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Preface

The symposium of International Symposium on Intelligent Transportation and Smart
City (ITASC), was originated from several experts’ idea of communicating the technol-
ogy of transportation and IT. The first symposium (ITASC 2013) was held in Mexico in
2013, whenmain technologies discussed in that symposium have been built and operated
in rail transit in China and Japan. Since then, the ITASC symposium was held every two
years, and the latest ITASC in 2022 attracted 16 top scholars and nearly 400 people from
both universities and corporations. The proceedings of ITASC 2019 and ITASC 2022
attracted specialists and scholars from both universities and corporations who came from
Asia, America and Europe.

ITASC 2022 was held on May 20–21 in Shanghai in 2022. Despite the delay due to
Covid-19 pandemic, ITASC committee still created a chance for many people to share
latest research results. Topics on developments in transportation, civil engineering, IT
and environment engineering were discussed in this symposium by online meeting.
Now we can keep focusing on the theories and applications of modern technologies
of intelligent transportation and smart city, theoretically combine them together, and
so as to create better city life. Moreover, the symposium also provided a chance for
corporations to get new achievements, and then new techniques and products could be
soon put into transportation, municipal construction and information controlling, and
thus, promote the progress of the technology in these domains.

In this proceedings, we selected 20 articles from more than 60 submitted articles,
which cover several professional fields, such as transportation, civil and environmental
engineering. Quite a few of these articles chose specific prospective to describe new ideas
of crossing different professional fields, which will give readers great inspiration. As
the prosperous urban development in China, there are urgent needs and huge application
prospects to keep more and more attention on the intelligent transportation and smart
city, which actually has already been successfully implemented in some developed areas.

We hope all those interested in improving our urban living qualities could attend
our symposium to share your wonderful discoveries and experiences, no matter you are
from universities, entrepreneurs or governments. We believe our symposiumwill benefit
more and more participants and create wider effect. Here, we give our sincere thanks
to all sponsors, press, print and electronic media for their excellent coverage of this
symposium.

Xiaoqing Zeng
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Traffic Simulation and Autonomous Driving
Experiment in VIPLE

Yinong Chen(B) and Gennaro De Luca

School of Computing and Augmented Intelligence, Arizona State University, Tempe, AZ, USA
{yinong.chen,gennaro.deluca}@asu.edu

Abstract. This paper presents the development of visual programming languages
and summarizes the recent research in traffic simulation and autonomous driving
experiments in VIPLE (Visual IoT/Robotics Programming Language Environ-
ment). The traffic simulator is developed in the Unity programming engine. The
traffic simulator allows generation of different traffic patterns, either randomly
or guided through a recorded real-world traffic dataset. Traffic experiments can
be programmed in VIPLE or in Unity simulator, allowing developers to create
such experiments without a deep understanding and lengthy support programming
around the environment. Instead, the user can focus on implementing optimal rout-
ing algorithms that navigate a vehicle through the city traffic. The autonomous
driving environment is based on TORCS simulation environment. A variety of dif-
ficulty levels of autonomous driving experiments can be created. Both traffic simu-
lation and autonomous driving experiments can be written in visual programming
language VIPLE, as well as in C# and Python within VIPLE environment. VIPLE
has been widely used in different courses worldwide. This new advancement in
VIPLE can particularly help students to perform traffic control and autonomous
driving related programming,machine learning, and artificial intelligence research
and experiments.

Keywords: Traffic simulation · dynamic routing · autonomous driving ·
computer science education

1 Introduction

Software engineering has evolved in several generations. The first generation was from
the 1970s to 1980s,where the focuswas to use structured programming languages to con-
struct well-structure computer programs. The second generation of software engineering
was from the 1990s to 2000s, where design patterns, modeling, and object-oriented pro-
gramming were introduced. The third generation of software engineering was from the
2000s to 2010s, where architecture-driven development, service-oriented computing,
cloud computing, and visual programming languages were introduced. The fourth gen-
eration of software engineering is based on big data processing, machine learning, and
hardware-software co-design [1].

As a part of the third generation of software engineering, visual programming lan-
guages emerged in the 2000s, which allow software compositions through connecting

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023
X. Zeng et al. (Eds.): ITASC 2022, LNEE 1042, pp. 1–13, 2023.
https://doi.org/10.1007/978-981-99-2252-9_1
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existing components and services using orchestration and choreography styles [1, 2].
In the orchestration composition style, a central process takes control over the involved
components and services and coordinates the execution of different operations. This
composition style is defined by the following features.

• The involved components and services communicate with the central process only,
within the application.

• The overall functionality is achieved by aggregating other components and services.
• The composition style is particularly useful for private business process, using
independent components and services.

• BPEL (Business Process Execution Language) is the flagship language using this
style.

• A complementary composition is choreography, which is defined by the following
features.

• There is no central coordinator.
• Each component and service involved can communicate with multiple partners within
the application.

• Each component and service decide how to interact with other services to consume
their functionality.

• The composition style is particularly useful for public business process involving
coordinated design of distributed services.

• WS-CDL is an example language using this style.

The main applications of visual programming environments and the composition
styles are in business and in education, as visual programming environments help busi-
ness developers and students to develop applications without deep understanding of
computer organizations and programming language details at low level, such as syntax
design, memory management, resource sharing, process synchronization, etc. [3]. As
software engineering enters its fourth generation, some visual programming languages
also include big data processing and machine learning capabilities. VIPLE is one such
visual programming languages that has included fourth generation software engineering
features [4].

In this paper, we introduce different visual programming environments used in busi-
ness and in education. We focus on discussing the new features that are recently devel-
oped in VIPLE programming environment, including traffic simulation with machine
learning capacity and autonomous driving, and quantum computing.

The basic parts of VIPLE have been used at different grade levels in middle and
high schools. The advanced parts, such as traffic simulation, autonomous driving, and
quantum computing are being used at senior and graduate levels at universities [5].

The rest of the paper is organized as follows. Section 2 gives an overview of the
composition languages and their composition styles. Section 3 discusses VIPLE visual
components and composition examples. Section 4 presents the recent development and
new functions in VIPLE and their applications in traffic simulation, autonomous driving.
We also briefly introduce quantum computing for machine learning. Finally, Sect. 5
concludes the paper.
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2 Development of Visual Programming Languages

This section gives an overview of different visual programming language environments.
Visual programming language environments wrap components and services into

visual blocks and enable drag and drop methods to compose workflows and business
processes. The basic concepts of visual programming languages were discussed, and
the existing attempts are surveyed in early research by Berkely scientists [6]. Another
survey of visual programming languages was conducted byMishra in 2017 [7]. New lan-
guages with practical applications were developed since 2000. Some of these languages
are commercial products and others are widely used in computer science education.
Figure 1 shows the major composition languages and environments that support visual
composition of workflows and business processes.

There are full released and well documented visual programming languages. There
are many more that are for research only. PSML-S was a research language that helped
to establish the initial research of visual programming language development at ASU
[8].

XLang
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Fig. 1. Development of Visual composition languages and environments

Table 1 lists the architecture styles and the features of a few key languages that
are used in business process composition. These languages are either visual notations
themselves, such as BPMN [9] and WF [10], or have external visual tools to visualize
the text notations, such as BPEL [11]. Some of these languages are standards defined
by standard organizations, and these languages can have different implementations by
different vendors, such as BPEL and BPMN. Some of the languages are proprietary to
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certain companies. For example, WF is part of Visual Studio by Microsoft, and SWF a
part of Amazon Web Services cloud [12]. As indicated in Fig. 1, BPEL is defined by
different companies jointly based on XLang, BPMN, and WSFL to make sure that it is
not vendor dependent. It has become a major standard support across the industry.

Table 1. Key languages and features in business applications

Language environment Architecture Style Other features

BPEL 2002 Orchestration Based on SOAP, WSDL, UDDI
directory, widely used by large
corps

BPSS 2001 BP Spec. Schema Choreography Business Process Specification
Schema
Based on SOAP, ebXML
repository, CPP/CPA
collaboration, for small biz

BPMN 2001 BP Modeling
Notation

Orchestration A superset of BPEL, supports
advanced semantics & complex
structures, by BPMI which merged
with OMG in 2005

WSCI 2002 Choreography WS Choreography Interface:
Complementary to BPEL,
submitted to W3C, not widely used

WS-CDL 2004 Choreography Complementary to BPEL, W3C
own proposal

Work-flow Foundation WF 2007 Orchestration and
Choreography

A general programming
environment allowing visual
workflows and code activities for
general computing and business
processes

SWF 2014 Orchestration Used for connecting Amazon
lambda-functions and APIs to form
business process in AWS cloud

In addition to business process oriented visual languages, there are a set of visual
programming languages used for education. These languages allow students without
programming background to implement their logic ideas and build their computational
thinking concepts. These languages are used at different grade levels. Some languages are
created by universities for public access, such as Scratch [13], Alice [14], App Inventor
[15], andVIPLE [1, 3, 4]. Someare proprietary products associatedwith certain hardware
products, such as Microsoft VPL [16] and Lego EV3 [17].

Table 2 lists a few key languages in this category, including their main purposes and
grade level of students who can start to use the languages.
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Table 2. Languages for computing education

Language Main purpose Starting from

MIT Scratch Visual game and movie programming Primary school and up

Alice Visual game and movie programming Middle school and up

MIT App Inventor Phone App visual programming High school and up

Lego EV3 Lego EV3 robot programming Middle school and up

Microsoft VPL Robot programming High school and up

Intel IOT SOL IoT and embedded system programming College students

ASU VIPLE General programming and robot programming High school and up

3 VIPLE

VIPLE is a visual programming language environment designed for general-purpose
programming. It particularly offers activities and services for IoT and robotics appli-
cation building. This section reviews the general-purpose computing part, and the next
section will present the recent new features of VIPLE.

As a general-purpose programming language, VIPLE offers the necessary pro-
gramming constructs, such as assignment, calculate, if-then-else, and loop. Figure 2
shows the basic activities and general-purpose services that allow the construction of
general-purpose programs.

Fig. 2. VIPLE basic activities and general-purpose services



6 Y. Chen and G. De Luca

Figure 3 shows a VIPLE program that counts from 0 to 10. It uses Text to Speech
service to read the current number and uses Print Line service to print “All Done” at the
end of counting. A Merge basic activity is used for selecting the initial entrance of the
loop and the reentrance of the loop. A variable Counter is used to store the increasing
number, and a Calculate activity is used to perform add 1 operation.

Fig. 3. A VIPLE program that counts from 0 to 10

The same program can also be implemented using a While loop activity.

Fig. 4. VIPLE Robot/IoT services
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VIPLE is called an IoT and robotics programming language, because it offers a large
set of Robot/IoT services. Figure 4 shows the list of such services.

There are four sets of different types of services.
Robot/IoT Controller is the main service that defines a control center of a Robot/IoT

system.Oneormore controllers canbeused, specifying a single control center ormultiple
control centers.

The next set of services includes the Robot/IoT sensor, drive, and message services.
These services will be associated with one of the controllers to give the controller input
or to take output from the controller to perform actions.

The third set of services are TORCS services for autonomous driving experiments,
which will use TOCS simulator to exhibit the driving simulation. We will discuss this
set of services in the next section.

The last set of the services included is the traffic simulation services that will com-
municate with a Unity Traffic Simulator. We will discuss this set of services in the next
section.

Figure 5 shows the commands that can start different functions.

Fig. 5. VIPLE Start commands

The first command Start will start the execution of a VIPLE program. If a simulator
is involved, we need to start the simulator first before we start the VIPLE program.

The next three Start commands will start one of the three Unity simulators embedded
into VIPLE. We will discuss Start Unity Traffic Simulator in the next section.

The next Command is to start TORCS simulator [18].
The next two commands are to start the Web 2D maze simulator and to start the

Web 3D maze simulator, respectively. These simulators are developed within VIPLE
environment [1].

In addition to the simulators, VIPLE also supports Pi-Calculus based program anal-
ysis, proof, and verification [19, 20], which are shown in the next three commands in
Fig. 5.
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4 Latest Additions to VIPLE

This section presents the latest developments in VIPLE, including traffic simulation,
autonomous driving, and quantum computing.

4.1 Traffic Simulation

A traffic simulator is recently developed using Unity game engine. The simulator will
generate a city map and random or controlled traffic (cars marked in yellow) on the
streets. Once started the simulation, a red car will appear in the map, and it can be
programmed in VIPLE to travel from the current position to any position on the map.
Figure 6 shows the overall map with clusters of dense areas connected by freeways.

Fig. 6. The overall traffic map

Figure 7 shows a part of the map with the red car, multiple yellow cars, and the
controls on the map. The controls on the map can define the traffic density (number of
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yellow cars in the map), destination of the red car, planning path and trace of the red car,
showing different areas of the city, different views of the map, zoom in and zoom out,
etc.

