, was 0.037 veh/m. Other parameter values used were as
follows:

p=20, t=14s,v,=30m/s, p,, =0.2 veh/m (8)

The results were shown in Fig. 1(a)—(e).

In Fig. 1(a), the vehicles come from the on-ramp will have an effect on the
upstream traffic. Vehicles in upstream of the road need to decelerate when they move to
the ramp and can’t drive keeping the original speed. So the density in upstream of the
road near the ramp will increase gradually. On the other hand, the initial density in
downstream of the road also increases and the vehicles come from the on-ramp can’t
move downstream quickly, so some of them stay on the ramp, which makes the density
increment on the ramp is a lot larger than that with a small initial density. The
increment will decrease very fast as vehicles in downstream road sections move
forward.

Figure 1(b) is the combination of variation curves of # on each road section during
the first 16 min. All curves in the figure change from left to right. That is to say, the
value of n which is proportional to the vehicle density keeps on increasing. So, it
mainly reflects the phenomenon that the density of each road section near the ramp
increased gradually with time when vehicles continually entered from the ramp. Fig-
ure 1(c) could be considered as a group of curves which describe the change of # per
second on the whole road. All curves are closed curves which increase firstly then
decrease again. It illustrates that the upstream density near the ramp increases gradually
and the downstream density decreases as vehicles move forward. Similarly, Fig. 1(d)-
(e) reflect the same phenomena based on the velocity variation with time and dis-
placement. Moreover, both the value and the change rate of n and ¢ in Fig. 1(b)—(e)
increase more significantly than in the Fig. 1 whose initial density is small.
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Fig. 1. The density temporal evolution and phase plane diagrams with initial homogeneous
traffic of amplitude p, = 0.037 veh/m (a) the temporal evolution of vehicle density; (b) the phase
plane diagram of (1,9n/0¢); (c) the phase plane diagram of (17, 95/0x); (d) the phase plane
diagram of (¢,da/0t); (e) the phase plane diagram of (o, da/0x)

If we continually increased the initial density to 0.047 veh/m and remained other
conditions such as the value of vehicle generation rate unchanged, the temporal evo-
Iution of vehicle density and phase plane diagrams could be compared as follows:
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Fig. 2. The density temporal evolution and phase plane diagrams with initial homogeneous
traffic of amplitude p, = 0.047 veh/m (a) the temporal evolution of vehicle density; (b) the phase
plane diagram of (#,d1n/0t); (c) the phase plane diagram of (g, dc/0¢); (d) the phase plane
diagram of (¢, da/0x); (e) the phase plane diagram of (1, 9y/0x)

Since the initial density is just above the down-critical unstable density, a small
quantity of vehicles come from the ramp can be seen as a small localized perturbation
on the initial homogeneous traffic flow and the amplitude of it grows in time, which
eventually forms the stop-and-go traffic. The fluctuation amplitude of traffic flow is so
large that the small vehicle generation rate on ramp can’t make an appreciable effect on
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the density of the whole road. Figure 2(b)—(e) all consist of number of circles and
clearly highlight the fluctuations of density and velocity with time or displacement. So
they also describe the stop-and-go traffic phenomenon.

If we continually increased the initial density to 0.093 veh/m and remained other
conditions unchanged, the temporal evolution of vehicle density and phase plane
diagrams were shown as follows:

x10°
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50 o 0 time(s)
space(100m)

dofat

Fig. 3. The density temporal evolution and phase plane diagrams with initial homogeneous
traffic of amplitude p, = 0.093 veh/m (a) the temporal evolution of vehicle density; (b) the phase
plane diagram of (1,9n/0r); (c) the phase plane diagram of (17, 95/9x); (d) the phase plane
diagram of (g, da/0t); (e) the phase plane diagram of (o, da/0x)
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Figure 3(a) shows that when the initial density becomes greater than the up-critical
density, a stable regime of the model is reached again. The perturbation is dissipated
and the vehicles come from the ramp will again make an appreciable effect on the
whole road.

As the initial density increases even further, the vehicles come from the on-ramp
will have more impact on the upstream traffic. Vehicles in upstream of the road also
need to decelerate when they move to the ramp. So the density in upstream of the road
near the ramp will increase largely.

On the other hand, the initial density in downstream of the road also increases and
the vehicles come from the on-ramp can’t move downstream quickly, so many of them
stay on the ramp, which makes the density increment on the ramp increases larger. The
increment will decrease very fast as vehicles in downstream road section move for-
ward. Moreover, the value of vehicle generation rate is small but the initial density in
downstream of the road is large. So the density increment in downstream road sec-
tion is not obvious when the vehicles come from the ramp move downstream. It also
can be seen from the Fig. 3(b)—(e) that no curves toward infinity are found in them.
The whole road section is not blocked and the system is stable.

Figure 3(b) is the combination of variation curves of # on each road section during
the first 16 min. Similarly, all curves in the figure change from left to right. That is to
say, the value of # which is proportional to the vehicle density keeps on increasing. So,
it mainly reflects the phenomenon that the density of each road section increase
gradually with time when vehicles continually enter the ramp. Figure 3(c) could be
considered as a group of curves which describe the change of 1 per second on the
whole road. All curves are closed curves which increase firstly then decrease again. It
illustrates that the upstream density near the ramp increases gradually and the down-
stream density decreases as vehicles move forward. Similarly, Fig. 3(d) and (e) reflect
the same phenomena based on the velocity variation with time and displacement.
Although the value and the change rate of n and ¢ in the four figures increase greatly
compared with the figures above, no curves toward infinity are found in them. That
means, the system is stable and the whole road section is not blocked.

4 Conclusions

In this paper, we adopt the variable substitution of original traffic flow models to
convert traffic flow problems into system stability problems, just as the stability of
discrete systems in the unit circle is expanded to the whole complex plane. Thus we can
carry out the stability analysis directly by traffic flow models. Using the phase plane
diagrams we can also describe all kinds of nonlinear phenomena observed in traffic
flow. This will provide a theoretical basis for traffic control and decision. In order to
specify this new method, we first build a new traffic flow model though substituting the
variable in the GK model. Then the relationship between traffic congestion and the
stability of the system can be obtained. So we can determine whether there will be
traffic congestion or other abnormal phenomena from a global stability point. There is
less study on the phenomena raised by different input and output on ramps. We use the
new method to describe some of them with fixed vehicle generation rate but increasing
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initial homogeneous density with a single ramp. The results are also consistent with the
diverse nonlinear dynamics phenomena observed in realistic traffic flow. Furthermore,
the phase plane diagrams adopt the new model highlights the instability of the system.
When the traffic became slow and congested, some curves tending to infinite can be
seen from the phase plane diagrams as they account for a large proportion in the graphs
while most small amplitude density fluctuations under stable traffic conditions just
centered in a small area near the initial value.

In the future work, we will apply some mathematical tools such as branch and
bound to analyze the nonlinear stability. It may be possible to apply some relative
approaches of control theory to regulate the stability of traffic system through the
equivalence relation between the traffic phenomena and system stability introduced in
this paper.
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Abstract. In order to accurately detect the number of birds around the trans-
mission line, promptly drive the birds away to ensure the normal operation of
the line, a DC-YOLO model is designed. This model is based on the deep
learning target detection algorithm YOLO V3 and proposes two improvements:
Replacing the convolutional layer in the original network with dilated convo-
lution to maintain a larger receptive field and higher resolution, improving the
model’s accuracy for small targets; The confidence score of the detection frame
is updated by calculating the scale factor, and the detection frame with a score
lower than the threshold is finally removed. The NMS algorithm is optimized to
improve the model’s ability to detect occluded birds. Experimental results show
that the DC-YOLO model detection accuracy can reach 86.31%, which can
effectively detect birds around transmission lines.

Keywords: Bird detection * Deep learning - YOLO V3 - Dilated convolution -
NMS algorithm

1 Introduction

Transmission lines play a pivotal role in the power system, and their construction scale
has increased dramatically in recent years. Bird damage is an important factor that
threatens the safety of the line. Its impact on the transmission line mainly has four
aspects: bird pecking, bird nesting, bird excretion, and bird flight. Aiming at the
problem of bird damage, the current effective method is to install an ultrasonic bird
repellent, but long-term work of the bird repellent will cause waste of energy con-
sumption. Therefore, it is extremely important to implement accurate detection of
transmission lines and timely start bird repellents when a certain number of birds are
moving around the lines.

In recent years, deep learning [1-3] technology has been widely used in practical
scenarios. Deep convolutional neural networks can learn autonomously when per-
forming target detection. Target detection algorithms based on deep learning can be
roughly divided into two categories: (1) two stage target detection algorithms, such as
Fast R-CNN [4], Faster R-CNN [5], etc. This kind of algorithm is tested in two steps,
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first use Region Proposal Network (RPN) [6] to generate candidate areas, and then
achieve target detection classification; (2) one stage target detection algorithms, such as
SSD [7], YOLO V3 [8, 9], etc. Such algorithms directly predict the position of the
target via the detection network and category information, which has faster detection
speed and can basically achieve real-time detection.

Based on the detection algorithm YOLO V3, this paper proposes DC-YOLO
model, and improves the structure of YOLO V3 in response to the problems of small
targets and mutual occlusion of birds in the device acquisition pictures. In order to
improve the recall rate and precision rate of small targets in the image by the network,
the convolutional layer is replaced with dilated convolutional layer [10-13] to maintain
a large receptive field and a higher resolution. According to the Intersection-over-
Union (IOU) [14] value of the detection frame and the pre-selected detection frame,
calculate the scale factor corresponding to each detection frame, thereby attenuating
their confidence scores, and finally iteratively delete the detection frames whose score
is lower than the set threshold. The improved network in this paper is compared with
various networks on the transmission line bird data set. The experimental results show
that the improved network has better detection effect.

2 YOLO V3 Algorithm

Based on YOLO V2, YOLO V3 combines the ideas of ResNet [15], FPN [16], and
binary cross-entropy loss. Its backbone network is composed of 53 consecutive 1 X 1,
3 x 3 convolution layers, called Darknet-53 [17]. The structure is shown in Fig. 1. The
network outputs features at three scales of 13 x 13, 26 x 26, and 52 x 52. The
detection network performs regression analysis on the features of the three scales to
generate multiple prediction frames. The NMS algorithm [18-20] removes redundant
prediction frames and retains the prediction frame with a higher confidence score as the
target detection frame.
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1%1
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128+128 ‘

*3/2 64764

64%64 ‘

256 3372 32432

32432 ‘

512 3372 1616

16*16 ‘

YOLO V3
Detection

Fig. 1. YOLO V3 network structure
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The YOLO V3 network first scales the input image to 416 x 416 and divides the
image into 13 x 13 cells. If there is a target object in the center of a cell, the cell is
responsible for detecting this object. Each cell will generate A prediction frames, the
prediction frame consists of a five-dimensional prediction parameter, including the
coordinates of the center point (x, y), the width and height (w, &), the confidence score
s;, the confidence score is calculated by Eq. (1).