Fig. 7. Traffic map showing controls and cars in streets

The map contains traffic lights, traffic signs (e.g., stop sign), speed limits on each
section of streets, distance of each section of streets, etc. These pieces of information
are sent to VIPLE in real time and VIPLE can program the red car to implement the
shortest-distance path to the destination and the shortest-time path to the destination.

The traffic on the streets can be generated randomly or guided by know traffic pat-
terns. In the latest study, we have used Arizona Maricopa government published data to
guide our traffic generation and write VIPLE program to find the shortest-time path [21].
A video demonstrating the traffic simulation with dynamic shortest distance computing
in the simulation environment is available at [23].

4.2 Autonomous Driving

Another major development in VIPLE is the TORCS autonomous driving experiments.
VIPLE makes autonomous driving experiments simple to write and easy to understand.
Figure 8 shows a simple VIPLE program. The main code is in the Code Activity in C#,
as shown in Fig. 9.
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Fig. 8. Simple VIPLE code for autonomous driving

The code keeps the car in the middle of the racetrack, maintaining acceleration at
0.3, driving slowly at gear 2, and not applying brake at all. The car can complete the
racetrack in about 74 s.

Fig. 9. Code Activity in the VIPLE code

Obviously, this program is not optimal to completing the racetrack. In a real race
program, we need to raise the gear as the speed increase, maximize the acceleration
when the track is straight, and need to brake before the curve. An optimized VIPLE
program is shown in Fig. 10.

This program can complete the racetrack in 54 s, reducing from 74 s.
VIPLE also supports two-car racing, where each car also needs to sense the other

car to avoid the collision. Figure 11 shows the experiment with two cars in the same
racetrack. We can ally the same algorithm or two different algorithms for the two cars.
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Fig. 10. Optimized VIPLE code for autonomous driving

Fig. 11. Two car races in the same racetrack

4.3 Quantum Computing

The latest development in VIPLE is the inclusion of quantum computing, particularly
for accelerating machine learning [22]. Figure 12 shows Quantum Basic Activities and
Quantum Services that have been built in VIPLE.

From these activities and services, different computationally intensive applications
can be developed, particularly for accelerating machine learning training and testing.
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Fig. 12. VIPLE built-in Quantum Basic Activities and Quantum Services

5 Conclusions and Future Work

This paper presented the development of visual programming languages in business and
education applications. VIPLE, developed by the authors, was presented and its new
functions were introduced. VIPLE has been used as a teaching tool in many schools
and universities around the world. The basic parts can be used at different grade levels
in schools and the advanced parts, such as traffic simulation, autonomous driving, and
quantum computing are being used at senior and graduate levels at universities.

Acknowledgments. This research is supported by the general fund of the IoT and Robotics
Education Lab at Arizona State University.
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Abstract. Pedestrian detection is a classical problem in computer vision and has
been a difficult problem to solve for a long time. Compared with face detection, it
is very difficult to accurately detect pedestrians in various scenarios because of the
complex posture of human body, larger deformation, and more serious problems
such as attachment and occlusion. This paper focuses on the typical pedestrian
detection model - YOLOmodel. Through experiments, the principle of pedestrian
detection model algorithm and its model effect are studied to solve the difficulties
in pedestrian detection. In YOLO, logistic regression is used to predict the object
score of each boundary box, and multi-scale fusion is used to make prediction.
By observing the mAP index, it is concluded that the YOLO algorithm has a good
effect on single-label pedestrian detection, and the calculation efficiency is high.

Keywords: Pedestrian Detection · YOLO · Target Detection · Darknet

1 Introduction

Pedestrian detection is a classical problem in computer vision, and it has been difficult
to solve for a long time. Compared with face detection, it is more difficult to accurately
detect pedestrians in various scenarios due to the complexity of human body posture,
larger deformation, more serious problems such as attachments and occlusion. The prob-
lems to be solved by pedestrian detection are as follows: it is necessary to find out all
the pedestrians in the image or video frame, including their positions and sizes, which
are usually represented by rectangular boxes; Similar to face detection, this is a typical
target detection problem. Pedestrian detection technology has a very strong practical
value, can be combined with pedestrian tracking, pedestrian recognition and other tech-
nologies, applied to automobile unmanned driving system, intelligent robot, intelligent
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video monitoring, human behavior analysis, passenger flow statistics system, intelligent
transportation and other fields. Due to the flexibility of human body, there will be a
variety of posture and shape, its appearance is greatly affected by dress, posture, per-
spective and other factors, but also facing the impact of occlusion, lighting and other
factors, which makes pedestrian detection become a very challenging topic in the field
of computer vision.

In order to solve the above challenges, scholars worldwide put forward a large num-
ber of methods in recent years and achieved many results. Early algorithms used some
simple methods in image processing and pattern recognition, but the accuracy was low.
With the increase of training sample size, such as INRIA database, Caltech database
and TUD pedestrian database, the accuracy of the algorithm is increasing. A landmark
achievement in the field of pedestrian detection is the pedestrian detection algorithm
based on HOG + SVM proposed by Dalal and Triggs in CVPR 2005 [1]. HOG (His-
togram of gradient direction) is based on edge feature, which utilizes edge orientation
and intensity information. Firstly, the gradient is calculated by using images of fixed
size, and then the grid is divided. The gradient orientation and intensity at each point
are calculated to form the histogram of the gradient direction distribution of all pixels in
the grid. Finally, the histogram features are summarized to form the whole histogram.
After obtaining the HOG feature of the candidate region, it is necessary to classify the
region by using the classifier Class to determine whether it is a pedestrian or background
area. Dalal [2] proposed a pedestrian detection scheme using cascaded convolutional
network. Angelova [3] proposed a method called SA-FastRCNN, and it improved Fast
R-CNN based on the characteristics of pedestrian detection. Since the features extracted
from large-size pedestrians and small-size pedestrians showed significant differences,
the author designed two subnetworks for large-size pedestrians and small-size pedestri-
ans respectively for detection. RepLoss [4] was proposed by face++ and its main goal
was to solve the occlusion problem. In pedestrian detection, there may be a problem
of occlusion in dense human body detection. Object occlusion can be divided into two
types: in-class occlusion and inter-class occlusion. In-class occlusion refers to mutual
occlusion between similar objects. In pedestrian detection, such occlusion accounts for
a larger proportion and seriously affects the performance of pedestrian detector. To solve
this problem, the authors designed a loss function called RepLoss [authors of this paper
or from a reference? Wang [5] proposed a pedestrian detection algorithm called Hyper-
Learner, which improved from faster R-CNN. In this article, the authors analyze the
difficulties of pedestrian detection: The distinction between pedestrian and background
is low, and it is very difficult to accurately define a single pedestrian in crowded scenes.
The authors introduce some additional features to solve these problems. In order to send
these additional features into the convolutional network for processing, the author adds
a branch network on the basis of VGG network. Together with the characteristics of the
main network, it is fed into the RPN for processing.

YOLO had gradually become the mainstream method for pedestrian detection in
machine learning. A new object detection algorithm, R-CNN, was introduced in the
paper and mean average precision (mAP) was improved by over 30% relative to the pre-
vious best result on VOC 2012 by combining region proposals with high-capacity con-
volutional neural networks (CNNs) and utilizing supervised pre-training for an auxiliary
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task followed by domain-specific fine-tuning when labeled training data was scarce [7].
A fully convolutional network, the Region Proposal Network (RPN), was presented and
the sharing of full-image convolutional features with the detection network by the RPN
led to cost-free region proposals and improved object detection performance, resulting in
state-of-the-art object detection accuracy on multiple datasets with a frame rate of 5 fps
[8]. YOLO was a real-time object detection approach using a single, optimized neural
network that predicted bounding boxes and class probabilities, outperforming existing
methods in generalization from natural images to other domains [9]. And even further,
YOLO9000 was a state-of-the-art real-time object detection system capable of detecting
over 9000 object categories with improved accuracy and speed, achieved through joint
training on object detection and classification data [10]. The paper presented a method
for improved pedestrian detection in transformer substations using a combination of
GaussianMixture Model and YOLO, achieving a 20% improvement over single method
results for increased safety near high voltage. A method for improved pedestrian detec-
tion in transformer substations through the combination of GaussianMixture Model and
YOLO was carried out and 20% improvement over single method results for increased
safety near high voltage was achieved [11]. In addition, the proposed MAF-YOLO
method used a multi-modal feature extraction module and a modal weighted fusion
module to achieve real-time and precise pedestrian detection at nighttime through the
utilization of a dual attention module and improved loss function and anchor box size
[12].The rest of the paper is organized as follows. Section 2 generated the research
scope of pedestrian detection based on YOLOv3, Sect. 3 introduced the methodology of
the model and the process of model selection Sect. 4 showed the empirical experiment
include of evaluation indicators, experimental procedure and result analysis, and the
conclusion had been gven in the Sect. 5.

2 Research Scope

The YOLO model of pedestrian detection is studied mainly. Through practical experi-
ments, the principle of YOLOv3 [6] algorithm and its model effect are studied to solve
the difficulties in pedestrian detection.

Themain difficulties to be solved in pedestrian detection include: first, the appearance
difference is large, including perspective, posture, clothing and attachments, lighting,
imaging distance, etc.; Pedestrians look very different from different angles; As pedes-
trians in different poses wear different clothes, as well as the shadow of umbrella, hat,
scarf, luggage and other attachments, the appearance of the human body at a long dis-
tance and a close distance is very different. The second is the problem of occlusion.
In many application scenarios, pedestrians are very dense, there are serious occlusion,
only part of the human body can be seen, which is conducive to detection. Algorithms
pose serious challenges. Third, the background is complex. Whether indoor or outdoor,
the background for pedestrian detection is usually complicated. The appearance, shape,
color and texture of some objects are very similar to human bodies, so the algorithm can-
not accurately distinguish them. The fourth is the detection speed. Pedestrian detection
generally adopts a complex model with a large amount of computation. It is difficult to
achieve real-time detection and generally requires a lot of optimizations.
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3 Pedestrian Detection Model

Nowadays, object detection based on deep learning has gradually become the core tech-
nology in the fields of autonomous driving, video surveillance, machining, intelligent
robots and so on. Most of the existing target detection algorithms have relatively high
accuracy, but their speed is slow and cannot adapt to the real-time demand of target
detection in the industry. YOLO algorithm has won unanimous praise for its speed and
accuracy. So far, the YOLO algorithm has gone through five iterations and has achieved
great improvement in speed and accuracy.

3.1 Model Introduction

The core idea of YOLOv1 is to solve target detection as a regression problem. Instead of
training the network by sliding window or proposal extraction, YOLO directly selects
the whole graph training model. The advantage of this is that you can better distinguish
between the target and the background area. YOLOv1 will first shrink the original
image to 448 × 448 inches for easy division later. However, the image is divided into S
× S regions. Note that the concept of this region is different from that of dividing the
image into N regions and throwing it into the algorithm as mentioned above. The region
mentioned above is to crop the picture, or to say, to input a local pixel of the picture into
the algorithm, while the division region is logical.

If the center of an object falls on a cell, the cell is responsible for predicting the
object. Each cell needs to pre-test B bbox values and predict a confidence scores for
each bbox value. Then, the predictive analysis is carried out in each cell. The confidence
is not only the probability that the boundary box is the object to be detected, but the
probability that the boundary box is the object to be detected multiplied by the IoU of
the boundary box and the real position (the intersection between the frames divided by
the union).By multiplying the intersection ratio, the accuracy of position prediction of
the boundary box is reflected:

confidence = P(Object)× IoU truth
pred (1)

Each bounding box corresponds to five outputs, which are x, y, w, h and confidence.
Where x and y represent the deviation of the center of the boundary box from the
boundary of the grid cell it is in. w and h represent the proportion of the true width and
height of the boundary box to the whole image. x, y, w, and h have been restricted to the
interval [0,1]. In addition, each cell generates C conditional probabilities (Fig. 1).
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Fig. 1. YOLO Prediction Graph

In the non-maximum suppression stage of test, for each boundary box, Formula 2 is
used to measure whether the box should be retained.

confidence × P(Classi|Object) = P(Classi)× IoU truth
pred (2)

This is the individual classification confidence score of each cell, which contains both
the predicted category information and the accuracy of the bbox value. A threshold is set
to filter out the low class-specific confidence scores, and leave the rest for non-extremely
large value suppression to obtain the final calibration frame.

The YOLO web design follows, but differs from, GoogleNet’s ideas. YOLO uses 24
cascaded convolution layers and 2 fully connected layers, among which CONV layer
includes 3*3 and 1*1 Kernel. The last FC layer is the output of YOLO network, with
a length of S*S*(B*5 + C) = 7*7*30. In addition, the simplified version of YOLO -
Small network includes 9 cascaded CONV layers and 2 FC layers. Since the number
of CONV layers is much less, the speed of YOLO - Small is much faster than that of
YOLO. YOLO network architecture is shown in Fig. 2.