Si = P(Ci|00bject) X P<00bject) X IOU([VMth, pVEd) (1)

where P(O,pjeci) represents the possibility of an object in the current cell detection
frame, if there is an object to be detected, the value is 1, otherwise, the value is O.
P(Ci|Oypjec:) means the conditional probability that the cell predicts the i type object
when there is an object in the detection frame. IOU (truth, pred) is the intersection ratio
of the predicted detection frame and the real labeled frame.

Finally, the prediction frame with a higher confidence score is retained as the target
detection frame by the NMS algorithm. The traditional NMS processing method is
expressed in Eq. (2):

G — S,‘,IOU(M7 b,) < N; (2)
%70 0,10UM,b;) > N,

where M is the prediction frame with the largest confidence score in the current region.
IOU (M, b;) is the intersection ratio of M and adjacent overlapping frame b;. N; is the
set overlap threshold.

3 DC-YOLO Model

3.1 DC-YOLO Backbone Network Structure

In order to make the network have a wider receptive field, a dilated convolution is
added to the DC-YOLO structure. The dilated convolution increases the receptive field
of the convolution kernel by changing the internal rate of the convolution kernel.
Figure 2 is a comparison diagram of dilated convolution kernels at different rate. (a) the
figure corresponds to a 3 x 3 dilated convolution with rate = 1, that is a standard
convolution, at this time, the convolution kernel receptive field range is 3 x 3. (b) the
graph corresponds to a 3 x 3 dilated convolution with a rate = 2, the actual convo-
lution kernel size is still 3 x 3, but for a 7 x 7 image only 9 points have a convolution
operation, which can be understood that the weights of 9 points in the picture are not 0,
and the rest are 0. So when rate = 2, the receptive field of the convolution kernel
increases to 7 x 7. Therefore, the use of dilated convolution can increase the receptive
field without increasing the amount of parameters, so that the convolutional network
can extract feature information of a larger field of view.
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Fig. 2. Dilated convolutions.

In the YOLO V3 structure, the small target semantic features in the 13 x 13 scale
feature map are seriously lost, and the 52 x 52 scale feature map has higher resolution,
but it will cause larger calculation and memory overhead. In DC-YOLO, the network’s
last two downsampling of the input image is cancelled, so that the resolution of
26 x 26 is maintained in the last three stages. This can not only ensure moderate
computing overhead, but also increase the resolution of the final output feature map,
reduce the loss of semantic features of small-sized targets in deep networks, and
facilitate the detection of small targets. Because reducing the number of times of image
downsampling will inevitably reduce the receptive field of the deep network, the DC-
YOLO structure will introduce two types of dilated convolution residual structure A
and B as shown in Fig. 3.

conv(1x1)

Dilated conv
(3%3,rate=2)
conv(1x1)

conv(1x1)
Dilated conv
(3%3,rate=2)
conv(1x1)

conv(1x1)

A B
Fig. 3. Structure of dilated convolution residual
The DC-YOLO backbone network is shown in the Fig. 4. The resolution of the

features directly affects the detection of small targets. The model selection has a
moderate 26 x 26 resolution, which enables the model to maintain higher resolution
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and larger receptive field in the deep network structure, to enhance the ability to detect
small targets.
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Fig. 4. Improved YOLO V3 network structure

3.2 Scale Factor NMS Algorithm

When the traditional NMS algorithm suppresses redundant prediction frames, the
judgment of whether a prediction frame is redundant mainly depends on the size of the
overlap threshold. The algorithm forcibly sets the confidence score of prediction frames
larger than the overlap threshold to 0. When the real target appears in the overlapping
area, it will be deleted by mistake, which easily leads to missed detection of the target.

In the bird detection task of transmission lines, bird gathering often occurs. In this
paper, the NMS algorithm based on scale factor attenuation is applied to the detection
task, and the confidence score of the prediction frame is attenuated according to a
certain proportion according to the degree of overlap, so that the algorithm can
effectively suppress the redundant prediction frame and reduce the missed detection
rate of the target. The algorithm is as follows: b,, is the prediction frame with the
highest confidence score in the prediction frame set B. Calculate the IOU (b,,, b;) value
of the remaining adjacent prediction frames and b,,. Based on this value, use Eq. (3) to
obtain the scaling factor w; of each prediction frame, and the confidence score of the
attenuated frames is w;s;. Finally, delete the prediction frames whose confidence scores
are less than the set threshold after attenuation, and repeat this process until all the
prediction frames in set B have been processed. This algorithm calculates the scale
factor corresponding to the prediction frame according to the value of IOU. It is a
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continuous process. When the value of IOU is 0, the original confidence score of the
prediction frame is retained.

w; = 1 —Ig(IOU(by, b;) + 1) (3)

4 Experimental Results and Analysis

4.1 Experimental Data Set and Preprocessing

The data used in the experiment mainly comes from the monitoring equipment near the
transmission line in a certain area collected by the research team. Randomly extract the
monitoring video and extract a single frame image to make a data set. Label the picture
with Labbellmg tool and store it in VOC data format. There are a total of 6000 images,
including 4800 in the training set and 1200 in the test set.

According to the characteristics of the research object in this article, combined with
the relationship between the number of prior frames and the average Intersection-over-
Union (Avg IOU), as shown in the Fig. 5. K-means clustering analysis is used to obtain
the best prior frame. The distance measurement formula is:

d(box, centroid) = 1 — IOU(box, centroid) (4)
where box is the sample; centroid is the cluster center; IOU(box, centroid) is the

intersection ratio of the cluster center and the sample frame.

100 —
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Fig. 5. K-means clustering result

When the value of k is 9, the curve gradually starts to flatten, so the number of
anchor boxes is 9 and the size of the corresponding prediction frame is set to 9 cluster
centers. On this training set, they are: (10,13), (16,28), (30,33), (33,61), (64,50),
(69,110), (115,90), (155,198), (369,342).
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4.2 Network Training

Model training parameters are shown in Table 1. In the initial stage of training, the
learning rate is 0.001 to stabilize the network. When the number of training iterations is
20000, the learning rate is adjusted to 0.0001, and when the number of iterations is 25000,
the learning rate is adjusted to 0.00001, which further converges the loss function.

Table 1. Model parameter description

Parameter Value
Batch size 64
Max batches 30000
Momentum 0.9
Decay 0.0005
Match threshold | 0.25
NMS threshold |0.5

4.3 Results Analysis

In order to verify that the improved network can better detect small targets and birds
obstructing each other, thereby improving the overall detection effect, two comparative
experiments are set up in this paper.

Small Target Detection

The SSD, Faster-RCNN, YOLO V3, and the DC-YOLO model were trained and tested
on the dataset respectively. Calculate the Precision and Recall of the target, the P refers
to the proportion of the number of correctly detected targets in the detection result,
R refers to the proportion of the number of correct detection results to the total number
of targets to be detected. They are defined as follows:

X
p—_~m® (5)
X7p + Xrp
X
R=_—"°"T (6)
X7p + Xen

where X7p is the number of targets detected correctly; Xpp is the number of targets
detected incorrectly; Xpy is the number of targets not detected.

The experimental results are shown in Table 2. The DC-YOLO model improves the
accuracy and recall of detection targets to varying degrees.

Table 2. Detection results of different models

Detection model | P (%) | R (%) | AP (%)

SSD 73.35 | 74.52 | 73.93
Faster-RCNN 79.68 | 82.17 | 80.91
YOLO V3 76.23 | 77.85 | 77.03

DC-YOLO 84.57 | 88.12 | 86.31
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The average precision (AP) measures the accuracy of the model from two angles of
Precision and Recall. It can be used to analyze the detection effect of a single category.
The AP curve of the DC-YOLO model is shown in the Fig. 6, the AP value is increased
to 86.31%.

AP:86.31%
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0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 6. AP curve of DC-YOLO

Detection of Mutual Occlusion of Birds

In the experimental data set, 100 bird images with different occlusion ratios were
selected, and they were detected using the traditional NMS algorithm and the scale
factor NMS algorithm improved in this paper. The detection performance is shown in
Table 3. When the bird’s mutual occlusion ratio is less than 30%, the detection
accuracy of the two algorithms is the same; when the occlusion ratio is 30%—70%, the
scale factor NMS algorithm improves the accuracy rate by 20%; When the occlusion
ratio is higher, the scale factor NMS algorithm shows better performance in bird
occlusion detection tasks.

Table 3. Comparison of detection performance with different occlusion ratios

Detection algorithm Occlusion ratio (%) | AP (%)

Traditional NMS algorithm | 0-30 90
30-70 40
>70 10

Improved NMS algorithm | 0-30 90
30-70 60
>70 20

Figure 7 shows the detection results of the traditional NMS algorithm and the
improved NMS algorithm at a occlusion ratio of 80%. It can be seen that the traditional
algorithm cannot detect the blocked birds, and the improved NMS algorithm has a
better detection effect on the blocked birds.
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Fig. 7. Comparison of detection results between improved NMS algorithm and traditional NMS
algorithm

5 Conclusion

This paper proposes a DC-YOLO model to complete real-time and effective detection
of birds on transmission lines, thereby controlling the start and stop of bird repellents,
and protecting the stability of transmission lines while saving energy. Aiming at the
small target of the image and the problem of target occlusion, based on the YOLO V3
model, the backbone network Darknet-53 network and the NMS algorithm were
improved. The experimental results show that the DC-YOLO model has a higher
precision rate, and the average detection speed reaches 38 FPS, which achieves a real-
time accurate detection effect.
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Abstract. With the development of China’s economy, especially the maturity
of the market economy, credit is important to the society and individuals. At
present, credit system is mainly divided into two parts. Enterprise credit system
is an important part of social credit system. But at the same time, as the foun-
dation of social credit system, the establishment of the personal credit system is
of great significance to reduce the cost of collecting information and improve the
efficiency of loan processing. At the bank level, this paper discretizes the credit
card data of a bank, selects the features by calculating Weight of Evidence and
Information Value, and information divergence, then uses Logistic Regression
to predict. Finally, the results of the Logistic Regression are transformed into
visualized credit scores to establish a credit scoring model. It is verified that this
model has a good prediction effect.