Fig. 2. YOLO Network Architecture

All of YOLOv1 methods use mean square error as loss function. It consists of three
parts: coordinate error, IOU error and classification error. Considering the contribution
rate of each loss, YOLOv1 sets the weight λcoord = 5 for the coordinate error. When
calculating IoU error, the contribution value of IoU error to network Loss is different
between the grid containing objects and the grid without objects. If the same weight
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is used, the confidence value of the cell that does not contain objects is approximately
0, which is amplified in a disguised way The influence of the confidence error of the
cell containing the object on the calculation of the network parameter ladder. To solve
this problem, YOLO uses λ noobj = 0.5 to correct (confidence error) iouErr. For equal
error values, the influence of large object error on detection should be less than that
of small object error. This is because the proportion of the same positional deviation
for large objects is much smaller than the proportion of the same deviation for small
objects. YOLO improves this problem by taking the square root of the information items
of object size (w and h), but it cannot completely solve this problem.

YOLOv1 uses the standard linear activation function for the last layer, while the
leaky Rectified linear activation function is used for the other layers.

3.2 Model Selection

In the process of the development of YOLOmodel, YOLOv2 made a series of improve-
ments on the basis of YOLOv1 and reached state of the Art at the same time. YOLOv2
can adapt to different input sizes and adjust detection accuracy and speed as required.
However, YOLOv2 still cannot provide a good solution for overlapping classification.

YOLOv3 is the target detection network with the most balanced speed and accuracy.
Through the integration of a variety of advanced methods, YOLO series of short board
complete. After YOLO9000 [7], the system uses dimensional clustering as anchor boxes
to predict boundary boxes, and the network predicts 4 coordinates for each boundary
box. Logistic regression is used in YOLOv3 to predict the object score for each bounding
box. If the previous bounding box overlaps the Ground Truth object more than any other
bounding box before it, the value should be 1. If the previous boundary box is not the
best but does overlap the ground truth object above a certain threshold value, we will
ignore this prediction and use 0.5 as the threshold value. Unlike YOLOv2, our system
only assigns a bounding box to each Ground truth object. If the previous bounding box is
not assigned to the Grounding Box object, there is no loss to the coordinates or category
prediction.

In YOLOv3, each box uses a multi-label classification to predict which classes the
bounding box might contain. This algorithm does not use softmax, YOLOv3 uses a
separate logical classifier. In the training process, binary cross entropy loss is used for
category prediction. For overlapping labels, the multi-label approach can better simulate
the data.

YOLOv3 uses multi-scale fusion to make predictions. The original YOLOv2 has
one layer: Passthrough Layer, assuming that the size of the feature map extracted last is
13*13, Therefore, the function of this layer is to connect the feature map of 26*26 of
the previous layer with the feature map of 13*13 of this layer. Such operation is also
to strengthen the accuracy of YOLO algorithm for small target detection. This idea is
further enhanced in YOLOv3, which uses a similar upsampling and fusion approach to
FPN, inmultiple applications. According to the detection on the feature map of scale, the
detection effect of small targets is significantly improved. Although YOLOv3 predicts 3
boundary boxes per grid cell, which seems less than YOLOv2 predicts 5 boundary boxes
per grid cell, because YOLOv3 adopts feature fusion of multiple scales, the number of
boundary boxes is larger than before.
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Fig. 3. Darknet-53 network architecture

YOLOv3usesDarknet-53network to achieve feature extraction.Darknet-53network
architecture is shown inFig. 3.Adding ahybrid approach to residual networks inDarknet-
19, using continuous 3× 3 and 1× 1 convolutional layers, but now with some shortcut
connections, YOLOv3 expanded it to 53 layers and called it Darknet-53.

4 Empirical Experiment

This section begins with describing the data sets used to train and test the model, as well
as the evaluation metrics. Then the training process of the model is introduced, and the
results of the model are analyzed.

The data set used in this experiment is coco data set, which is a large and rich
object detection, segmentation and subtitle data set. This data set takes scene under-
standing as the target, which is mainly extracted from complex daily scenes, and targets
in images are calibrated through accurate segmentation. Images include 91 categories
of objects, 328,000 images, and 2,500,000 labels. The data used in this experiment is
part of coco2014 segmentation, and the test set is 3000 pictures.

4.1 Evaluation Indicators

In order to evaluate the model, mAP index was used in this experiment. MAP refers
to Mean Average Precision or Average AP value, which is calculated for the Average
AP value of multiple verification sets and used as an indicator to measure the detection
accuracy in object detection. MAP is also suitable for multi-label classification task
and multi-label image classification task, but in this experiment, it is only single-label
classification task.
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4.2 Experimental Procedure

The model uses dimensional clustering as anchor boxes to predict edge boxes. During
training, the sum of squared error losses is used. The number of objects in each bounding
box is predicted using logistic regression. This value should be 1 if the ground Truth
object was reduplicated by the previous bounding box than any other bounding box.
If the previous boundary box is not the best, but the ground truth object does overlap
above a certain threshold, this prediction will be ignored. The threshold is set to 0.5. The
model only assigns a boundary box to each ground truth object. If the previous bounding
box is not assigned to the Grounding Box pair, there is no loss to the coordinates or
category prediction. Each box uses a multi-label classification to predict which classes
the bounding box might contain. Instead of using softmax, the model uses a separate
logical classifier. In the training process, the model uses binary cross entropy loss for
category prediction.

YOLOv3predicts three boxes at different scales. Typeuses similar concepts to extract
features of these scales to form a pyramid network. From the basic feature extractor,
several layers of codeling are added. In the COCO dataset, 3 boxes are predicted for
each scale, so for 4 bounding box offsets, 1 target prediction and 80 category prediction,
the tensor is N × N × [3 * (4 + 1 + 80)]. Next, the feature maps were obtained
from the previous two layers and upsampled by 2 times. Feature maps were taken from
earlier versions of the network and merged with upsampled features using element-wise
addition. Several convolution layers are added to process the combined feature graph,
and a similar tensor is eventually predicted. Perform the same design again to anticipate
the final scale of the box.

Fig. 4. Loss Curve of Boundary Box

Use k-means clustering to determine the priors of the boundary boxes. Nine clusters
and three scales were selected, and then the clusters were evenly divided on the whole
scale. The 9 clusters are: (10 × 13); (16 × 30); (33 × 23); (30 × 61); (62 × 45); (59
× 119); (116 × 90); (156 × 198); (373 × 326). Use Darknet-53 network for training
and testing. Figure 4 is the Loss curve of the boundary box. It can be seen that the Loss
value has converged.

Figure 5 shows the Loss curve of the model, and the loss value has converged.
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Fig. 5. Loss Curve of YOLOv3 Model

4.3 Result Analysis

The mAP of the model is shown in Fig. 6. The average AP value of multiple validation
sets is 72.32%.

Fig. 6. mAP Values

The P-R curve of the model is shown in Fig. 7. P-R curve is a two-dimensional curve
with precision and recall as the vertical and horizontal coordinates. The overall trend is
drawn by selecting the accuracy and recall rates corresponding to different thresholds.
The higher the accuracy, the lower the recall. The area enclosed by the P-R curve is the
AP value. The classifier works better from the diagram.
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Fig. 7. P-R Curve

5 Conclusion

Pedestrian detection experiments of YOLOv3model were carried out on COCO dataset.
By observing mAP index, YOLOv3 was a good detection model. Fast speed, high accu-
racy. The mAP on the COCO dataset was about 73.32%. However, in this experiment,
only pedestrians were detected, and it was a single classification label detection, so
mAP performed well. In the multi-classification label detection, the effect of the model
should be analyzed through other experiments. Pedestrian detection is an interesting and
difficult subject, with broad research prospects and great practical significance. There
are many applications in many practical scenarios and events, and it is worth further
exploration.
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Abstract. In view of the lack of a relatively scientific and complete evaluation
system in the field of urban ecological road construction, the traditional evaluation
methods cannot meet the needs of quantitative and single-object overall evalua-
tion of ecological roads. In this paper, an ecological road evaluation method based
on Vague compound extensibility is proposed. This study established a compre-
hensive evaluation index system for ecological roads and determined the index
weights based on the free entropy weight structure method. Through the case
experiment analysis, the evaluation index standard and the object to be evaluated
are integrated into the Vague, so as to calculate the similarity of each index and
at each level of the object to be evaluated. The comprehensive evaluation level
of the ecological road in the evaluation section is determined as the second level.
The ecological road evaluation method of Vague-Extensology can still compre-
hensively deal with different types of indicators in the case of relatively single
data and achieve good results in qualitative and quantitative evaluation.

Keywords: Ecological road · Vague Complex Extenics · Structural Entropy
Weight Method · Evaluation index system

1 Introduction

In recent years, countries around theworld have beenvigorously advocating the construc-
tion of global green ecological civilization. TheUnited States promulgated theAmerican
Recovery and Reinvestment Act in 2009 [1]. The development direction of ecological
environment protection and transportation investment is emphasized. In response to
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the UN’s initiative on green ecological development and global sustainable transporta-
tion, France promulgated the “Law on Future Transportation Orientation” in 2019 [2].
It is pointed out that the transportation construction should speed up the ecological
transformation and actively participate in the ecological environment protection. The
Implementation Plan for Promoting Ecological Progress in Transport issued by China
in 2017 [3]. Proposed to actively promote the construction of ecological civilization
in the field of transportation. The construction of ecological civilization in the field of
transportation has become an important national development strategy of all countries
in the world. In the process of promoting this strategy, the construction of ecological
road is an extremely important link.

In many countries, the concept of ecological protection has been deeply integrated
into road transport construction [4]. Ecological road is to use advanced technology in
the whole life cycle process of road design, construction and operation, save resources,
protect the environment, and form a new road traffic system with safe and comfortable
driving and harmonious ecological landscape. In order to promote the application of
green ecological concept in the field of transportation, many related institutions and
scholars have put forward different evaluation systems and evaluation standards [5]. In
order to strengthen the green sustainability of road facilities construction, the study of
ecological road evaluation method has become one of the important research directions
in the field of green transportation. Based on Vague - extenics, this paper analyzes the
advantages and disadvantages of several evaluation methods and their applicable scope,
and proposes a new ecological road evaluation method based on vague - extenics.

The rest of the paper is organized as follows. Section 2 analyses the demand of
ecological road evaluation methods. Section 3 proposed an ecological road evaluation
method based on Vague- Extenics. Section 4 conducts a case study on an expressway
and gives the evaluation grade (Fig. 1).

Fig. 1. Evaluation site selection of Ecological Road
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2 Demand Analysis of Ecological Road Evaluation Methods

At present, there are many related evaluation methods for ecological roads. Among
them, Analytic Hierarchy Process (AHP) [6] is a method that combines qualitative and
quantitative analysis, but the evaluation results are greatly influenced by the subjective
will of review experts, and are mostly used for program selection and weight coefficient
calculation; the extension matter-element evaluation method [7] can deal with the vari-
ability index, but the data processing is more complicated, and it is used to deal with the
incompatibility of each index; the Fuzzy Synthetical Evaluation method [8] can make
the evaluation The ambiguity of standards and influencing factors is reflected, but the
accuracy of evaluation results is unstable, and it is used for the evaluation of indicators
with strong subjective factors. Therefore, in order tomeet the conditions of the evaluation
methods required by the ecological road, the advantages and disadvantages of different
evaluation methods and the scope of application are compared and used in combination.

According to the characteristics of ecological road evaluation indicators, the pro-
posed ecological road evaluation method must meet the following requirements: (1)
The evaluation method must be compatible with both quantitative and qualitative index
evaluation requirements. (2) Under the circumstance that the evaluation data is difficult
to obtain and the data volume is small, the ecological road grade evaluation for a single
evaluation object can still be completed well. (3) In the face of the low correlation in all
aspects of the ecological road system, the evaluation method can integrate the indicators
of various evaluation standards to give an overall evaluation of the evaluation object.

3 Ecological Road Evaluation Method Based on Vague - Extenics

3.1 Selection of Ecological Road Evaluation Index

The ecological road evaluation index systemwas obtained and established by consulting
the engineering design book and expert scoring method, as shown in Table 1.

Table 1. Ecological road comprehensive evaluation index system

classification Serial
number

indicators classification Serial
number

indicators

Conservation
of resources

A1 Land resource
occupation

Construction of
quality

C1 Long life pavement

A2 Rationality of
road space

C2 Functional road
surface

A3 Drainage and
storage
engineering

C3 Linear design
continuity

(continued)
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Table 1. (continued)

classification Serial
number

indicators classification Serial
number

indicators

A4 Recyclable
material
utilization

C4 Quality of bridge
and tunnel

A5 Energy saving
measures

C5 Construction of
standardization
Organization and
Management

A6 Renewable
energy Sources
Energy saving
management
mechanism

C6 Information
management

A7 Energy saving
management
mechanism

C7 Application of BIM
technology

Ecological
protection

B1 Social
environmental
protection

C8 Preventive
maintenance

B2 Biological
habitat
conservation

Smart
Management

D1 Intelligent
transportation
system applications

B3 Ecological
continuity
protection

D2 Of safety facilities
Layout and
maintenance

B4 Protection of
vegetation

D3 Traffic Congestion
index

B5 Water body
protection

D4 Traffic Safety Index

B6 Air pollution
protection

D5 Traffic Management
System

B7 Acoustic
pollution
control

D6 Transportation
investment
coordination
coefficient

B8 Light pollution
control

Serve the
humanities

E1 Public satisfaction

(continued)
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Table 1. (continued)

classification Serial
number

indicators classification Serial
number

indicators

B9 Dangerous
goods
management

E2 Landscape Design

B10 Heat island
effect control

E3 Publicity and
promotion

B11 Environmental
management
systems and
funding

E4 Eco-environmental
Training

3.2 Index Weight Calculation Based on the Theory of Free Entropy Weight
Structure

At present, there are many commonly used weight coefficient calculation methods. Con-
sidering the advantages and disadvantages of the main and objective weight methods,
this paper uses the free structure entropy weight method to calculate the weight coeffi-
cient. Delphi method is used to form the index fundamental importance matrix. Experts
from related fields are selected and questionnaires are issued. The index fundamental
importance matrix Pmn is obtained by sorting out the survey results in an anonymous
form, which m represents the number of indicators and n the number of experts. xij
represents the importance score of expert j on the i indicator, which xij is 0, 1, 2, 3 and 4.
In order to form the entropy importance matrix, it is necessary to calculate the entropy
membership. Firstly, the information entropy needs to be calculated:

Hi = −k
∑n

j=1
fij ln fij (1)

The above equation represents the information entropyvalueof index i in the presence
of a kind of importance score j, where k is a constant. Then the entropy of each case is:

hij = −kfij ln fij (2)

fij = ε−xij
ε−θ

, θ is constant; ε = θ + 2k = 1
ln(ε−θ)

, ε and k are all constants.
μij is set as the membership function of entropy value of xij.

μij = ln(ε − θ)

ln
(
ε − xij

) (3)

{
xij|xij = 0, 1, 2, . . . , 6

}; θ = xmax
ij ; ε = xmax

ij + 2.μij is a monotonically increasing
function of xij. The larger theμij is, themore orderly the indicator is, themore unified the
score of the indicator is by experts, the higher the importance is, and the greater theweight
assigned to the corresponding indicator shouldbe.μij Then the entropy importancematrix
Smn = {

μij
}
m×n is calculated by entropy membership degree.
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After eliminating the “importance deviation” caused by the limited expert knowl-
edge, the importance of the comprehensive entropy is obtained.μij represents the entropy
importance of the expert j on the index i. Suppose that each expert has the same impact
on the evaluation of each index. Therefore, the entropy importance μi of the index i can
be obtained by averaging the entropy importance of n experts on the index.

μi = (μi1 + μi2 + . . . + μin)

n
(4)

Since the experts participating in the questionnaire came from different professional
fields, the “importance bias” of the index caused by the cognitive gap was considered.
In order to eliminate the influence of scores with large discrepancies, the “importance
bias” Bi is set as follows:

Bi =
∣∣∣∣
(max(μi1, μi2, . . . , μin) − μi) + (min(μi1, μi2, . . . , μin) − μi)

2

∣∣∣∣ (5)

Finally, the importance degree vi of comprehensive entropy with the “importance
deviation” eliminated is obtained.

vi = μi · (1 − Bi) (6)

(4) The comprehensiveweightwi of index importance can be obtained by normalized
processing:

wi = vi∑m
i=1 vi

(7)

According to the index weight calculation method based on the theory of free
entropy weight structure, the weight coefficients of 36 indicators of the ecological road
comprehensive evaluation system are obtained, as shown in Table 2.

Table 2. Weight coefficient of ecological road comprehensive evaluation index system

Serial
number

Coefficient
of weight

Serial
number

Coefficient
of weight

Serial
number

Coefficient
of weight

Serial
number

Coefficient
of weight

A1 0.0371 A2 0.0328 A3 0.0243 A4 0.0251

A5 0.0261 A6 0.0262 A7 0.0286 B1 0.0275

B2 0.0364 B3 0.0381 B4 0.0398 B5 0.0391

B6 0.0391 B7 0.0251 B8 0.0250 B9 0.0255

B10 0.0240 B11 0.0358 C1 0.0233 C2 0.0233

C3 0.0233 C4 0.0244 C5 0.0222 C6 0.0241

(continued)
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Table 2. (continued)

Serial
number

Coefficient
of weight

Serial
number

Coefficient
of weight

Serial
number

Coefficient
of weight

Serial
number

Coefficient
of weight

C7 0.0223 C8 0.0272 D1 0.0296 D2 0.0240

D3 0.0243 D4 0.0255 D5 0.0286 D6 0.0255

E1 0.0269 E2 0.0235 E3 0.0219 E4 0.0255

3.3 Evaluation Model of Vague Compound Extenics

Vague sets were proposed byW.L. au and J. Bouehrer [9, 10]. Through the information of
true membership, false membership and hesitation, the degree of support and opposition
can be expressed at the same time, and the fuzzy characteristics of the research object
can be expressed in detail. Based on Vague- extension evaluation method for ecological
road is proposed in this paper.

Firstly, qualitative values are Vague transformed. In this study, qualitative indicators
are evenly divided into 5 levels. Vague variable set is constructed as P = {

xj
}
, 5 level

variables are defined as xj = [
tj, 1 − fj

]
, tj, fj ∈ [0, 1], j = 1, 2, . . . , 5. The determinate

of high grade evaluation is true membership tj, while that of low grade evaluation is
false membership fj. The level variable set of Vague value about qualitative index is
constructed as P = {

xj
}
, as shown in Table 3.

Table 3. Qualitative index level variable set of Vague value

Grade of evaluation Vague values Degree of hesitation

1 [0.8, 1] 0.2

2 [0.6, 0.8] 0.2

3 [0.4, 0.6] 0.2

4 [0.2, 0.4] 0.2

5 [0, 0.2] 0.2

Then, the quantitative value of benefit index is transformed by Vague.
⎧
⎪⎪⎨

⎪⎪⎩

tij = xij−xmini
xmaxi −xmini

fij = xmaxi −xij
xmaxi −xmini

, (i = 1, 2, . . . ,m; j = 1, 2, . . . , n) (8)

Transform of Vague value of quantitative value of cost type index.
⎧
⎪⎪⎨

⎪⎪⎩

tij = xmaxi −xij
xmaxi −xmini

fij = xij−xmini
xmaxi −xmini

, (i = 1, 2, . . . ,m; j = 1, 2, . . . , n) (9)
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xij represents the quantity value of j corresponding to characteristic i, xmaxi represents
the maximum value of characteristic i of all, and xmini represents the minimum value of
characteristic i of all.

Similarity is calculated by similarity measure of Vague value [11–13]. SetU , x ∈ U
as a non-empty set, V and W are two Vague sets on U . γV (x) and γW (x) are the Vague
values of x about Vague set V andW . The formula for calculating the similarity between
index i of item v to be evaluated and the corresponding standard of the evaluation level
j of the index is as follows:

Z
(
vi,wij

) = 1 −
∣∣[tvi(1 + σvi) − fvi(1 + σvi)

] − [
twij

(
1 + σwij

) − fwij
(
1 + σwij

)]∣∣
4

−
∣∣tvi(1 + σvi) − twij

(
1 + σwij

)∣∣ + ∣∣fvi(1 + σvi) − fwij
(
1 + σwij

)∣∣
4

(10)

[
tvi, 1 − fvi

]
is the index value of the index i of the item v to be evaluated, and[

twij, 1 − fwij
]
is the index value of the corresponding standard of the evaluation level j

of the index i. Then the formula for calculating the overall similarity between the whole
thing to be evaluated and the fourth evaluation level j is as follows:

Zj =
∑m

i=1
wiZ

(
vi,wij

)
, (j = 1, 2, . . . , 5) (11)

Zj is the overall similarity between v to be evaluated and the evaluation level j. wi is
the weight of the indexi. Meanwhile, if the similarity Zj between v and the evaluation
level j is the largest, then the evaluation of the item to be evaluated is the evaluation level
j.

Z = max
(
Z1,Z2, . . . ,Zj

)
(12)

4 Case Study

This study is based on Vague - extenics ecological road evaluation method based on
vague - Extenics, taking the north highway (construction highway ~ Panlong Highway)
of Chongming Island, Shanghai, China as the evaluation object (Fig. 2).

4.1 Vague Set of Evaluation Index Criteria

Based on the determination of index weight coefficient, qualitative index and quanti-
tative index are transformed into Vague set according to Vague set according to the
evaluation content and evaluation grade division standard of each single index, in which
the maximum xmaxi and minimum xmin

i values of vague set are taken respectively from
five evaluation levels of corresponding index, and the evaluation grade standard of 36
evaluation indexes is transformed into vague set.
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Fig. 2. Schematic diagram of North Extension Highway

Table 4. Index value Vague transformation results of evaluation objects

indicators dimension Index Vague indicators dimension Index Vague

A1 % 10 [0.9,
0.9]

A2 m 5 [0.71,
0.71]

A3 % 77 [0.77,
0.77]

A4 % 75 [0.75,
0.75]

A5 qualitative 4 [0.8,
0.1]

A6 % 70 [0.7,
0.7]

A7 qualitative L2
secondary

[0.6,
0.8]

B1 % 90 [0.9,
0.9]

B2 % 3 [0.7,
0.7]

B3 km 1.6 [0.77,
0.77]

B4 % 69 [0.69,
0.69]

B5 TLI 20 [0.8,
0.8]

B6 API 30 [0.94,
0.94]

B7 dB 73 [0.39,
0.39]

B8 qualitative L3 [0.4,
0.6]

B9 qualitative L2
secondary

[0.6,
0.8]

B10 Celsius
degree

8 [0.8,
0.8]

B11 % 20 [0.67,
0.67]

C1 % 70 [0.7,
0.7]

C2 % 70 [0.7,
0.7]

(continued)
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Table 4. (continued)

indicators dimension Index Vague indicators dimension Index Vague

C3 Km/h 10 [0.75,
0.75]

C4 qualitative L1 [0.8, 1]

C5 qualitative L1 [0.8, 1] C6 qualitative L3 [0.4,
0.6]

C7 qualitative L1 [0.8, 1] C8 qualitative L2 [0.6,
0.8]

D1 qualitative L5 [0, 0.2] D2 qualitative L1 [0.8, 1]

D3 / 0.5 [0.83,
0.83]

D4 Quantity
/km

0.2 [0, 0]

D5 qualitative L1 [0.8, 1] D6 % 1.25 [0.18,
0.18]

E1 % 72 [0.72,
0.72]

E2 qualitative L1 [0.8, 1]

E3 qualitative L3 [0.4,
0.6]

E4 qualitative L2 [0.6,
0.8]

4.2 Vague Set of Objects to Be Evaluated

Vague value of vague value and corresponding value of ecological road evaluation system
established in this study are shown in Table 4 for the North highway (construction
highway ~ Planning Panlong Highway) section:

4.3 Calculate the Similarity Between Each Index and Each Level of the Object
to Be Evaluated

The similarity is calculated according to formula (10), where vi represents the index
value of the item i to be evaluated, and wij represents the index value corresponding to
the evaluation level j, (j = 1, 2, 3, 4, 5) of the item i.Through calculation, the similarity
between each index of the object to be evaluated and its five evaluation levels can be
obtained. The greater the similarity is, the closer it is to the corresponding evaluation.
The settlement result is shown in Table 5 below.