Keywords: Personal credit system - Information Value - Information
divergence - Logistic Regression

1 Introduction

The construction of the financial system in the 21st century is inseparable from the
support of the credit system. The problems and risks reflected in the credit are followed,
which shows that there are still some shortcomings in the credit system of our country:
firstly, there is a lack of relevant detailed laws and regulations; secondly, the customer
information data sets used by various enterprises are different, the reliability and quality
of the data set used by credit agencies need to be improved.

As bank credit is the foundation of credit system, individual customer is the main
part of bank customer group. The research of personal customer credit rating is of great
significance. The establishment of Individual Credit Investigation System helps to
predict risks in advance for commercial early warning analysis of banks. The Credit
System presents the customer’s credit report in the form of score, and the result is
concise.
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2 Related Work

The concept of credit scoring originated from the concept of overall division put
forward by Fisher (1936) in the field of statistics. Durand (1941) realized that the idea
of “division” could be used in the field of economics to divide the “good” and “bad” of
loans. With the emergence of credit card, Credit Scoring gradually appears and is used
in banking and other fields. In short, the development of credit scoring system is mainly
divided into two stages. In the initial stage of market economy, the traditional credit
scoring system is also called expert scoring system. The core of credit scoring in this
way is “5C” element. With the development of economy, the modern scoring method
mainly uses the skills of mathematical statistics to quantify indicators. At present, there
are many credit scoring systems based on data mining and big data algorithm. Among
the modern scoring methods, the first one to be used is discriminant analysis. Durand
(1941) first used discriminant analysis in scoring, and fair (1958) established a credit
scoring system on this basis. Myers (1963) used discriminant analysis and regression
analysis to establish a credit scoring system, and predicted the credit scoring. In
addition to the discriminant method, the regression analysis method is widely used.
Under this method, there are many branches. For example, Henley (1995) used linear
regression for credit scoring, Wigington (1980) used logistic method. At the same time,
this method was still the most commonly method in credit scoring, which could
overcome the defects in linear regression. In addition, Nath Jackon (1992) also applied
the method of mathematical programming, but it has been proved that the effect of the
method of mathematical programming is equivalent to that of the method of linear
programming [1]. Data mining was also used in credit scoring model, which was
widely used in credit decision-making and fraud prevention. In the field of data mining,
Decision Tree algorithm, Neural Network algorithm, and other methods such as
Support Vector Machine (SVM) and Bayesian Network could be used [2]. According
to the characteristics of the data set in this paper, and the characteristics that logistic
regression could effectively screen variables, this paper used logistic regression to
analyze the selected eigenvalues [3]. In the study of credit scoring card, most of the
results [4] in recent years were expressed by the method of binary classification. This
paper uses the calculation method for reference [5], transforms the logistic results into
the form of scoring, breaks the situation of binary classification, and makes the results
more intuitive by grading.

This paper obtains the credit card data of a bank customer for six months. After
analyzing the obtained data, this paper will use the method of Weight of Evidence,
Information Value and information divergence to select the logarithmic features, and
consider the prior rules properly in the process of feature selection, so as to try to find
the best feature extraction method. Through the comparison of multiple groups, the
optimal feature system will be selected, and the selected features are input into the
established Logistic Regression model. At the same time, the credit scoring model is
built to convert the results into the credit score, and the customers are classified
according to the scores. The classification result has value to the bank, and it is also
convenient for customers to view their own credit rating.
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3 Construction of Feature Selection System

Data and features determine the upper limit of experimental results. Therefore, feature
engineering is important for a model algorithm. This paper mainly uses feature
selection in feature engineering to process data.

3.1 Information Value

Information Value is a predictive ability to measure features, and the calculation of
Information Value is based on the Weight of Evidence. Table 1 below lists the specific
calculation method of WOE value [6].

Table 1. Weight of evidence.

Formula Meaning
WOE, = In (ﬁ ) P,,: Proportion of y = 1 samples in the current group to all y = 1
P, samples

Vi Yi P,,: Proportion of samples with y = 0 in all samples with y =0
=1In In v: Number of samples in group y = 1

yr: Number of y = 1 in all samples

n;: Number of y = 0 in the group

nr: Number of y = 0 in all samples

From the formula in Table 1, it can be seen that the larger the woe value is, the
better the prediction effect of this feature will be. However, it can also be seen that for
each variable of each sample, the woe value contains plus and minus. If the woe value
is used to measure the prediction ability of the whole feature, there may be a situation
of positive and negative offsetting, which greatly reduces the overall prediction ability.

In order to make up for the deficiency of woe, it has been proposed that the
calculation formula of IV based on woe is as follows [6].

1V; = (py; — pn;) * WOE; = (py: — pn;) *ln(%) - (ﬁ—ﬁ> *ln(yi/yT> (1)

n; yr nr ni/ nr

w=>", (2)

Kindly According to the formula, the larger the IV is, the stronger the prediction ability
of the feature is. But at the same time, in order to avoid the occurrence of extreme IV
value, we need to make a reasonable discretization of the data before calculating IV.

3.2 Information Divergence

Information divergence is used to measure the contribution of a feature to the whole. It
is often used for feature selection. The basis of information divergence is entropy.
Entropy can be subdivided into information entropy and conditional entropy, and the
calculation formula is shown in Table 2 [7].
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Table 2. Calculation formula of entropy.

Information entropy c
H(S) = = piloga(pi)
i=1

H(C|T) = P()H(C|t) + P(OH(C?)

Conditional entropy

The calculation of information divergence is based on conditional entropy and
information entropy. The specific formula is as follows:

IG(T) = H(C) — H(C|T) (3)

By writing Python program, the entropy of the whole dataset and the information
divergence of each eigenvalue can be obtained.

3.3 Data Preprocessing

This paper selects the bank credit card data of a bank in Taiwan from April to
September, 2005. There are 25 fields in the data set, including 23 features, as shown in

Table 3 below.

Table 3. Data feature description.
Number | Feature Concrete meaning
X1 LIMIT _BAL | Overdraft amount
X2 SEX SEX
X3 EDUCATION | EDUCATION
X4 MARRIAGE | MARRIAGE
X5 AGE AGE
X6 PAY_0 Repayment of customers in September
X7 PAY_2 Customer repayment in August
X3 PAY_3 Customer repayment in July
X9 PAY_4 Customer repayment in June
X10 PAY_S5 Customer repayment in May
X11 PAY_6 Customer repayment in April
X12 BILL_AMT1 | September bill amount
X13 BILL_AMT?2 | August bill amount
X14 BILL_AMT3 | July bill amount
X15 BILL_AMT4 | June bill amount
X16 BILL_AMTS5 | May bill amount
X17 BILL_AMT6 | April bill amount
X18 PAY_AMT1 | Repayment amount in September
X19 PAY_AMT2 | Repayment amount in August
X20 PAY_AMT3 | Repayment amount in July
X1 PAY_AMT4 | Repayment amount in June
X22 PAY_AMTS | Repayment amount in May
X3 PAY_AMT6 | Repayment amount in April
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Among them, sex (=1: male, =2: female); Education (=1: postgraduate, =2:
University, =3: high school, =4: other, =5 unknown, =6: unknown); marriage (=1:
married, =2: single, =3 other); pay_0 (=—1: normal payment, =1: delayed payment of
one month, =2: delayed payment of two months, =8: delayed payment of eight months,
=9: delayed payment of nine months, and above).

It can be seen from the above table that there are many features in this data set, so it is
important to select the most meaningful feature from many features. Considering that
both IV and information divergence are statistics to evaluate the importance of features,
this paper uses IV and information divergence to screen features respectively, and
compares the results, in order to select the better feature selection method for this data set.

First, preprocessing the data, dealing with the missing and abnormal values. The
following is the basic description of this data set (see Fig. 1).

UMIT BALSEX  EDUCATICMARRIAGIAGE  PAY.0 PAY2 PAY.S PAY4 PAY.S PAY.6  BILL AMTL BILL AMT2 BILLAMIS &I

30000 30000 30000 30000 30000 30000 30000 30000 30000 30000 30000 30000 30000 30000
1603733 1853133 1551867 354355 -00167 -0.13377 -01662 -022067 -02662

97 9217904 1123802 1197186 1106868 1.169139 1133187
21 2 2 2 2

28 1 1 1

o

2 2 1
6100625 60164.75 501905 5006 5000
1 083931 1664089 927171 061664 873552 1684250 606040

0 0
8 8

Fig. 1. Basic data description

In order to achieve the better fitting effect, 30000 pieces of data are divided into
training set and test set according to the proportion of 7:3.

At the same time, in order to calculate the IV of the feature, this paper combines the
method of Optimal Binning and equal depth segmentation to discretize each feature of
the sample, according to the AUC calculated by different segmentation methods as the
measurement standard.

3.4 Feature Selection System Based on IV

After the data binning, the IV values of each features has been calculated (see Fig. 2).
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Fig. 2. Characteristic IV.
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In general, the prediction ability of IV is measured according to Table 4 [8].

Table 4. IV prediction ability.

v Predictive power

<0.02 Unpredictability

0.02-0.1 | Weak prediction ability
0.1-0.3 | General prediction ability

0.3-0.5 | Strong prediction ability

>0.5 Suspicious

According to the above table, the variables with no prediction ability and weak
prediction ability can be eliminated in this paper: xp,x3,Xs,X12,X13,X14,X]5,X16,
X17,X21, X22.

Remove variables with doubtful prediction ability: x¢,x7. A feature selection sys-
tem (A;) is obtained. A; contains features: xi, xg, X9, X109, X11, X18, X19, X20, X23.

Considering the influence of prior rules on data sets, it is decided to further consider
the contribution of x3, x4, x5 to the model on the basis of A feature system, and obtain
the feature system (C;). C; contains features: xy,x3,Xs,Xs,Xg,X9,X10,X11,X18,X19,
X20,X23.

As the IV of the suspicious variable is close to 0.5, based on the feature selection
system Aj, considering the influence of x4 and x; features on the model, the feature
system (Bj) is obtained. B; contains features: xy, x¢, X7, X8, X9, X10, X11, X18, X19, X20, X23.

At the same time, considering the characteristics of IV and the prior rule, the feature
system (D)) is obtained. D; contains features: xj,x3, X4, X5, X6, X7, X8, X9, X10, X]1, X18,
X19, X20, X23.