Table 5. Calculation results of the similarity between each index of the evaluation object and
each evaluation level

Z(vi,wi1) Z(vi,wi2) Z(vi,wi3) Z(vi,wi4) Z(vi,wi5)

A1 0.034 0.034 0.031 0.028 0.017

A2 0.027 0.029 0.028 0.026 0.019

(continued)
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Table 5. (continued)

Z(vi,wi1) Z(vi,wi2) Z(vi,wi3) Z(vi,wi4) Z(vi,wi5)

A3 0.021 0.022 0.023 0.022 0.012

A4 0.020 0.024 0.022 0.021 0.014

A5 0.026 0.023 0.020 0.017 0.014

A6 0.021 0.024 0.022 0.021 0.016

A7 0.025 0.029 0.025 0.022 0.018

B1 0.025 0.027 0.025 0.024 0.011

B2 0.030 0.031 0.032 0.031 0.020

B3 0.033 0.034 0.034 0.028 0.021

B4 0.031 0.037 0.036 0.029 0.025

B5 0.032 0.034 0.031 0.029 0.021

B6 0.037 0.037 0.033 0.028 0.017

B7 0.014 0.021 0.022 0.023 0.019

B8 0.019 0.022 0.025 0.022 0.019

B9 0.022 0.026 0.022 0.019 0.016

B10 0.020 0.022 0.019 0.017 0.015

B11 0.028 0.031 0.033 0.030 0.022

C1 0.016 0.020 0.018 0.016 0.015

C2 0.016 0.020 0.018 0.016 0.015

C3 0.018 0.021 0.020 0.018 0.012

C4 0.024 0.021 0.019 0.016 0.013

C5 0.022 0.020 0.017 0.014 0.012

C6 0.018 0.021 0.024 0.021 0.018

C7 0.022 0.020 0.017 0.014 0.012

C8 0.024 0.027 0.024 0.021 0.017

D1 0.015 0.019 0.022 0.026 0.030

D2 0.024 0.021 0.018 0.015 0.012

D3 0.022 0.022 0.023 0.018 0.012

D4 0.012 0.013 0.011 0.014 0.016

D5 0.029 0.025 0.022 0.018 0.015

D6 0.012 0.016 0.021 0.024 0.023

E1 0.022 0.024 0.025 0.026 0.014

(continued)
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Table 5. (continued)

Z(vi,wi1) Z(vi,wi2) Z(vi,wi3) Z(vi,wi4) Z(vi,wi5)

E2 0.024 0.021 0.018 0.015 0.012

E3 0.017 0.019 0.022 0.019 0.017

E4 0.022 0.026 0.022 0.019 0.016

According to the above calculation results, Formula (11) is used to calculate the
similarity levels of each category for different categories, and the calculation results are
shown in Table 6.

Table 6. Results of classification evaluation

classification 1 2 3 4 5 level

Conservation of resources 0.005062 0.005373 0.005027 0.004541 0.0032 L2

Ecological protection 0.009851 0.010784 0.010526 0.009371 0.006878 L2

Construction of quality 0.003816 0.004041 0.003705 0.003229 0.002699 L2

Smart Management 0.002995 0.003077 0.003105 0.003046 0.002903 L3

Human Services 0.002089 0.002198 0.00215 0.001958 0.001453 L2

It can be found that the intelligentmanagement of this section is relatively inadequate
as Level 3, while the development of other fields is relatively good as Level 2. The main
reason is that this section, considering that the design of intelligent transportation system
is a strong overall and systematic work, pretends to cancel the setting of intelligent
transportation facilities in the self-construction of some sections on Chongming Island,
waiting for the overall planning scheme of subsequent departments.

4.4 Comprehensive Evaluation of Ecological Roads

According to formula (11), the similarity Zj between the object to be evaluated and the
evaluation level j was calculated.wi is the weight of the index i. Specific calculation
results are shown in Table 7.

Table 7. Calculation results of similarity between evaluation objects and each evaluation level

Z1 Z2 Z3 Z4 Z5

0.823961 0.881359 0.847127 0.766883 0.599489

Based on Vague - Extenics ecological road evaluation method, similarity between
evaluation sections and each evaluation level was calculated: Z2 > Z3 > Z1 > Z4 > Z5.
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So the comprehensive evaluation level of ecological road along highway (construction
highway ~ planning Panlong highway) in the north was “Level 2”, which was consistent
with the fact.

5 Conclusion

This study analyzed the existing ecological road evaluation methods, compared the
advantages and disadvantages of various evaluation methods, and analyzed the needs of
ecological road evaluation. The evaluation index system of ecological road was obtained
and established by consulting engineering design books and expert scoring method, and
the weight of ecological road evaluation index was determined based on free struc-
ture entropy weight method. Based on Vague set theory, an ecological road evaluation
model based on Vague- extension was proposed. Finally, based on the Vague vague of
assessment index standard and assessment object, the comprehensive assessment level
of ecological road in Chongming District of Shanghai (construction highway ~ Plan-
ning Panlong Highway) is determined as the second level by combining the vague of
assessment index standard and assessment object. It was proved that the ecological road
evaluation method based on Vague - extenics in this paper could still deal with differ-
ent kinds of indicators comprehensively and complete the qualitative and quantitative
comprehensive evaluation when the data is relatively simple.
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Abstract. Considering temporal and spatial characteristics of traffic conditions,
traffic efficiency is defined to indicate capacity of urban network. First the BPR
volume delay function is expanded as a travelling speed function of traffic density
instead of travelling time function of traffic volume, and then the capacity for a
network is defined. The parameters are calibrated connecting with traffic parame-
ters such as free speed, optimal speed and capacity. The macroscopic fundamental
diagram (MFD) can deal with the relations among the traffic speed and densities
of the road network in some scales.While it doesn’t relate the density spread situa-
tion to traffic efficiency well and a generalized macroscopic fundamental diagram
(GMFD) relating to density spread is proposed. It is found that average speed is a
nonlinear function of average density and density spread at urban network level.
Considering the density spread, traveled speed function is constructed to indicate
traffic efficiency of network for travelers, based on the extended BPR (Bureau
of Public Road) function from a road segment to the whole urban network. An
improved Levenberg-Marquardt (LM) algorithm is used to calibrate parameters
of the function and an improved Levenberg-Marquardt (LM) algorithm is used
to calibrate parameters of the function. From case of Taidong business district, it
proves that traveled speed function of network considering density spread is more
in line with the physical variation of actual traffic and the calibration method is
reliable.

Keywords: macroscopic fundamental diagram · traveled speed function · traffic
efficiency · network capacity Levenberg-Marquardt algorithm

1 Introduction

Traffic congestion is a typical urban disease bothering traffic managers. Limited space
resources of the city and existence of Brass paradox indicate that merely increasing in
construction of transportation infrastructure does not solve the traffic problem, therefore,
traffic control is an important measure for traffic management. However, traffic control
always relies on forecasting models of traffic demand. From “four-stage” model in the
1950s, network equilibrium model and the disaggregate model in the 1970s to dynamic
simulation model in the 1990s, they all hold certain defects [1, 2]:
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• calibration of the model requires many parameters, such as acquisition of dynamic od
matrix;

• path selections of travelers are diverse and subjective, which is a complex game,
unpredictable;

• behaviors of the oversaturated network are in chaos.

The emergence of macroscopic fundamental diagram (MFD) solves this problem
well. The theory describes the relationship between average flow, average density and
average speed of urban network, the stable and reproducible function relationship
between traffic variables at network level, also reflects the proportional relationship
between inflow and out flow of the network. The data type of MFD is single with
not complicated data processing, therefore, it is suitable for large-scale and short-time
monitoring state of road network, and widely applied in macro control of traffic.

Traffic breakdown is a common phenomenon in the real traffic system when traffic
demand reaches or approaches the traditional traffic capacity where traffic flow is no
longer continuous. Capacity of traffic network is not a simple addition of link flow,
and it is difficult to be calibrated based on local flow observations. The era of big
data brings new opportunities to the revolution of traffic theories and calibration of
network capacity. One of the characteristics of big data is realizing parallel transmission
of real-time data. Through recordings of moving vehicles and GPS information, vehicle
location information of temporal and spatial are easily obtained. The full-scale macro
data and methods of data processing under big-data condition can offset local micro-
randomness to some extent. It is a new way to combine capacity (maximum traffic
efficiency) extracted from big data with traffic management and control for urban traffic.
For travelers on the urban network, traffic efficiency can be expressed by volume delay
function, which is easily to be perceived.

This paper is organized as follows. Section 2 reviews the mostly related work on
the topic of this paper, such as the extension of BPR and properties of GMF. Section 3
establishes traveled speed function of urban network for interpreting traffic efficiency for
travelers, and proposes an improved Levenberg-Marquardt (LM) algorithm to calibrate
parameters of the function. Section 4 defines research area and explores the effect of
spatial distribution of density with real data from Taidong business district of Qingdao
(China), and proposes a generalized macroscopic fundamental diagram (GMFD) based
on traffic efficiency. Dataset from Taidong business district of Qingdao (China) is used
for model test and error analysis on calibration results. Section 5 provides summary and
discussion for further study.

2 Related Work on MFD and Nonlinear Function Fitting Review

2.1 Research Work on BPR and MFD

Volume delay function (VDF) reflects road characteristics, which affects volume distri-
bution, relationship between user equilibrium and system optimization. The well-known
BPR volume delay function is originally defined on a road.

T = L[a + (
αQ)β

]
(1)
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T is the traveled time, L is the total length of the link on the road network, andQ is the
traffic volume on the link.While a, α, β are parameters determined both by observations
and analysis.

Through introduction of complex driving concepts, the relationship between param-
eters of volume delay function and road characteristics (such as free speed, optimal
speed and optimal density) is theoretically deduced.

Take density spread into consideration, the general form of BPR function is as
following:

The relations between the parameters and the traffic parameters of characteristics of
the road i.e. free speed, optimal speed and optimal density on the road have been got by
analysis [1].

α= 1

vf
, β = 1

2vm
(2)

and

Vf = 1

α
, Vm = 1

2β
(3)

Volume delay function is only defined on a link and it can’t deal with the traffic
situation for a road network. The traffic volume is essentially a local concept on a link.
It can have an extension form of function of density instead of volume for road network.

The relationship of speed-density and flow-density has been the basis of traffic flow
theory. The concept on macroscopic fundamental diagram (MFD) of traffic network is
first proposed byDaganzo [2]. It mainly describes the relationship between average flow,
average density and average speed from a network perspective. Especially the diagram
of average flow and density. In the later years, some researchers aimed to explain the
existence of MFDs with real data and simulations [3–5].

The factors that influence the attributes of MFD has been also examined. Stud-
ies of Gerolimininis [4] show that the influencing factors of MFD mainly include four
aspects: road facilities, traffic conditions, control conditions and behaviors of path selec-
tion. Essentially, all the factors influence the change in density of network. The spatial
distribution of density is a key factor to obtain a well-definedMFD ignoring strict homo-
geneity of traffic states [6–8]. In process of exploring inhomogeneity of density, some
researchers found the hysteresis phenomena in MFD [9, 10]. Then a three-dimensional
macroscopic fundamental diagram (GMFD) for urban networks considering density
spread was proposed [11, 12], and the relationship between macro traffic variables is
redefined by some literatures considering stochastic characteristics and equilibrium of
urban network [13–16]. Mazloumian et al. proved that the aggregated flow is a function
of aggregated density and its spatial variation [7]. Some other researchers explored the
influence of mechanisms of traffic signal (such as adaptive traffic signal systems) [17,
18] and the influence of driver routing on the shape and reliability of MFDs [19, 20].

Trafficbenefits has temporal and spatial characteristics, and thedistributionof density
is a key factor in influencing the relationship between speed-density on a network.Macro
traffic management is built based on accurate real-time information. To deal with the
heterogeneous traffic distributions, networks are usually partitioned into homogeneous
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regions to get more reliable MFDs considering the variance of link densities and spatial
compactness of partitioned regions [21]. Due to easily available trait and function of
monitoring traffic states in real time, MFD are widely used in traffic control [22, 23]
and cordon pricing [24] The era of big data brings new way to acquire MFDs of cities.
Data mining approaches are applied for creating fundamental diagram of traffic flow
[25] which makes MFD more easily available.

In summary, the afore mentioned studies suggested spatial spread of density influ-
ences the shape of MFD and MFD created by big data hold temporal and spatial char-
acteristics of traffic conditions. However, studies on relationship between macro traffic
variables neglect the temporal and spatial characteristics and parameters of fitted func-
tion has no actual meaning of urban network. As we later discuss, the effect of spatial
distribution of congestion is still investigated based on traffic efficiency, and volume
delay function is used for fitted function.

2.2 Traffic Capacity of Road Network

In this paper, traffic efficiency is defined to describe the traffic performance. Traffic
network capacity is put as the maximum number of vehicle kilometers which a network
can handle, where vehicles are evenly distributed with optimal speed. The formulation
is calculated as following:

GE =
n∑

i=1

NiVsi, C = max{GE(T )} (4)

GE stands for the traffic efficiency of a traffic network, C is the capacity of a traffic
network, which can be directly extracted by long term statistic of traffic data, T is the
time dimension, Ni stands for the total number of vehicles on link i in units of pcu, Vsi

is the space speed of link i in units of km/h, n stands for the total number of links on the
traffic network.

If the average density ρ and total length L of links are given, the traffic efficiency
can be calculated as below:

GE = ρLV (5)

The average density (24), average weighted flow and average speed of the network
comprised n links is determined as the following:

ρ =
n∑

i=1
(ρi lini)

n∑

i=1
(lini)

, Q =
n∑

i=1
(qilini)/

n∑

i=1
(lini)

V =
n∑

i=1
(Qilini)/

n∑

i=1
(ρilini)

(6)

ρi stands for the density of link i, qi stands for the flow of link i, li stands for the
length of link i, ni stands for the lanes of link i.