3.5 Feature Selection System Based on Information Entropy

After preprocessing the original data, the data set is input into the written Python
program, and the entropy of the whole data set is 0.762353. It can be seen that the data
set of this paper is orderly and carries a lot of valuable information. Then calling the
prepared function, calculating the conditional entropy of each feature. We can get the
information divergence of each feature after sorting, shown in Table 5.

Table 5. Information divergence of 23 features.

Feature | Information divergence

X 0.001
X4 0.001
X 0.004
X5 0.004
X1 0.024
X11 0.038

(continued)
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Table 5. (continued)

Feature | Information divergence

X10 0.044
X 0.047
X3 0.054
X7 0.071
X 0.110
X22 0.172
X21 0.174
X23 0.175
x20 0.189
X19 0.193
X18 0.203
X17 0.532
X16 0.543
X15 0.556
X14 0.567
X13 0.575
X12 0.584

It can be seen from the table that the information divergence of the bill amount in
September of x;, (BILL_AMT1) is the largest, which is the optimal feature. According
to the number of features in A}, By, C; and D, feature systems, four sets of feature
systems are selected according to the information divergence. Four groups of charac-
teristic systems are respectively recorded as A,, By, Co, D;. A; selects features of the
same size as A;, and removes 14 features with small information gain. The selected
feature types account for 39% of the total features. Therefore, A, includes features
X20,X19, X18, X17, X16, X15, X14, X13, X12. By selects the number of features of the same size
as By, removes 11 feature variables, and the selected feature types account for 52% of
the total number of features. Therefore, B, includes x»;,x23, X20, X19, X18, X17, X16, X15,
X14, X13,X12. C selects the number of features of the same size as Cy, and removes
12 feature variables. The selected feature types account for 47% of the total number of
features. C, includes features x,3, X209, X19, X18, X17, X16, X15, X14, X13, X12. D5 selects fea-
ture numbers of the same size as D;, and removes 9 feature variables. The selected
feature types account for 60% of the total features. D, includes features
X6, X225, X21, X23, X20, X19, X18, X17,X16, X15, X14, X13, X12.

3.6 Comparison of Feature Selection System

In the first group, the WOE/IV method is compared with information divergence in
feature selection. Information divergence emphasizes the feature with the greatest
contribution. IV can more intuitively observe the importance of each feature. In order
to verify that the information divergence and IV are more suitable for the field studied
in this paper, four groups of specific comparisons are made in this paper, A & A;, B; &
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By, C; & C;, Dy & D;,. Among them, Ay, B;, C| and D, are the feature systems
obtained through IV, and A,, B>, C; and D, are the feature systems obtained based on
entropy (see Fig. 3) for the specific comparison. It can be seen from the figure that, in
the case of the same type of sample features selected, the features constructed by IV are
generally better than the model based on the features selected by information
divergence.

Fig. 3. Information divergence VS. IV results

In the second group, the AUC of A}, By, C| and D, are shown (see Fig. 4). It can be
seen from the figure that all the models built based on C; have better effect. Therefore,
this paper selects C; as the feature system of this paper, inputs Logistic Regression
model and finally constructs the scoring model.

a1 -
.| AUC=072 -
C i

Fig. 4. AUC based on IV selection
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In the third group, compare the four feature systems selected based on information
divergence. The AUC calculated based on A;, B,, C; and D; is shown (see Fig. 5). It can
be seen from the pictures that the model effect of D; is the best, that is, when the selected
feature types account for 60% of the total features, the model will have a better effect.

Fig. 5. AUC based on information divergence

Through the above comparison, several rules with reference value can be obtained:

1. Selecting multiple indicators, the model based on IV is better than that based on
information divergence.

2. In general, when the calculated IV is slightly greater than 0.5, it is better to consider
the impact of this feature on the overall data.

3. When selecting features based on information divergence, the information diver-
gence can be sorted from large to small, and the effect of selecting 60% of the total
feature types is better.

4 Construction of Feature Selection System

Logistic Regression mode can explain the dependent variables, and is often used to
solve the prediction problem of data subject to Normal distribution. Moreover, Logistic
Regression model overcomes the defects of linear Regression model, and has strong
applicability in credit rating, which is suitable for this model. After inputting the C;
feature system into the Logistic Regression model, and through the AUC obtained after
inputting the feature into the model in the third section, it can be found that the
prediction ability of this model is better. The logistic model [9] can be represented in
Table 6.
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Table 6. Logistic regression model.

Probability of event occurrence under | P(y = 1|x) X = (X1,X2, .« oy Xp)
the condition of characteristic x 1 g(x) = wo
IR Fwixy 4. W,
Probability of event not occurring P(y = 0Jx)
under the condition of characteristic x 1
T 1+ e
i P
Event ratio odds odds —
1-P
log(——) = o(X) =
og(;—p) = &(X) =wo

+wi x4+ Fwex,

The logarithm form of odds has been obtained in the above table. In this paper, the
logarithm form of probability occurrence ratio is expressed as the linear combination of
feature variables, and the woe of each feature is multiplied by the regression coefficient
of the variable plus the regression intercept, the scale factor is multiplied by the
migration amount, and the corresponding score of each feature is obtained according to
formula (4) [5], Among them, odds is the ratio of good and bad customers. Based on
historical experience, this paper takes the ratio of good and bad customers as 20, and in
order to make the calculated score positive, this paper stipulates that the basic score is
200 at this time, and when odds doubles, the score increases by 20, so that the
calculation results of factor and offset can be obtained:

(woe,- * B+ @) « factor + sl (4)
n n

Sactors = 20/log(2) (5)

offset = 200 — log(20) * factors (6)

The credit score of all characteristics of a customer is obtained by sorting out:

score = log(odds) * factor + offset = (Zn

g woe; * pi+ WQ) * factor

()

+ offset = Z?:l woe; * [3; * factor + wy * factor + offect
Base score = wy * fuctor + offect (8)

After calculation, factor = 28.85, offset = 113.56, base score = 154. The larger the
score is, the higher the customer’s credit rating is. According to the credit scoring
model, the total score of customers in this paper is within the range of [0200]. After the
study of customer scores, it is decided to divide customers into class I [0,40), class II
[40,80), class IIT [80,120), class IV [120,160) and class V [160,200] customers by
using equidistant segmentation, and the customer’s trustworthiness gradually
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decreases. The histogram of overall customer classification is shown (see Fig. 6). It can
be seen from the classification that category I has the most customers and category V
has the least customers, indicating that most customers have high credit value.

number of people

8000
6000

4000 I
2000
; I

class | classll  classlll classIV classV

Fig. 6. Customer classification

In order to better observe the classification results, this paper makes statistics on the
proportion of good and bad customers in the five categories of customers, as shown in
Table 7.

Table 7. Proportion of good and bad customers in 5 types of customers.

Customer level | Proportion of good customers | Proportion of bad customers
Class I 88.81% 11.19%

Class II 68.50% 31.50%

Class I 40.02% 59.98%

Class IV 29.25% 70.75%

Class V 0% 100%

From the results of the credit scoring model in this paper, it can be seen that the two
categories of customers with high credit rating, category I and II, are mostly composed
of good customers, category III and IV, are mostly composed of bad customers, and
category V completely untrusted customers are totally composed of bad customers. The
experimental results are consistent with the actual laws, which further shows that the
model in this paper has reference value.

5 Conclusion

In this paper, the bank credit card data, WOE/IV and information divergence are used
for horizontal comparison. In vertical comparison, the method of feature selection
considering prior rules and not considering prior rules is used. The C; group features of
IV and prior rules are selected. 11 features are extracted from 23 features as the scoring
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basis, which reduces the complexity of data processing. In the process of feature
selection, after many comparative tests, this paper obtains three prior rules. Then, using
logistic regression model, input the calculated woe into the model, and the AUC is
0.76. The regression coefficient of each feature is obtained, so as to build a credit rating
model and get customer credit rating. Users are classified according to user rating. After
comparing with the actual data, it is found that the classification results in this paper are
consistent with the actual. The customer credit rating model based on the bank credit
card is constructed in this paper. It makes the bank refine the customer classification
through the form of generating the rating, which reflects the intuitiveness of the result
for the user classification and has certain warning and reference value for the bank’s
credit business.
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Abstract. In this paper, Analysis of the stability and solitary waves for a car-
following model on two lanes is carried out. The stability condition of the model
is obtained by using the linear stability theory. We study the nonlinear char-
acteristics of the model and obtain the solutions of Burgers equation, KDV
equation, and MKDYV equation, which can be used to describe density waves in
three regions (i.e., stable, metastable and unstable), respectively. The analytical
results show that traffic flow can be stabilized further by incorporating the effects
come from the leading car of the nearest car on neighbor lane into car-following
model.

Keywords: Car-following model on two lanes - Traffic flow - Density waves

1 Introduction

Car-following theory is one of the most important part of modern traffic theory. Since
1953 when Pipes [1] presented the first model, an increasing number of models have
been proposed [2-9]. In 2002, Jiang et al. [6] presented a car-following model called
full velocity difference model (FVDM). FVDM revealed the complex dynamic char-
acteristics of traffic flow, therefore, various developed models based FVDM were
proposed.

With the development of transportation, study on two-lane traffic has been
increasingly necessary. However, early car-following models like FVDM are only
subject to single lane traffic, thence, many scholars have made a lot of research on two-
lane traffic and proposed a series of new models, which mainly divided into lattice
model and car-following model. Nagatani [10] proposed lattice model on two lane
traffic in 1998. Peng [11-14] extended the two-lane lattice model, and presented a
series of new models based lattice model of Nagatani. Tang et al. [15] presented a car-
following model on two lanes by considering the lateral effects in traffic. They found
that vehicle drivers always worry about the lane changing actions from neighbor lane
and the consideration of lateral effects could stabilize the traffic flows on both lanes.
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A large of traffic accidents are caused by unreasonable lane changing. In order to
avoid such accidents, drivers have to worry about the lane changing actions not only of
the nearest car in neighbor lane but also of the preceding car of the nearest car on
neighbor lane. In this paper, we propose an extended car-following model on two lanes
though considering the effects from both the nearest car and its leading car in neighbor
lane which is rarely studied by others. Then the stability condition of the new model is
derived by using the stability theory. Next, we obtain the solutions of Burgers equation,
KDV equation and MKDV equation, which can be used to describe density waves in
three regions (i.e., stable, metastable and unstable) respectively. The analytical results
show that traffic flow can be stabilized further by incorporating the effects come from
the leading car of the nearest car on neighbor lane into car-following model.