Considering the characteristics of inhomogeneous distribution of network density,
the traffic efficiency varies with the density variance of different links. The spatial spread
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of density is estimated by the square root of the weighted variance of densities in all
links as shown below (7)

γ =
√∑

i li(ρi − ρ)2
∑

i li
(7)

3 Mathematical Analysis for the Extensions

In this section, traveled speed function is established to describe traffic efficiency for
travelers. Considering the spread of density, BPR (Bureau of Public Road) function of a
link is extended to thewhole network. Levenberg-Marquardt (LM) algorithm is proposed
to calibrate parameters of the function, and data of Taidong business district prove this
model reliable.

3.1 Establishment of Traveled Speed Function

Traffic efficiency of road network contains spatial and temporal properties. Traveled
speed function can provide a quantitative description and perception of traffic efficiency
for travelers.

According to Eq. (5), traveled speed function V = V (ρ, γ ) related to density is an
implicit function relation:

V
−1 = a + [b(ρ + γ )V ]c (8)

Combining with basic theory of traffic flow:
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

V (0, 0) = Vf

V (ρm, γm) = Vm

V
′′
(ρm, γm) = 0

γm = 0

(9)

We can deduce the relationship between flow delay function parameters and road
characteristics a = 1/Vf and b, c ∼ (Vf ,Vm, ρm). Combined with Eq. (4) and (5)
obtain the optimal traffic efficiency of road network, which is determined by network
characteristics:

GEm ∼ (a, b, c,L) (10)

Through the traffic big-data platform, we can directly obtain real-time data on traffic
efficiency, and peak value of certain timewindow T is corresponding to network capacity
(maximum traffic efficiency), where the vehicle speed and traffic density is also at the
optimal level. By Eq. (6), we can establish evaluation system of traffic efficiency among
different cities. The relationship between parameters of traveled speed function and
network characteristics can be used to calibrate relevant parameters.
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3.2 Calibration Method

Calibration of parameters of traveled speed function is transformed into a problem of
nonlinear function fitting. Levenberg-Marquardt (LM) algorithm is a commonlymethod.

However, the traditional LMalgorithm fails to solve the nonlinear least squares under
large residual. In this paper, a self-optimizing LM algorithm that the residual changing
direction is used to search for trust-region intervals is proposed. The updating algorithm
of damping coefficient is improved. A judging condition is introduced to solve the local
divergence caused by large residual, and the LM algorithm is substituted by the steepest
descent method. It is the unique accepting condition that the objective function value is
decreased continuously in the iterative process. So the self-optimizing LM algorithm is
stable and reliable.

The least squares objective function F(x,w) based on the square sum of estimation
(SSE), expressed as:

F(x,w) =
M∑

j=1

N∑

i=1

f 2i,j (11)

x is the input parameter vector,w is unknown parameter variables, which needs calibra-
tion. N stands for the number of unknown parameter variables, f is the single residual
value of objective function, M stands for the number of sampling points in discrete
nonlinear system.

The iteration formula of LM algorithm is as shown below:

wk+1 = wk − (JTk Jk + μI)−1Jkek (12)

k is the iteration step, wk+1,wk stand for values of parameter searched at iteration step
k+1 and k respectively, when the request parameter iswk , Jk stands for Jacobian matrix,
fk stands for the single residual value, ek represents the unit vector group, and I represents
the unit matrix.

Solution Algorithm is as follows:

1. Initialize the variable k = 0, define the initial value w0, and stop the iteration for
condition ε and maximum step kmax.

2. Calculate Hessian matrix H (H = JTk Jk ) and gradient vector g, (g = Jk fk).
3. Initially, steepest line of descent is used to calculate descending direction h, and

one-dimensional linear search to calculate the exact step size d to get the search
point w1, w1 = w0 − dh. Add iteration step, k = k + 1, then update search point
w0 = w1 and calculate H and g.

4. If ‖h‖2 < ε, go to step 11. Otherwise, calculate the target function F0, set λ0 =
0, λa = 10, scale factor v = 2, iteration interruption symbol ρ = 0, residual
increase symbol l = 0, search count variable num = 1.

5. Calculate variation h of expected parameter, h = −H−1g, then update search
point w1 = w0 − h, calculate objective function F , and set λmin = λ0,λ0 =
λ0 + 2λa,λmax = λ0.

6. If F1 ≤ F0, update search point w0 = w1 and iteration steps k = k +1. If k > kmax
then go to 11. Otherwise, go to 4; if F1 > F0, set Fmin = F .
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7. Update damping coefficient μ = (λmin + λmax)/2, Fold = F1 and matrix H ,H =
JTk Jk + μ × diag(JTk Jk), then calculate variation h of expected parameter, update
search point w′ = w0 − h, and calculate objective function F1.

8. If Fmin > F1, set Fmin = F1, λmin = λ0, num = 0. Otherwise,num = num + 1, if
num > 10, set ρ = 1, go to 9. Otherwise, go to 10.

9. Steepest descent method is used to replace this iterative process. Calculate iterative
search point w1,w1 = w0 − dh, update search point w0 = w1, go to 4.

10. If Fold ≤ F1, the search direction residuals will be increased, set λmax = λ0,
λmin = λ0, λ0 = λ0 + λa/5, l = 0, v = 2. If Fold > F1, the search direction
residuals will be reduced, if l = 1, set v = 2v. Update variables λmin = λ0,λ0 =
λ0 + λa × v, l = 1, λmax = λ0. Jump to 6.

11. End of iteration.

4 Data Derivation and Fitting for Taidong District of Qingdao

4.1 Definition of Research Area

This section provides the information of studied road network and data derivation of
traffic properties. Taidong business district of Qingdao is chosen to describe character-
istics of MFD. The structure of road network including road grade, number of lanes and
road length influences the shape of MFD, so the detail of Taidong business district and
its data collection is shown in this section.

Taidong business district is a famous shopping district in Chinese. The traffic conges-
tion phenomenon often occurs in the morning and evening peaks there, so it is easier to
obtain a more complete MFD of traffic flow. The location of Taidong business district is
shown in Fig. 1. This place consists of an area of 60.2872 hectares and a high-resolution
navigation network including 11 road segments (4 arterial roads, 4 collector roads and 3
branches). Total length of studied links is 9.72 km. Table 1 provides specific information
of all the road segments. Due to the road network consists of different types of road,
it hardly satisfies the homogeneity conditions proposed by Geroliminis and Daganzo
[4] to obtain a well-defined network fundamental diagram. However, we emphasized on
the property of density spread into analysis instead of dividing optimal partitioning of
network regions characterized by homogeneous traffic conditions.

Table 1 shows the length of road segments, the number of lanes and road grade
in Taidong business district. Yan’an Road and Weihai Road are the two arterial roads,
and the number of two-way lanes of Weihai Road is different, so their statistical data
are divided into two parts according to the direction of the road section. This method
makes spatial characteristics of traffic flow more accurately grasped. The information
of Taidong business district implies that there will be more scatters in MFD, because
the shape of road network is irregular and its road grade is not uniform, which result in
uneven density distribution.

In Qingdao city of China, fixed vehicle detectors covers artery roads, collector streets
and key branches. The information of average speed, time occupancy, passed vehicles
and other key attributes of traffic state are detected and uploaded every minute to the data
center. Then the traffic network properties (traffic efficiency, weighted average density
and average speed etc.) can be calculated based on these data. Data can be obtained from
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the traffic information service website of public security bureau of Qingdao, which is
available in China (Qingdao, which is available in China (Source: http://www.qdznjt.
com /trafficIndex/real Time Index#). Dataset includes traffic volume, density and speed
of vehicles). Dataset includes traffic volume, density and speed of vehicles in 11 roads
of Taidong business district and covers a whole day (24 h). The statistic is aggregated
every five minutes, which can monitor traffic conditions of the whole network in short
periods.

Taidong Business 
District of Qingdao

Fig. 1. Taidong business district of Qingdao (adapted from Google Map).

Table 1. Road information of Taidong business district

Number Segment name Road grade Length of section (m) Lanes

1 Yan’an Road (South to North) arterial road 1200 2

2 Yan’an Road (North to South) arterial road 1200 2

3 Sangzi Road branch 702.6 2

4 Weihai Road (South to North) arterial road 921 2

5 Weihai Road (North to South) arterial road 921 3

6 Changchun Road arterial road 682.8 6

7 Lijin Road collector road 1000 4

8 Liaoning Road collector road 459 4

9 The fist Taidong Road arterial road 902 4

10 The sixth Taidong Road collector road 914 2

(continued)

http://www.qdznjt.com
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Table 1. (continued)

Number Segment name Road grade Length of section (m) Lanes

11 The eighth Taidong Road collector road 825 2

12 Daokou Road branch 363.5 1

13 Shunxing Road branch 809 2

4.2 Effect of Spatial Inhomogeneity of Density

In this section, we investigate MFD properties of Taidong business district. The main
peculiarity of this studied district consists of: (a) vast and highly heterogeneous urban
network (including arterial roads, collector roads, and branches), (b) the spatial hetero-
geneity of origins and destinations, and (c) the realistic travel behavior of the data series
which covers 24 h of one day. As previous literatures detected (9–10), high volume of
scatters appear in the diagramof relationship between averageweighted density and aver-
age weighted flowwhen the regularity conditions are relaxed. Besides, a correspondence
between clockwise patterns is identified in the diagram.

4.2.1 Two Dimensional MFD

MFDs of Taidong business district are demonstrated in this section, and macro traffic
variables in diagrams are calculated by formulation in Sect. 3.1. Traffic data is a time
series aggravated every 5 min. Due to different daily traffic conditions, the shapes of
MFD appear inconsistent. Besides, traffic efficiency holds temporal and spatial charac-
teristics, which leads to diverse shapes of MFD under different time window and spatial
inhomogeneity.

FromEq. (1), we can know that data in larger time spanmakes network capacitymore
accurate, so does the model of MFD. Figure 2 (a) shows the MFDs of Taidong business
district based on a total of 1445 data in five days. Table 2 is the quantitative relationship
between average density and traffic efficiency, which fitted by quadratic parabola. In
Fig. 2(a), traffic efficiency on August 16, 2017 is poor. Even in the low-density state, the
traffic efficiency appears many scatters, and the optimal value is also lower than other
days. This phenomenon demonstrates that there is a serious traffic congestion on that
day. Similarly, MFD forMay 16, 2017 also show a lot of scatters, which lead to a smaller
value of network capacity on that day, mainly due to uneven distribution of vehicles in
road sections. However, MFD for April 16, 2017 containing plenty of scatters reach the
maximum traffic efficiency (network capacity). On the contrary, MFD for March 21,
2017 hold a good shape, and traffic efficiency on this day reaches an optimal level. The
maximum density appears on February 23, 2017.

Combining different shapes of MFD with fitted results, we can know that optimal
density of Taidong business district is 55 pcu/km/lane fluctuatingwithin 10 pcu/km/lane.
This parameter is reference for macro management of road network. Correspondingly,
the optimal traffic efficiency is 1300 pcu · km/lane fluctuating within 50 pcu · km/lane.
According toEq. (4),we can know the network capacity of this district is 1423 pcu · km/h
fluctuating within 50 pcu · km/lane.
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(a) MFD of density and traffic efficiency (b) curve of optimum value of fitted

quadratic parabola 

Fig. 2. MFD for Taidong business district

Table 2. Fitting result of macro relationship

Quadratic function of density- traffic efficiency relationship:

GE = aρ2 + bρ + c

Date a b C R-squared of
density fit

Optimal average
density

Optimal traffic
efficiency

2017/2/23 −0.0553 14.491 304.01 0.2351 131.02 1253.33

2017/5/16 −0.1908 21.21 283.35 0.2486 55.58 872.79

2017/4/16 −0.1789 30.275 141.9 0.7553 84.61 1422.75

2017/3/21 −0.5503 53.762 −14.455 0.8008 48.85 1298.63

2017/8/16 −1.2865 51.797 −3.5665 0.4476 20.13 517.80

4.2.2 Generalized Macroscopic Fundamental Diagram

MFD for February 23, 2017 is used to make a further analysis on reason for scatters.
The maximum traffic efficiency always appear at travel peak, and accompanied by typ-
ical phenomenon that time series of traffic variables(density, density spread and traffic
efficiency) changed not synchronously. During this period, the hysteresis loop is easily
found in MFDs.

Figure 3 (a) reveals the parabolic trendon relationship of traffic efficiency and average
density. Figure 3 (b) shows the change pattern of macro variables with time, we found
that average density and traffic efficiency vary consistently in most of the times when the
road is in good traffic state. But there is still some converse change during peak hours of
traffic when traffic efficiency approaches closer to network capacity, which can be seen
in black circle of Fig. 3 (b). Enlarging black circle in Fig. 3 (b) to Fig. 3 (c) and Fig. 3
(d), it is very evident that the traffic congestion is not evenly distributed in spatial and
temporal aspects. Some parts of urban network are more congested than others because
of inhomogeneity. During the peak hours, traffic conditions are significantly affected by
local traffic congestion, and even at low average densities, the traffic efficiency of the
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entire network is reduced. The instability of different traffic states (such as congestion
and non-congestion) is related to the hysteresis phenomenon in the traffic flow.