2 Model

In case of two-lane traffic, it is necessary to consider the lateral effects. This is because
plenty of surveys show that most drivers have to be ready to take precautions against
the near vehicle on neighbor lane due to the suddenly lane changing without any alert
message. The ‘near vehicle’ on neighbor lane is composed of the nearest vehicle and its
leading car on neighbor lane. In general, the distance between one car and it’s nearest
car on neighbor lane is so small that drivers always judge the lane changing action of
his/her nearest-lateral car by observing the distance between his/her leading car and the
nearest-lateral car. Hence, the dynamic equation of the car-following model on two
lanes is as follows [15]:

d?x; (1
dl;2( ) :fsri (Vln Axln ZAZIHAVIVI ) (1)

Where [ = 0, 1 represent the lane number, A;, is the distance between the n; vehicle on
lane [ and the leading car of its nearest vehicle on neighbor lane.
In this paper, Eq. (1) can be rewritten as:

di? dx
dtlén =a lvl (Axln Z AZ n> - 17’1)

Vi (Axl‘,,,(t), > Alyn) is the optimal velocity formulated as
]

+ )levl.n (Z) (2)

Vi (Axl,n (1), Z Al,n> = Vi(Axi,) = Vi(oulAxi + ByAin + Boyi—i) (3)
7

where oy, f8;, Bo; are the weights of axial headway Ax;,(f) and lateral distance > A;,
]

respectively.
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o+ Py+Py=1

According to the optimal velocity function presented by Bando [2], the optimal
velocity function on two lanes is given by

Vi(Ax,) = 2% [tanh (Ax,, — hic) + tanh(h)] (4)

This velocity function has a turning point at Ax;,, = hy.

" d*v,(Ax,
Vi (Axi,) = #
Ln

Ap=hie 0 (5>

3 Linear Stability Analysis

We apply the linear stability theory to examine the car-following model on two lanes
described by Eq. (2). The uniform traffic flow is defined by such a state that all vehicles

on lane ! move with the optimal velocity W(Ax,ﬁ,l(t),ZA,_n) and the identical
I

headway &; and the lateral distance > A;; the relative velocity Avy, () is zero. The
]

: (0)
solution X

(¢) is given by

xf)?(t) =hn+V (hh Z A[) t (6)
l

Assuming y; ,(¢) be a small deviation from the steady state x(m(t), we have

Ln

(1) = 20 (8) + y1a(1) (7)

Substituting the Eq. (6) and Eq. (7) into Eq. (2), we rewrite linearized equation as

dy2n(t) /
= ap| V) () (04Ayin(t) + BuyBin + BoyAi—) —

dy; (t dAy; (1
e Vi, () + 2 Vi, ()

dt dt ®)

Where ‘/l (A)CIJ,) =dV, (Axl"n)/dAan, at A)Clﬁ = hy, and Ayl,n(t) = yl’nJrl(l) — YI,n(t)'
(0)

1 (1), we can let Ay = Aj_yy = Ay

For a very small perturbation y; () at x
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Expanding y; ,(¢) in the Fourier-modes, y;,(f) ~ Ajelkmi+an) e obtain
ZZZ =q [V[/(hl) X (Otl(eikl — 1) -+ (ﬁ” +ﬁ21) (eikl — 1)€ik’) — Z[:| -+ i[Z](eikl — 1) (9)

Substituting z; = zy;(ik;) +z21(ik,)2 4+ into Eq. (9), we obtain the first- and
second-order terms of coefficients in the expression of z; as follows:

= (o + Bu+ o)V, (hi) =V, ()
_aVy (h)[ow + 3By + Bo)] + 2hzu—27;,
21 — 2a;

For small disturbances with long wavelengths, the uniform steady state will become
unstable when zp; is negative. Thus the neutral stability curve is given by

Vi) — 4

T 050+ L5(By+ Ba) (10)
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The uniform traffic flow will be unstable if a; <ay
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Fig. 1. Phase diagram in the headway-sensitivity space. The parameters related to the models
are given in Table 1

The neutral stability curves in parameter space are shown in Fig. 1, where the
sensitivity o; = 1/7;. From Fig. 1 it can be seen that the stable region of both the new
model and Tang model are larger than stable region of the FVDM. It means the uniform
traffic flow has been stabilized with taking into account the lateral effects. Furthermore,
relative to Tang model, the critical point and neutral stability curve of new model are
lower, which shows that the uniform traffic flow has been further strengthened by
adjusting the lateral effects from both nearest car and it’s leader car in neighbor lane.
The traffic jam is thus relieved efficiently.
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Table 1. Parameters related to the models

% Bu |Bu |4
FVDM |1 0 0 0.2
TANGM | 0.75]0.25 |0 0.2
NEWM |0.6 [0.25[0.15(0.2

4 Nonlinear Analysis

To facilitate the study of the density wave problem in the following three regions
below, we rewrite Eq. (2) as follows:

d*Ax nllt dAx.n t
le’() = al{Vz (Axl,n+1(l)azI:Al,n+l> - Vl<Axl,n(t)7§l:Al,n> —#()}

Y (dAXz,H (0 dAan(t))

dt dt
(11)

Where V; (sz,n+1(f), S At 1> = Vi(Axi), Axiy = A + By + Bui—in
7

4.1 Burger Equation

We now consider the slowly varying behaviors for long waves in the three regions (i.e.
stable, metastable and unstable). Introduce slow scales for space variable n; and time
variable t. For 0 <e¢ <1, we define the slow variable X; and T

X = 8(nl+bﬂ),T: &t (12)
Where b; is a constant to be determined. Let
Axiy = W+ eRi(X,,T) (13)

Substituting Eq. (12) and Eq. (13) into Eq. (11) and expanding to the third order of
¢, we obtain the following nonlinear partial differential equation

8261[ (b[ — V/ (h]))aX[R[ + 63{a18TR1 — Cllvﬂ<h1)R1(r“)X,Rl

/ n 14

(4 3B+ BV () — B + i) 3R} =0 "
Wh ‘/(h ) _ dV(Axl_n) o Vu( ) _ dZV(AX_l_,,) _ 8 _ 9 a _ 9
ere v, \n; dAx,,, Axp,=h V1M dAx,A,,z Avia=h’ T ar YX X,

By taking b; = V'(I;), we eliminate the second-order term of ¢ from Eq. (14) and
have
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" 1 / b? b
Ort =V (0 = (o + 36+ Bl ) =2+ 220k

= (% [ +3(By + Ba)] — Vc(:]) + g) v (hl)a)Z(le

The coefficient o +3(By; + By)] — %Ih’) + ZT; > 0 in the stable region satisfies

the stability criterion. Thus, in the stable region Eq. (15) is the Burgers equation. The
solution of the Burgers equation is as follow:

R(X[, T) _ ’7’1+177’n:| Mn+1=Mn

_ 1 _
V)T [ 2 2| V" ()| T

’7)1+17’771)(X176n) (16)

X tanh[(% [ +3(By; + Bay)] — %lh') + 2—5) X VlU”)W

Where #,, are the coordinates of the intersections of the slopes with the x-axis and &,
are those of the shock fronts. As T — + o0, R(X,T) — 0, which means in stable
region all density waves eventually evolved into a uniform flow with increasing time.

4.2 KDV Equation

We consider the slowly varying behaviors for long waves near the neutral stability
point. Slow variable X; and T are defined as

X; = e(m +bit), T = &t (17)
We set the headway as
Axiy = i+ & Ri(X,, T) (18)

Substituting Eq. (17) and Eq. (18) into Eq. (11) and expanding to the sixth order of
&, we obtain the following nonlinear partial differential equation

Sar[by — V, ()] Ox R+ & [b7 — % (o + 3By + 3Pa)V, (1) — Jubi] O3 R,

+ Sar{OrR = [+ 7By + TBu)Vi(h) + o bt | O R — LV, (h)ox, R}
+ &°((2b; — X1)Ox, OrR; — & (e + 158y, + 158V, (h) O R,

% (o0 + 3y + 3 V] ()R] =0

(19)

82

where 8X8T = IxoT"

Near the neutral stability point, we set % = 1+ &2, where q;, = %
By taking b, = V'(k;), we eliminate both the third-order and the forth-order term of
¢ from Eq. (19) and have
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OrR — AR — HROGR + ¢ [—]"38,%,1%1 +fOLR + fsa,z(,Rﬂ -0 (20

Where fi =L (oy+78y,+7By)V, () + 5 s fr = V(). f3 = %(“I +3p+ 3521)V;(hl)

fim [;.(zv,zgg)i) n (a,+7/é;,s+7/s2,) (V) (hy) — 7)— 2t 15But 1552,} V()

2V, (h)—2 "
fs = (% - % (oq 43y, + 3ﬁ21)> V; (h)
In order to drive the regularized equation, we make the transformations as follows:

1
T= \/f_ldew X = —\/lelkdv, R, :JTledv
5

Thus, we obtain the KDV equation with a o(g) correction term.

3
014 Rikav — f10x,, Rikav — foRikavOx g, Rikav

2 4 2 2 (2 1 )
+e |:_f3 aszdlede +f46X1kdlekd" +f5 8X1kdlede:| =0

Rio(Xixav, Trav) = A sec

We ignore the o(e) term and get the KDV equation with the soliton solution
A A
— Xikay — = Trav 22
Vi (=5 )] 22)
— _2lfiff
Where A = 277 5

Hence, we obtain the soliton solution of the KDV equation

A Al 2 / A Al
Axpp(t) =i+ = (1 —— h Vith)t+ = (1 —— )t
o=ty (15 vime 501

(23)
o — —
\/2%(061 + 7B+ 7Bu)V, (h) 4+ 624V, (hy) a

4.3 MKDYV Equation

In unstable region we consider the slowly varying behaviors for long waves. Slow
variable X; and T are defined just as Eq. (17)
We set the headway as

Axp, = hye +eRi(X;, T) (24)

Substituting Eq. (17) and Eq. (24) into Eq. (11) and expanding to the fifth order of
¢, we obtain the following nonlinear partial differential equation
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&ar[by — V) (hie) | Ox,R + € [b} — % (0 + 3By + 3By) V, (i) — Jubi] O3 R,
+ 34{a18TR1 — [ (o4 + 7By + TBa)V, (ie) + L 2ubl] B3R,

- %alVl’" (hlc)GXIR?} +&{(2b; — 4)0x,0rR;

— [ (u+ 158y, + 15B2) V, (hic) + L 2ubi] 0% R,

"

— S+ 3+ 362V, (h)RRT b =0

" _ d*V(Ax,)

av(Ax,)
= Ax_l_”:h,c vl (hlc) - dAx_lJ,s

Where V; () e
In

Ax i =hi

a

Near the critical point (A, ;. ), taking o

251

L= (1- &?), by = V,(h) and eliminating

both the second-order and the third-order term of ¢, Eq. (25) can be simplified as

OrR, — 8,03 Ri+ g, Ri0x R} + ¢ [g38§,Rl + g 0L R+ gsa;Rﬂ -0

(26)

Where

1 1 ’ 1 17
81 = 6(“1+7/311+7ﬂ21) + 5/11 Vilhie), &2 = *EVI (hue),

;
8=5 (o1 4 3By, + 3B2) V; (ue)

(2(2V (he) = 2) (2 — ), 1 .
84 = ( lzaz ) + ( éaz ) (o +7ﬁ11+7ﬁ21)—ﬁ(“l+ 1581+ 15By) — 64|V, (huc)

lc <

[Vi(he) —4) 1

85 = % D) (o + 3By +3B)
We make such transformations as T = LT, R, = , /%R,
81 82

Then we obtain the modified KDV equation with a o(¢) correction term.

e 185
OrRy, — ajZle + 0x,R;, + o [835;2(1R1m +848§,R1m + %@%Rzﬂ} =0
1

(27)

If we ignore o(e) term, this is just the modified KDV equation with a kink solution

as the desired solution

Ri(X,,T) = /' Btanh
&2

Where B = 5828

B
~(X; — Ba1T)
2

28284—38185

Thus, we obtain the kink solution of the headway

(28)
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Axi(2) = by + %B (L:TI,* 1) tan/ x { §<%1:, 1) x [n+Vl/(hlr)t*Bg| (%/,, 1),]}

- \/(“I+7ﬁ11+7/321),‘:,, () + 340V, (1) (_ ~1)s

=V, (hue ) a

Xtanh{ g(%u 1) x [n+ V,/(hlc)tfB(é(a1+7ﬁll+7ﬁ2,)+%)v,)V,/(hlc)<“a—’;’f 1);]}

5 Conclusions

The two-lane car-following model in this paper is the extension of the FVDM in single
lane. By considering the lateral effects, the model consists not only of the nearest
vehicle on neighbor lane but also of its preceding vehicle. Linear analysis of the model
shows that the consideration of lateral effects of the nearest vehicle on neighbor lane
could stabilize the traffic flow. The solutions of Burgers equation, KDV equation, and
MKDV equation have been derived to describe density waves in three regions
respectively.
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Abstract. With the development of intelligent transportation systems,
especially in the context of the comprehensive development and popu-
larization of big data and 5G networks, intelligent transportation sig-
nal systems have been experimented and promoted in various countries
around the world. As with other big data-based systems, specific attacks
pose a threat to the security of big data-based intelligent transportation
system systems. Targeting system vulnerabilities, certain simple forms of
attack will have a huge impact on signal planning, making Actual traffic
is congested. In this article, we first show a specific attack and then add
more attack points, analyze the system’s vulnerabilities, and model based
on traffic waves and Bayesian predictions, so that the attack points can
help the impact is weakened and the traffic can function normally. For
experiments, we performed traffic simulation on the VISSIM platform
to prove the impact of our attack and further verify the accuracy and
effectiveness of the model.

Keywords: I-SIG - Connected vehicle - Bayesian prediction - Traffic
wave

1 Introduction

Vehicle network technology is gradually changing the current transportation net-
work, and not only in China but also in various countries around the world have
launched a pilot program for connected vehicles. At present, the Internet of Vehi-
cles technology is gradually applied to online maps and some electric vehicles.
Chinese transportation departments and Internet companies are also conducting
research and experiments on intelligent traffic signal systems in recent years.
In September 2016, the U.S. Department of Transportation launched a pilot
program for intelligent traffic signal systems. In this program, the vehicle’s infras-
tructure is connected via wireless communications, using technologies to optimize
traffic planning and prevent traffic failures and congestion. In 2018, the intel-
ligent traffic signal system has been tested in three cities including New York.
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In order to promote deployment in the United States, USDOT [5] has proposed
to authorize all new light vehicles to be equipped with connected vehicle (CV)
technology [8]. No matter what technology is, as long as it is applied in the
real-life field, its safety is very important to us. In order to ensure the safety
of vehicle and transportation equipment infrastructure and the safety of drivers
and pedestrians in the environment, understand the security loopholes in the
systems we deploy are very important, which also guarantees the stability of
subsequent deployments.

Intelligent traffic signal systems (I-SIG) have been widely used in various
countries. Intelligent traffic signal systems carry vehicle data and traffic signal
data. The Internet of Vehicles technology is the core module of the system.
Its technology has gradually matured and related products have been applied to
practice. The US Department of Transportation estimates that by 2020, the cost
of assembling on-board units will be about $ 350, which will make the cost and
benefit of car-to-vehicle deployment more beneficial to society. In this paper, we
analyze the security of transportation systems based on the Internet of Vehicles
technology and study the design-level security issues and challenges in the case
of multi-point attacks. Finally, we use the Bayesian probability model to find
the attack point for defense.

2 Related Work

2.1 Congestion Attack Based I-SIG

The first safety analysis of the emerging CV-based I-SIG was performed in [1].
Aiming at a highly realistic threat model, that is, dispersing data from an attack
tool, the author conducted a vulnerability analysis and found that the current
signal control algorithm design and configuration choices are extremely vulner-
able to congestion attacks. The evaluation results in the real environment verify
the effectiveness of the attack and show that the attack can even produce a
blocking effect that prevents the entire method. Then use these insights to dis-
cuss defense direction. This work is the first step in understanding new safety
issues and challenges in the next generation of CV-based transportation systems.
Analysis of the internal structure and algorithms of the signal system, and the
defense measures and methods we need.

2.2 Prediction Algorithm of Traffic Wave

The queue prediction is an important content in the field of transportation. The
original intention of the prediction is to be able to accurately estimate the real
situation of traffic when the traffic situation is uncertain. To this problem, [17]
and [18] proposed two different estimation methods. Both draw on the content
of physics, and from their work, we need to clean and segment the acquired data
to estimate the queues for actual traffic conditions. We must connect the related
parts and conduct the experiment.
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Traffic wave theory [13] is contained in the field of transportation, and its
original intention is to combine the changes in traffic flow with the relevant
content of fluid mechanics in physics. Traffic waves are divided into evacuation
waves and aggregate waves. Evacuation waves refer to the movement of the
interface where traffic waves change from a high-density state to a low-density
state. Decreasing the density of traffic flow will generate evacuation waves, and
the opposite is the aggregate wave. This model based on physics can be easily
combined with the actual traffic situation [11], and simulated and calculated by
mathematical models. In this article, we have borrowed relevant knowledge in
the field of transportation.

2.3 Bayesian Hieratical Model

The [19] study seeks to investigate the variations associated with lane lateral
locations and days of the week in the stochastic and dynamic transition of traf-
fic regimes (DTTR). In the proposed analysis, hierarchical regression models
fitted using Bayesian frameworks were used to calibrate the transition probabil-
ities that describe the DTTR. Datasets of two sites on a freeway facility located
in Jacksonville, Florida, were selected for the analysis. The traffic speed thresh-
olds to define traffic regimes were estimated using the Gaussian mixture model
(GMM). These findings can be used in developing effective congestion counter-
measures, particularly in the application of intelligent transportation systems,
such as dynamic lane-management strategies.

In the field of transportation, there is also a related work to predict the length
of lanes by using Bayesian and Internet of Vehicles technology [2]. Its work is
based on Bayesian probability models, supplemented by vehicle data. By mod-
eling and analyzing the data, and determining confidence degree. This Bayesian
model is based on the Bayesian principle and uses the knowledge of probability
statistics to classify a sample data set. Because of its solid mathematical foun-
dation, the false positive rate of the Bayesian classification algorithm is very
low [16]. The method is characterized by combining the prior probability and
the posterior probability, which avoids the subjective bias of using only the prior
probability and also avoids the over-fitting phenomenon using the sample infor-
mation alone [12]. The Bayesian classification algorithm shows higher accuracy
in the case of large data sets.

3 Defense Model

3.1 Single Point Attack

As shown in Fig. 1, the intelligent traffic signal system involves various units of
actual traffic, including a road condition monitoring unit at an intersection and
a vehicle-mounted unit that sends vehicle data. It was found in previous work
that the security of traditional traffic infrastructure is weak, and an attacker can
easily control it completely.
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Fig. 1. The flow chart of single point attack experiment.

Therefore, in the work of this article, we focus on the safety of the on-vehicle
unit, specifically by attacking the on-vehicle unit to send the wrong vehicle data
to the system to affect the planning of the transportation system, and there is
already a working proof. There are simple attack methods that can affect normal
traffic.

In this article, we first realize the analysis of traffic congestion by sending
different vehicle data while controlling the vehicle-mounted unit. Further, we
add single attack points to analyze the impact of the attack points on the traffic
and the interaction between the attack points. With effect the model we build is
presented by the simulation software VISSIM [4] in the transportation field. It
provides the Component Object Model (COM) required to build the model. This
interface can input signal control into the VISSIM simulation environment, and
can also obtain the corresponding intersection from vehicle data, we use code to
integrate control input and vehicle output to complete the overall experimental
process operation in this way. First of all, the attack process is at the stage of
obtaining vehicle data. We tamper with the data obtained by the attacked vehi-
cle to affect the subsequent traffic signal planning. The traffic planning process
draws on the latest ISIG system provided by the US Department of Transporta-
tion.

3.2 Estimate Queue Length

Traffic congestion has a great impact on us. It not only increases the transit time
of vehicles but also increases the probability of traffic accidents. In order to resist
the impact of the attack on the traffic, we use the traffic wave model researched
in the field of transportation to estimate the queue length of the current lane.