The hysteresis phenomenon occurs in 19:05–19:35, traffic efficiency has an anti-
clockwise hysteresis loop changed with density, while density spread has a clockwise
hysteresis loop changed with density (seen in red circles of Fig. 3 (c) and Fig. 3 (d)).
The change of hysteresis loop in other periods has the same direction (seen in red lines
and black lines in Fig. 3 (c) and Fig. 3 (d)). The converse hysteresis loop indicates that
the increase in average density leads to the increase of density spread and decrease of
traffic efficiency. In actual situation, vehicles enter the network but choose different path
resulting its uneven distribution on road network. Through this, we conclude that the
reduction in traffic efficiency is caused by the increase in density spread. If we study
details of density distribution of road segment, we can see that the spatial spread of
density increases from about 18:00 and gradually reaches a very high level lasting until
19:40. After that, the number of vehicles dropped to a normal level, the congestion
gradually dissipated, and the traffic flow returned to a smooth state.

As congestion spread wildly on the whole network, the distribution of density is
decreased. There is more flat and broad distribution of density considering the time

(a) MFD of Taidong business district on 2017/2/23, (b) Time-varying diagram of 

traffic variables during evening period

(c) Hysteresis loops in the density-traffic efficiency diagram, (d) Hysteresis loops 

in the density -density spread diagram  

Fig. 3. MFD of Taidong business district on 2017/2/23
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and space characteristics. Furthermore, the traffic efficiency and average speed both
decline rapidly with increasing average density and density spread approaching a power
function relation (seen in Fig. 3(a) and Fig. 3(b)). Since average speed of network can
be converted into travel time, which is easier for the traveler to perceive, so it can be
used as a measure of traffic efficiency of network. Significantly, for the same value of
average density lower traffic efficiency and average speed can be both stimulated by
a higher spread of density. This property is consistent with the hysteresis phenomena
characterized by different levels of traffic efficiency at the onset and offset of congestion.

GMFD is extended from two dimensional MFD to three dimensional network fun-
damental diagram, which including traffic variables of network (density, density spread,
average speed and traffic efficiency) shown in Fig. 4. A well-defined invariant MFD
appears under circumstances of homogenous condition, however, this study shows high
scattering in such circumstances (Fig. 2 (a)). The three-dimensional relation reveals that
scatterings results from aggregated patterns instead of randomness, and they relates to
spatial distribution of congestion.

Combining Fig. 4 (a) with Fig. 4 (b), we find that the inhomogeneous distribution
of congestion influences the traffic efficiency even below critical densities, which can
be seen in the range [30, 50] of average density. In some time intervals, drops in traffic
efficiency occur together with rapid increase of density spread, which can be seen in the
range [40, 50] of average density whereas the average density remains almost constant.
We can easily deduce that, decrease in traffic efficiency generated by clusters of con-
gestion rather than increase of travelers in the network. GMFD related to average speed
of network appears many scatters at critical density (about 50 pcu/km/lane) illustrating
traffic performance better. Due to inhomogeneity, travel conditions cannot be identified
directly by MFD. However, it is important to understand the variation pattern followed
before reaching the current point in the plane of density and traffic efficiency. So we need
to consider spatial distribution of density to accurately describe traffic law in large-scale
complex networks characterized by inhomogeneous traffic conditions.

(a) GMFD of traffic efficiency, density and density spread, (b) GMFD of average 

speed, density and density spread

Fig. 4. GMFD of Taidong business district on 2017/2/23
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4.2.3 Analysis of Calibration Results

Data series on 2017/2/23 of Taidong business district is used for calibration of parameters
of traveled speed function. The front of dataset is used to calibrate the function, and the
remaining of time series are used to test fitness of calibrated results. Through the error
analysis, calibration method proves to be reliable.

The spatial spread of density can be calculated by Eq. (7). A curve fitting software
named1stOpt (version1.5) is used to realized self-optimizingLMalgorithmandcalibrate
the traveled speed function in Eq. (8) (called function (a)). To explain the influence of
spatial spread of density on speed, we compare Eq. (8) with the equation as shown below

(called function (b)):V
−1 = a+[bρV ]c. The calibration result of function (a) parameters

are: a = 0.038 b = 0.00000135, and c = 0.752, while parameters of function (b) are:
a = 0.039 b = 0.0000064, and c = 0.857. Correspondingly, traveled speed function of
Taidong business district is:

V
−1 = 0.038 + [0.00000135(ρ + γ )V ]0.752 or t = 9.72

{
0.038 + [0.00000135(ρ + γ )V ]0.75

}

V
−1 = 0.039 + [0.0000064ρV ]0.857

There are subtle differences between calibrated parameters of function (a) and func-
tion (b). Due to consideration on the spatial spread of density, parameter b, c of function
(a) both are smaller than function (b), which characterize the ascending velocity of power
function.

Speed 

(km/h)

Time

(a) Comparison between observations and fit value (b) Error analysis on fitted 

function (a) and fitted function (b)

Fig. 5. Analysis on suitability of fit results.

The error analysis of calibration results are demonstrated in Fig. 5. There is a compar-
ison curve between calculated value and observations in sub-figure of 5(a). The curves
of calculated value 1 and calculated value 2 are represents the calibrated values of func-
tion (a) and function (b) respectively. We can see that the fit curves almost close to
observation curve, which means the calibration method is reliable. Calculated results of
function (a) have the same trend as the observations, while function (b) with a closer
value to observations. To explain this phenomenon, we need to combine this with the
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initial fit function, and function (a) takes the spatial spread of density into consideration,
which plays a role in variation in average speed. Obviously, the spread of density makes
traffic efficiency worse, which reflected in decreasing traveled speed of the whole net-
work. However, in another aspect, it accurately describes the changing pattern of speed
of network with increasing density. The speed of Taidong business district fluctuates
fiercely in this statistical period, and the low speed reflects a terrible traffic condition at
late night, and it maybe a special characteristic for business district which has a heavy
trade during late night.

Absolute errors are shown in sub-figure of 5(b). Error 1 and Error 2 represents the
calibrated error of fitted function (a) and fitted function (b) respectively. Both of their
absolute errors fluctuate at value 2 except some extreme point which suffers worse traffic
efficiency. When the absolute error is at a similar level, the function (a) is better than
function (b) to describe temporal characteristics of traffic efficiency on a whole network,
and its calibration errors fluctuate within acceptable range.

5 Conclusion

This paper defines traffic efficiency and capacity of urban network from perspective
of total number of vehicle kilometers, and capacity of a network can be extracted
directly from big statistic data, which can provide reference for traffic managers. MFDs
of Taidong business district in Qingdao city was explored. It shows high volumes of
scatterings appear in average density–traffic efficiency diagram. Besides, there is an
anticlockwise hysteresis loop in density–traffic efficiency diagram while clockwise hys-
teresis loop in density–density spread diagram, which proves the fact that inhomogeneity
of density leads to lower network capacity. From time series of traffic variables, it is
found that the changing trend of traffic efficiency is shown as a single peak of density in
good traffic conditions, and presents bimodal with a single peak of density during traffic
congestion. The former appears more frequently than the later in most of the times, so
only the density cannot describe the traffic state suitably for the inhomogeneity of den-
sity. Moreover, inhomogeneity should be discussed in considering temporal and spatial
aspects.

A generalized macroscopic fundamental diagram (GMFD) relates average speed,
density and density spread is proposed to illustrate traffic performance. Based on the
nonlinear relationship of average speed to average density and density spread, volume
delay function of road segment in BPR (Bureau of Public Roads) form is extended to
the whole network, that is traveled speed function of network. Parameters of the func-
tion is calibrated by statistical method and theoretical derivation. Statistical calibration
of parameters is through improved Levenberg- Marquardt algorithm. Data of Taidong
business district in Qingdao is used for test. It is found that traveled speed function of
network considering density spread is more in line with the physical variation of actual
traffic and the improved algorithm is reliable. Given the optimal condition obtained from
big data, the further study is effective measures to keep traffic state at optimal level.
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Abstract. With the increasement of urban rail transit operation density, the power
consumption of metro system is also rising sharply. Meanwhile the proportion for
urban rail transit of power consumption is increasing, so this problem needs more
and more attention. In order to reduce the power consumption of rail transit, this
research mainly focuses on the renewable energy utilization of train, which means
that the trainwillmake the best of the regenerative braking energy. For this purpose,
the flywheel energy storage device is used as on-board device, then the regener-
ative braking strategy of the train is optimized based on reinforcement learning
algorithm. Ultimately, the optimized train speed curve by the dynamic planning
and Q-learning can achieve more than 5% energy recovery of the total energy
consumption. The results show that this research can save the power consumption
of rail transit by recycling the braking energy, which is of great significance for
significance for energy saving and green transportation

Keywords: Regeneration energy · Dynamic planning · Reinforcement learning ·
Strategy optimization

1 Introduction

Urban rail transit is a kind of transportation mode with high reliability and large trans-
portation capacity. With the improvement of the economic development of cities at all
levels and the continuous improvement of engineering technology, subway, as a typical
representative of urban rail transit, has been growing rapidly in the whole country. At
present, China has ranked the first in the world in terms of operating mileage and passen-
ger flow scale. More and more attention has been paid to the research of energy-saving
operation of rail transit.

The main research goal of train energy-saving driving is to find the optimal speed
curve when the train energy consumption is the lowest through the analysis of the speed
curve of the train on the section under the condition of meeting the constraints of the
operation environment. The optimal speed curve is mainly determined by the train force
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and the tangent sequence of working conditions, so there are many research results at
home and abroad. Kunihiko [1] solved the train speed curve as a discrete bounded state
variable problem by using the Pontryagin maximum principle. Howlett [2] et al. Proved
the existence of single train energy-saving optimal operation method. Oshima [3] further
applies fuzzy control theory to train operation control and improves the punctuality rate
and stopping accuracy of automatic train driving system (ATO). Masafumi [4] et al.
Introduced the consideration of the state of charge (SOC) of the energy storage device
when studying the optimal control model, and comprehensively solved the optimal SOC
control strategy. DOMínguez [5] et al. Studied the energy-saving control driving strategy
when the train is equipped with ATO, and proposed a model solution based on multi-
objective particle swarm optimization algorithm. Bao [6] and others put forward the
simplified principle of train state space based on Pang’smaximumprinciple. Liu [7] et al.
used the value function approximation method to estimate the optimal value function,
which improved the accuracy and operation efficiency of train operation strategy.Wu [8]
et al. Combined with the control strategy of on-board energy storage device, studied the
optimization of train speed curve. They used mixed integer linear programming (MILP)
to solve the model.

Regenerative braking is also called feedback braking or regenerative braking in
the field of rail transit. The biggest feature is to use the reversibility of the motor.
When the train is braked, the traction motor reversely acts as the output energy of
the generator, which is usually called regenerative energy. Renewable energy has great
practical role and research value in many fields such as electric vehicles. In rail transit,
the use of traction power supply system can achieve multi vehicle cooperation, thus
reducing energy consumption at the system level. The principle of regenerative braking
is shown in Fig. 1:

Fig. 1. Schematic of Direct feedback of train regenerative energy

The function of on-board energy storage device is to directly recover and store the
regenerative energy generated by the train during braking, rather than feedback the
traction network [9, 10]. Therefore, the on-board energy storage device can be used as
an auxiliary power source to reduce the overall energy consumption of the traction power
supply system under the condition of train traction. The schematic diagram of on-board
energy storage device is shown in Fig. 2:
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Fig. 2. Renewable energy utilization of train energy storage device

The purpose of this study is to analyze the optimization of the operation curve of the
on-board energy storage train considering the recovery and utilization of regenerative
braking energy, and to analyze and solve the evaluation of the optimal control curve of
the train.

2 Model Formulation

When analyzing the forces on the running process of the railway train, it mainly needs
to analyze the traction force, and running resistance of the train. It is very important for
the calculation and optimization of the optimal speed curve to solve the stress state in
different operation stages orworking conditions. The train running resistance is generally
divided into basic running resistance and additional running resistance, and the force
situation is shown in Fig. 3:

Fig. 3. Schematic of Single train force analysis
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Ftrace(v) =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

F, 0 ≤ v ≤ V1

P0
μ0v+ε0

, V1 ≤ v ≤ V2

P(v)
μ1v2+μ2v+ε1

, V2 ≤ v ≤ Vmax

(1)

Fr = A + B · v + C · v2 (2)

Fr′ = M · g · sin θ = M · g · i · 1000 (3)

where F is the constant traction output under the constant torque mode of the train, P0 is
the power of the train traction motor at constant power output, P(v) is the output power
of traction motor decreases with the increase of vehicle speed in the power reduction
stage, μ0, μ0, μ0 and ε0, ε1 are all represent fitting coefficient.