We analyzed the cause of the congestion, and we found that vehicles that
were motionless in the system would have a huge impact on the I-SIG algorithm
for predicting the lane queue length. In consideration of this, we observed the
traffic flow at the intersection of the cycle before the attack. To predict the
lane queuing length at intersections in the current cycle, we predict the current
queuing length based on the traffic wave model based on the original data. The
calculation formula is as follows:

L, = |wq|tw + wstw + |wf|tw (1)
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Among them, w, and w, are the stopping waves of the waiting section and
the decelerating section, wy is the starting wave of the free passage section, and
w is the duration of a signal cycle, which is calculated by the formula:

o k‘ﬂ}i hl(k‘l/k])
L — 2)

k; and k; are the density of the divided ¢ section and the i previous section,
the previous section of the slow-down section is the waiting section, the density
of the previous section of the waiting section is equal to itself, and v; is the
average speed of the vehicles in ¢ section.

3.3 Bayesian Defense Model

We propose a method for estimating the maximum queue length of a vehicle at
a signalized intersection using high-frequency trajectory data of the vehicle. The
estimated queue length is estimated from the distribution of multiple adjacent
periods by the maximum posterior method. The data of these adjacent cycles
are obtained through the simulation environment. We estimate the queue length
at the next moment from the traffic data at the previous moment and compare
it with the real value. The method of predicting the length uses the traffic wave
model proposed in the previous section.

We can use the Bayesian model to predict that the current queue length
meets the conditions with a certain confidence o by L,. The specific steps are
as follows:

e Step 1: Use the traffic wave model to predict the queue length L of the
current stage t based on the data of stage t — 1.

e Step 2: Calculate the absolute valued of the predicted value L!, and the true
value L% in the current stage.

e Step 3: Calculate d,,.

{D}
> di

dy, = max ¢ d| mDin er <« (3)

> d;

J

e Step 4: In the case where the confidence is, the probability P that the
predicted queue length L, is smaller than the confidence interval using the
Bayesian model is

P(L, =d)[[P(lane = k|L, = dy,)
k
[T1P(lane = k) @)
k

P(Ly < dpllane =1) = >
d<dm

e Step 5: If P=0, there is an attacked vehicle within the predicted length,
otherwise it does not.
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The following is our algorithm flow for finding attack vehicles. D represents
a data set constructed by collecting the difference between the predicted length
of the previous cycle and the actual sample queue length in a sample of multi-
ple traffic flows. We use the model trained by Bayesian method to compare the
predicted length at the test moment. If the predicted length is within the confi-
dence interval, we believe that there is no attack point at that moment, and it
is possible that the attack did not cause system planning impact. If it is beyond
the range of the confidence interval, we will find the ID of the attacked vehicle
and exclude it from the calculation. This effectively prevents traffic congestion
at the attack point. « is the confidence of our principle.

Algorithm 1. Defense algorithm
Require: Veh:, Veh;_1,

Ensure: 1D
1: initialize: Set ID, d, L, = 0, D« Veh;_
2: sort: D
3: fori=1,2,...,len(D) do
4: if Z;ZlDi/sum(D) > « then
5: d=D;_1
6: break:
7 end if
8: end for

9: for j = 1,2,...,len(Veh;) do
10: if L; > d then

11: ID =j
12: end if
13: end for

14: return ID

4 Experiment

4.1 Experimental Setup

Traffic Intersection Setup. By collecting data on real traffic environment,
we mainly analyze the structure of the intersection and the number of lanes at
each intersection. In our simulation environment, the maximum speed is limited
to 40km/h. This speed refers to the maximum speed of traffic restrictions in
Chinese cities and the intersection range monitored by the system is set to be
about 500 m. This range is determined based on statistical traffic low changes.
The speed that VISSIM generates vehicles is eight vehicles per ten seconds. The
generated speed refers to daily life near the school counted by our students. The
average traffic volume. The simulation program is integrated into Visual Studio.
Each attack simulation lasts about 30 min.

The traffic light has several phases. The time and process after a straight
and left turn in both directions at an intersection are called phases. The phase is
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Fig. 2. The data flow of vehicle driving data in the experiment. Vehicle data comes
from I-SIG based simulation environment.

determined after calculation based on the traffic volume at each intersection. The
phase of each intersection is different. Start by measuring the flow, measuring
various traffic flows [11] in all directions in a period, including pedestrian, non-
motorized and motor vehicle traffic, and peak traffic. Then calculate the time
required for them to run according to the law of traffic flow, and then determine
the time of the red and green lights at each intersection, and then determine
the phase. The signal lights are divided according to the diagram [9]. The odd
numbers represent the left turn direction and the even numbers represent the
straight direction.

Attack Data Generation. For the generation of attack data, we refer to the
known work using the longest distance attack method, adding multiple attack
points for the loophole length algorithm vulnerability in the system, the number
of attack points is less than or equal to four, and the data structure of the
attack points satisfies the basic requirements of the system. In the attack phase,
we assume that the corresponding number of vehicles are controlled by us. We
directly modify the corresponding number of vehicle data in the integration
program and complete the modification before the signal planning. Each attack
will attack the eight phases of the intersection 1000 times each time. The seeds
are generated by random vehicles to ensure randomness. In the initial stage
of the experiment, we used a large interval assembly rate setting for a set of
experiments.

Data Collection. To prepare the data set for subsequent experiments, we inte-
grate the system’s estimation algorithm and planning algorithm with the VIS-
SIM interface in VS. Each simulation will record the vehicle data at the current
moment and the vehicle data for the next cycle. The evaluation file generated
by VISSIM after the simulation is completed.

4.2 Simulation

The experimental work in this paper is demonstrated through the VISSIM simu-
lation platform. The simulation experiment simulates the actual traffic situation
at the intersection. Under the current development of the Internet of Vehicles,
it cannot satisfy all vehicles with vehicle-mounted units. This assumption is in
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Fig. 3. This is the experimental scenario for the I-SIG system. Two phases in the four
directions of the intersection are digitally marked, and each cycle calculates the time
allocated for different phases in each direction. (Color figure online)

line with reality. Traffic conditions, so our experiment set the parameter of the
penetration rate, the experiment with different penetration rates.

Figure2 shows the reality used in real experiments. One of the currently
known attacks is an attack on the maximum queue length. After analysis, it
is determined that it is an algorithm that estimates the queue length of vehi-
cles at the intersection. This attack in a specific traffic situation passing a single
point can have a greater impact on the traffic situation of the entire intersection.
This attack has the characteristics of being far from the intersection and still.
We conduct follow-up research experiments through this key point. During the
experiment, we first set an attack point in each direction and applied the char-
acteristics obtained from the analysis to our attack experiments. We controlled
each attack point. The speed is 0, and control its position in the intersection.

Adding attack points and feeding back the planned results to the VISSIM
simulation environment is achieved through the VISSIM interface. Assuming we
control the attacked vehicle through the vulnerability of the vehicle unit, we
mark the ID of the attacked vehicle in the experiment. The experimental code
changes its original vehicle data through using COM, delivers false data to the
intelligent traffic signal system, and the system gets the plan after the attack
and enters it into the VISSIM simulation environment.

5 Analysis

In Fig. 3, we describe the calculation and prediction of the average queue length
of the lane. The diagonal line in the left half represents the traffic flow in different
stages. For example, the green diagonal line in the lower left L, represents the
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Fig. 4. Prediction of queue length based on traffic waves and Bayesian model. The
right vertical axis is the projection of the queue length, and the horizontal axis marks
the different lanes. (Color figure online)

traffic flow in the free passage phase of L. The angle between it and the vehicle’s
running direction is the average vehicle speed at this stage, and the vertical lines
represent the corresponding distances at different stages. During the experiment,
we set the distance between the intersection and the intersection to 1km, which
is also a reference. Real environment at the intersection near the school.

In the experiment, we collected the difference between the predicted value
and the real value before and after the two cycles to build the Bayesian model
dataset. We used the Intel i5-9400f CPU to run the program in order to collect
the simulation data. The simulation results can be collected about every 30s.
We have compiled a total of 100,000 data sets to build a probability model. In
Fig. 4, i in Li represents the number of lanes, the point where the horizontal
axis line and the blue solid line intersect represents the queue length of the
lane, and @ represents the queue length. The blue area indicates that we have
obtained 95% confidence in the dataset. Q;_; represents the queue length of the
vehicle in the previous cycle. @; represents the vehicle data of the previous cycle
without attacking the vehicle. The queue length, Q; represents the predicted
queue length in the case of attacking vehicles. If the predicted queue length is
outside the confidence zone, it means that there is an abnormality in the current
traffic situation, that is, some vehicles maliciously send false data.

From Fig. 5 we can see that in the case of a high penetration rate, the impact
on actual traffic is small. In the case of low penetration rate, because all vehicle
information in the actual environment cannot be obtained, multiple attacked
vehicles that send the wrong data has a greater impact on the signal planning
caused by the system. Specific reasons through careful analysis of the planning
part of the code and its principle, the conclusion is that the data of each vehicle
is normal for the system. The data of the attacked vehicle that is far away and
stationary will cause the EVLS module to incorrectly wait for the vehicle queue.

Our attack uses the longest distance strategy, which is to modify the position
data of multiple attacked vehicles to the farthest distance that the system can
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Fig. 5. Congestion index in different situations.

monitor and the vehicle speed is zero. It can be seen that our model can indeed
be used at different preparation rates. Resist multi-point attacks against I-SIG.
The reason is that when we find that the queue length is abnormal through
the Bayesian model, the vehicle information outside the predicted area length
is excluded and recorded to prevent repeated attacks in the future. It can be
seen that when the preparation rate is smaller, the impact of our attack on the
system is greater because the system cannot accurately obtain the queue length
of the lane with less data because the calculation of the queue length needs to
be more critical.

—o— real

1 —— Bayes

—o— 1 attack point
69 —— 2 attack point
—o— 3 attack point
54 —o— 4 attack point

Congestion index

95% 90% 80% 70% 60% 50% 40% 30% 20% 10%
preparation rate

Fig. 6. The effect of adding different numbers of attack points.

Figure 6 shows the impact of adding multiple attack points on the system.
Different numbers have different effects on the system. This also proves that
the traffic flow between the directions of the intersection is related. Multi-point
attacks make the predicted length of lanes in different directions. At the same
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time, their changes also change the length of the traffic lights. We found that
increasing the number of attack points will affect normal traffic, but increasing
the number of attack points does not necessarily enhance the effect of the attack.

6 Conclusion

The Internet of Vehicles technology is the most critical part of I-SIG. Our entire
experiment is based on I-SIG. Through the simulation of the traffic simula-
tion platform and the collection of experimental data, we gradually explore the
internal implementation principle of the system and find its implementation.
Problems and loopholes in the implementation process. These loopholes are not
caused by inadequate consideration by designers, but because the Internet of
Vehicles technology has not been widely popularized, causing the output under
certain parameter settings to cause traffic congestion. In this paper, we first
analyze the characteristics of single-point attacks systematically, and increase
the number of attack points for experimental analysis. Finally, we propose a
Bayesian model based on traffic waves to implement attacks against tampered
vehicle data. The experimental results also show our model can defend well
within a certain confidence range.

Although some of the multi-point attacks have no impact on the system and
cannot be ruled out, this does not affect the effectiveness of the defense model.
From the actual simulation results, the effect is still significant. During the exper-
iment, we also tried to compare other models such as neural networks, decision
trees, etc. From the current experimental results, these models do not have a
good defense and generalization effect against multi-point attacks. Similarly, we
also found that continuous addition attacks Vehicles, gradually affecting the sys-
tem is a special attack method. The Bayesian model performs well, but it needs
to be improved in future work.
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Abstract. This paper introduces a style transfer method for traditional Chinese
painting. We improved the traditional method by adding style characteristics and
constraints unique to Chinese painting. By comparing Chinese painting with
Western painting and natural pictures, we find that the features such as lines and
textures in Chinese painting are quite different from other images. Therefore,
these features are extracted and added to the original method in a restrictive
manner. Finally, experiments prove that the method has a certain improvement
effect on the style transfer result of Chinese painting.

Keywords: Style transfer - Neural network - Traditional Chinese painting

1 Introduction

The earliest origin of the term neural art is in Gatys [1]. This paper is different from the
traditional image style artistic method. It pioneered the use of convolutional neural
networks to learn oil painting style. And Gatys also detailed the steps of image style
transfer based on VGG19, which described the formation of style expressions, texture
combining methods, and loss functions in more depth [1-3].

Compared to Gatys using Gram matrix to calculate the overall style effect, Li
proposed to use the local texture of the style image for style transmission [4, 5].
Ulyanov, proposed a texture combining algorithm based on feedforward network.
Since the network is trained in advance, their algorithm execution is faster than the
Gatys algorithm [6]. Moreover, some people have designed a more Fast networks need
to be trained on some large datasets such as COCO datasets, and then applied to
existing images that need to be artistic, which greatly saves training time [7]. Recently,
Goodfellow et al. [8] proposed a Generative Adversarial Network (GAN). Deep neural
networks based on GAN ideas are gradually applied in the field of image style transfer
[9-11]. For example, CycleGAN [12], DiscoGAN [13] and DualGAN [14] use the
cyclic consistency loss to save the key information of the input and transformed
images, and realize the image style transfer in the case of unmatched data.

Gu [15] proposed a feature reorganization style migration method based on vgg
neural network. They link most parametric and non-parametric style migration methods
by readjusting style loss. It has a good effect for general images. But not effective to
Chinese painting, because Chinese painting is different from natural images and has
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special style characteristics. Therefore, this paper try to extract these features and use
them to improve the original method to improve the effect of Chinese painting.

2 Style Description of Chinese Painting

Chinese painting is one of the oldest continuous art traditions in the world. It is derived
from calligraphy, which is essentially a linear art, using strokes to evoke pictures and
emotions. The painting techniques of Chinese painting are mainly expressed in four
aspects: pen, ink, color and composition [16].

The use of pen is the essence of Chinese painting. Chinese painting is line-shaped
and reaches its peak in the use of line technology. Thickness and thinness of the line,
long and short, thick and light, light and heavy, and virtual and real are all different
things. Important factors [17]. Chinese painting has many painting techniques, and
lines are an important basis for these techniques.

Ink painting has always been a favorite type of painting by Chinese literati, and its
ink charm has strong Chinese characteristics [18]. The key of ink painting is the
harmony of water and ink. Water is the charm of ink painting. The flowing beauty of
water combined with the deep ink color is like black and white dancing on paper, and
light and shadow intersect. Ink is generally divided into five colors, which are burnt,
thick, dark, light, and clear.

Composition generally refers to the arrangement of objects on the screen, reason-
able allocation of space, and good screen management is an important basis for
painting [19]. Most of the Chinese paintings refer to the structure of the article, which
emphasizes the difference between the real and the false, with a clear distinction
between primary and secondary. Although composition is a wild art creation process, it
is not ruleless. Many long-term developments in Chinese painting have established
many compositional techniques that conform to Chinese aesthetics. Such as full
composition, “Zi” composition, corner composition and so on.

3 Feature Extraction

This paper improves the method in Gu [15], extracts the style features of Chinese
painting. Then adds these features to the feature matrix.

In order to extract features that can effectively reflect the artistic style of images,
This chapter refers to a large of art research literature and some articles on feature
extraction and classification of Chinese painting [20, 21]. According to the description
in the second section, the general artistic style is expressed in line drawing, frequency,
and texture features. Therefore, this article chooses these three characteristics as the
artistic style description of Chinese painting. The main methods are:

3.1 Line Feature Extraction

Lines are the most basic component of traditional Chinese painting. Painters use
lines to extract, generalize, and abstract natural things and natural scenes. Represent a
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three-dimensional space with a two-dimensional plane. This experiment uses curvature
to represent the fluidity Fy;,, of the line, as shown in Eq. 1:

(L2 + (112 Yo = 2k

(1+fx2+f3>3/2 M

line —

where x and y represent the coordinates of a pixel in the image, and f(x, y) is the gray
value of the pixel. fx, f;, fiy, fex, fyy are the first, second, and mixed partial derivatives of
f(x, y), respectively, and Fj;, is the Gaussian curvature of the pixel.

3.2 Texture Feature Extraction

Texture feature is a visual phenomenon reflected image, which reflects the surface
structure of tissue having a slowly varying or periodic change of the flow properties of
the surface of the object. This experiment uses LBP shown in Eq. 2:

8

oop SU(P) —I(c)) * 2 2)

LBP(xe,¥e) = )
where p represents the p-th pixel point other than the central pixel point in the 3 x 3
window; I(c) represents the gray value of the central pixel point, and I(p) represents the
gray value of the p-th pixel point in the field; s(x) is shown in Eq. 3:

0 ={ g ()

0, otherwise

3.3 Frequency Feature Extraction

The frequency of an image is an indicator of the intensity of grayscale changes in the
image, and is the gradient of grayscale in plane space. Different frequency information
has different functions in the image structure. The main component of the image is low-
frequency information, which forms the basic gray level of the image, and has little
effect on the structure of the image. The intermediate frequency information determines
the basic structure of the image, which forms the main edge structure of the image. The
edges and details are further enhancement of the image content on the IF information.
This experiment uses Fourier transform to extract the frequency map.

34 Add Feature Constraint Algorithm

The three features mentioned above are combined into three channels, and a new
feature with a certain width and height is added to the feature matrix extracted by the
vggl9 network in the original method to form a constant width and height. New feature
matrix. Can be tested in different vggl9 network layers.
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4 Experiment

4.1 Build Environment

The experiment uses the caffe framework to build the network. caffe is a deep learning
framework that combines expressiveness, speed, and modular thinking. Large-scale
industrial applications in academic research projects, start-up prototypes and even
vision, speech and multimedia. The experimental hardware platform is Intel Core i7-
7800K CPU, 8G memory, NVIDIA GeForce RTX2070 GPU.

In order to verify the validity of the method, we selected some natural pictures and
some Chinese paintings on the Internet as experimental materials. The subjective
evaluation is used as the evaluation criterion in the experiment.

4.2 Experimental Process and Results

Experiment 1. Choose a spectacular architectural picture as the content picture and a
Chinese ink painting as the style picture. Through a large number of experiments, we
found that the effect of adding constraint features to the third layer of the vggl9
network is better than other layers. Therefore, this experiment only operates on the
third layer of the network. Figure 1 shows the content image, style image, the com-
posite image generated by the original method, and the composite image generated by
our method. Comparing the experimental results, the results of the original method
have a great impact on the content, especially the background, and the image has a
serious distortion phenomenon. Ours method optimizes these defects. However, the
problems existing in the original method cannot be completely eliminated. It is spec-
ulated that the style transfer based on the non-parametric method cannot effectively
generate a transition for a content map with a large difference between the subject and
background colors.

pi ==
e

(a) content (b) style (c)Guetal (d) ours

Fig. 1. Synthesis results of architectural drawings and Chinese ink painting

Experiment 2. Choose a nature photo as the content image, and several famous
Chinese paintings as the style images. After experimental analysis, it is still the best
choice for the third layer operation of the network. The experimental results show that
ours method also has certain improvement effects. In Fig. 2, a nature photo as content,
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and the style image is one of the top ten Mandarin Chinese For the Thousand Miles of
Rivers and Mountains, the result generated by this method is more coordinated overall,
and the details are also better.

Guetal ours

Fig. 2. Synthetic results of nature photos and Thousand Miles of Rivers and Mountains

In addition, since the evaluation criteria of the synthesized results are subjective
evaluations, 10 different people were found to conduct subjective evaluations on the
result shown in Fig. 3 in this experiment. The evaluation results are shown in Table 1.
It can be seen that the method in this paper has certain optimization effect on the
synthesis result of Chinese painting as a style image.

Fig. 3. Synthetic results of nature photos and famous Chinese paintings



A Method of Style Transfer for Chinese Painting 271

Table 1. 10 different people praise the synthesis result (Number of people who think the method
in this paper is better/Total number)

Style | Landscape | All the | Han Xizai Thousand Tang |Ink Han Five

painting Pretty | Banquet map | Miles of Palace | painting | Palace | Oxen
Horses Rivers and Ladies spring
Mountains
Praie | 0.8 0.6 1.0 0.9 0.9 0.6 0.7 0.9

rate

5 Conclusion

This paper shows a style transfer method for traditional Chinese painting. By
improving previous experimental schemes, unique style features in traditional Chinese
painting were extracted and added to the feature matrix extracted by the vgg network to
achieve the effect of increasing constraints. In the end, a good migration effect was
obtained, but it was still unable to achieve the effect of false and real, making people
feel that they should draw from the hands of celebrities, and has a certain degree of
adaptability to the input image. The main reason is that the paintings in Chinese
painting are extremely random and have no regular texture. At the same time, because
the evaluation of artistic style images is more subjective, it cannot be objectively
evaluated like photographic works. Therefore, we should focus on processing input
images and classifying the input images to find the most appropriate content image and
style image to match in future. And establish an objective evaluation system for
Chinese painting images.
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