The basic resistance can be expressed by Davis Equation, and the main sources
of additional resistance are: tunnel, turning radius and ramp. In this study, the ramp
resistance is mainly considered. The resultant force on the train is indicated by C(v):

C(v) =
⎧
⎨

⎩

μf Ft(v) − ω(v) − ω′(x)
−(ω(v) + ω′(x))
μbFb(v) − ω(v) − ω′(x)

(4)

a(v) = μC(v)

(md + ms)
(5)

where μ is the coefficient of action of the resultant force, ms, md represents the static
load and dynamic load of the train respectively.

E =
n∑

k=0

C(vk) · sk (6)

The total energy consumption of the train in the operation section mainly depends
on the stress of the train in the sub section. Where k is the number of subintervals,
k ∈ [0, n]; sk is the length of k subinterval.

Ek,stroed = Tk · Pf ,r = 1

2
J
(
ω2
k − ω2

k−1

)
(7)

ω2
k = ω2

k−1 + 2Ek,stored

J
(8)

where Ek,stored is energy storage of flywheel energy storage device in k subinterval; ωk ,
ωk−1 represent the flywheel rotation speed in k and (k-1) subinterval; J is the moment
of inertia of flywheel, kg·m2; Pf ,r is rated power of flywheel energy storage device, w.

The objective function is shown in Eq. 9:

E = min

(
n∑

k=0

μF(vk) · lgap − Ek,stored

)

(9)
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3 Solution Approach – DP

Dynamic programming (DP) is a theory first proposed by mathematician Richard Bell-
man in 1953 to solve multi-stage decision-making problems, rather than a specific algo-
rithm or a specific mathematical model. Dynamic programming can effectively solve
the problem with the property of optimality principle, which means that any decision
subsequence contained in the decision sequence is always optimal, and satisfying the
optimality principle can ensure that the discretized state has no aftereffect. So, the core
of dynamic programming is to determine the Bellman equation according to the bellman
optimality principle.

The problem can be discretized by evenly dividing the train operation intervals,
and some sub intervals can be obtained [11]. Each interval corresponds to a driving state
containing speed information, so that the problem of solving continuous speed curve can
be transformed into a set of sub interval states. Suppose the length of the train operation
section is l, and the operation section is divided into n sub sections. The length of each
sub section is recorded as lgap, and the set of all sub sections is recorded as Sk , thus
(n + 1) states are divided. The state set corresponding to the subinterval can represent
the vehicle speed and flywheel rotated speed at this position, which is shown in Eq. 10
(Fig. 4):

Sk = {
sk,1, sk,2, . . . , sk,n

}

= {(
xk,1, vk,1, ωk,1

)
,
(
xk,2, vk,2, ωk,2

)
, . . . ,

(
xk,n, vk,n, ωk,n

)} (10)

Fig. 4. Schematic diagram of dynamic planning state transfer

By traversing the state transitionmatrix and analyzing the time and energy consump-
tion of each transition, the optimal utility function can be solved quickly in the process of
dynamic planning, which provides the basis for action selection. The objective function
of the optimal velocity curve is used to describe the state transition:

G
(
sk,vi , sk+1,vj

) = α
(
ME − Ek,i

k+1,j

)
+ β

∣
∣
∣Tt,k − Tk,i

k+1,j

∣
∣
∣ + γEk,stored (11)

where G
(
sk,vi , sk+1,vj

)
is the function value of state transition; α, β and γ respectively

represent the weight of energy consumption, time consumption and energy storage in
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the evaluation of transfer, which are greater than 0 and α + β + γ = 1; ME represents
a constant for energy consumption, and as the reduced number of energy consumption
Ek,1
k+1,i corresponding to state transition, the lower the energy consumption, the better

the effect; Tt,k represents the reasonable time consumption of k stage in the interval, and
the closer the actual time consumption is, the better the effect is.

Gk =

⎡

⎢
⎢
⎢
⎣

Gk,1

Gk,2
...

Gk,n

⎤

⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎣

Gk1

(
si1, sj1

)
Gk1

(
si1 , sj1+1

)
. . . Gk1

(
si1 , sj1+m

)

Gk2

(
si2 , sj2

)
Gk2

(
si2 , sj2+1

)
. . . Gk2

(
si2 , sj2+m

)

...
...

. . .
...

Gkn

(
sin, sjn

)
Gkn

(
sin , sjn+1

)
. . . Gkn

(
sin , sjn+m

)

⎤

⎥
⎥
⎥
⎦

(12)

Gk in matrixG represents the result of the effect evaluation function of the transition
from state si in phase k to sj in phase k + 1. By this analogy, we can get the effect
evaluation matrix of each stage in the whole process of the interval. According to the
principle of Bellman optimality, we can get the optimal index function of the inverse
solution of dynamic programming:

fk
(
sk,vj

) = min

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

G
(
sk,vj , sk+1,v0

) + f ∗
k+1

(
sk+1,v0

)

G
(
sk,vj , sk+1,v1

) + f ∗
k+1

(
sk+1,v1

)

...

G
(
sk,vj , sk+1,vm

) + f ∗
k+1

(
sk+1,vm

)

⎫
⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

(13)

f ∗
k

(
sk,vj

) = G∗(sk,vj , sk+1,vi

) + f ∗
k+1

(
sk+1,vj

)
(14)

Equation 13 indicates that for the optimal index of state sk,vj in phase k, it is necessary
to traverse all the states that can be converted to sk,vj in phase k + 1, and calculate the
effect of these transformations. In Eq. 14, f ∗

k (sk,vj ) represents the optimal solution for
the transition to sk,vj state, and G∗(sk,vj , sk+1,vi ) represents the action corresponding to
the optimal transition.

The above method is brought into the calculation example for verification, assuming
that the information of operation section is shown in Table 1, and the information of
train and vehicle is shown in Table 2:

Table 1. Section line information

Parameter Symbol (unit) Value

Line length L (m) 1000

Maximum speed limit Vmax(km/h) 80

Standard operation time Tt(s) 82

Floating range �(s) 1

Stage gap lgap(m) 10



Train Regenerative Braking Strategy Optimization 61

Table 2. Basic train information

Parameter Symbol (unit) Value

Static mass of train Ms(t) 360

Dynamic quality of train Md (t) 386

Maximum braking acceleration ab,max(m/s2) 1.1

Maximum traction acceleration at,max(m/s2) 1.1

Maximum traction Ft,max(kN) 410

Davis Equation factors A 10.079

B 0

C 0.001334

Table 3. Performance parameters of flywheel energy storage device

Parameter Symbol (unit) Value

Quality Mf (t) 2

Minimum rotated speed ωmin(rad/s) 280

Maximum rotated speed ωmax(rad/s) 560

Rated rotated speed ωr(rad/s) 442.72

Moment of inertia J (kg · m2) 180

Rated power Pr(w) 3*105

Energy storage Er(J) 10.58*106

The basic parameters of flywheel mechanism of on-board energy storage device [12,
13] are shown in Table 3.

The optimized train speed curve can be obtained through the calculation as shown
in the Fig. 5.
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Fig. 5. Train speed curve calculated by dynamic planning

The test results show that the total energy consumption of the train running section
is 166.82MJ, which can realize the recovery of the regenerative energy of the train about
8.4 mj, accounting for 5.25% of the total energy consumption. At the end of the section,
the SOE of the flywheel energy storage device is 79.22%.

4 Solution Approach– Q-Learning

Reinforcement learning (RL) and deep learning, both of which have developed for many
years, are the hot research categories in machine learning. Reinforcement learning is
a kind of “environment” and “reward mechanism” established to evaluate the action
and realize the optimal control of the decision-making process. The optimal control of
urban rail train for the selection of train working conditions and the switching time of
working conditions in the operation section conforms to the application direction of
reinforcement learning. Q-learning is a kind of reinforcement learning without model.
Compared with the model-based method, reinforcement learning without model does
not need to bring into the model to solve the decision-making of the action subject [14],
so as to plan in advance for the impact of the execution action.

Combined with Q table and R table, the updated Q value of action an in states can
be calculated. The update of Q value is based on the Behrman function, just like the
effect evaluation function in dynamic programming. The problem solved needs to meet
no aftereffect. The Bellman equation on which the Q value is updated is shown in Eq. 15:

Qnew
S,A = QS,A + α

(
RS,A + γ ∗ maxQ′(s′, a′) − QS,A

)
(15)

where Qnew
S,A is the new Q-value after update;QS,A is the Q-value in state S after perform-

ing action A; RS,A is immediate return on performing action A; s
′
is the state converted

to after performing action A in state S; maxQ
′(
s
′
, a

′)
represents the maximum Q-value

that can be obtained by all executable actions of state S in Q-table; α is learning effi-
ciency, 0 < α < 1, the greater α is, the greater the weight of the existing Q value is; γ
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is discount factor, 0 < γ < 1, the greater the value of γ , the greater the weight of delay
return.

To sum up, the pseudo code of Q-learning algorithm using ∈ greedy search strategy
to optimize the solution process of train speed curve can be expressed as follows:

The Q-value updating strategy in the solution process can be expressed as:

(sk , ai) = (1 − α)Q(sk , ai) + α
(
R[sk ][ai] + γ ∗ max

{
Q

(
s′k+1, a′j

)})
j, i ∈ (0, na)

(16)

where Q(sk , ai) is Q-value corresponding to ai of state sk ; R[sk ][ai] is the return value

corresponding action a
′
j of state sk in R-table; max{Q

(
s
′
k+1, a

′
j

)
} is delayed returns; na

is the number of executable actions.
The calculation of the return function is shown in Eq. 17:

R
(
sk,ai

) = (ME − E(vk , ai)) + α
∣
∣Tk,t − T (vk , ai)

∣
∣ + β

(
Tk,b ∗ Pin

)
(17)

where ME is the reduced constant of action energy consumption, then the greater the
energy consumption and the lower the return; E(vk , ai) represents the energy consump-
tion of the action ai performed in the k stage of the interval; Tk,t , T (vk , ai) represents the
time consumption in the k stage when the optimization is not carried out and the time
consumption obtained by the execution of the action respectively. Tk,b is the duration of
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brake application; Pin is the input power of energy storage device during train braking;
α is the time consumption coefficient, which is mainly used to balance the order of
magnitude of time consumption and energy consumption; β is the weight of renewable
energy.

The main parameters related to Q-learning and the general settings of exploration
strategies are shown in Table 4:

Table 4. Q-learning algorithm parameters

Algorithm parameter Value

Learning rate α 0.1

Discount factor γ 0.9

Greedy coefficient ε 0.8

Learning times 3000

The comparison of the optimized speed curve is shown in the Fig. 6:

Fig. 6. Train speed curve calculated by Q-learning algorithm

In order to compare the train energy consumption, time consumption and regen-
eration energy recovery before and after optimization, Table 5 is established for
analysis:

Through comparison, it can be found that:whenusing dynamic programming to solve
speed curve, state discretization is based on uniform segmentation of speed interval δ,
which helps to solve dynamic programming quickly and simplify state aggregation, and
inevitably simplifies the speed after partial state transfer. In the uphill stage of the train
(0−400 m interval in this case), if the train chooses the coasting condition, it will react
on the speed instead of braking; but if the train chooses the coasting condition in the
downhill stage (400−1000 m stage in this case), the speed will change slightly due to
the short value of l_gap. In the forward search stage of dynamic planning, it will be
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Table 5. Comparison of operation effect before and after Q-learning optimization

Algorithm Total energy
consumption MJ

Time consum s Brake time consume
s

Estored MJ SOE

DP 184.33 81.81 30.34 9.10 86.0%

Q-Learning 182.04 81.77 32.65 9.80 92.55%

due to the speed integration and conversion in the next stage the former is the same
and recorded as cruise condition. This will lead to additional energy consumption of the
train, and because the constant speed of IV in the working condition stage makes the
speed curve tend to have greater braking force in the braking stage, which is reflected in
the braking time of the train will not be conducive to the recovery of braking energy by
the flywheel energy storage device.

Because the optimization based on Q-Learning is based on the response of the envi-
ronment to the action, when establishing the return matrix in the forward search, the
operation condition of the train is recorded according to the execution of the action.
In this way, the train can use the terrain of the environment in the example to turn to
coasting to reduce the running energy consumption, and according to the weight coef-
ficient of the braking time in the call back function calculation, the better collection of
the regenerative energy of the train can be realized. From the results in Table 5, it can be
seen that through the optimization of Q-learning, the SOE of energy storage device in a
single interval can increase the collection of renewable energy by 6.55%, and the total
energy consumption in the interval decreases by 2.29mj, accounting for 1.24% of the
total energy consumption of the original dynamic planning solution, while the difference
between the operation time consumption in the interval and the standard time length is
0.232% and 0.28%, respectively, which are within the allowable error range.

5 Conclusions

Due to the proportion for urban rail transit of power consumption is increasing, so this
uses the fly-wheel as the on-board energy storage device to save the braking energy.
This method not only can effectively recycle the regenerative energy of the train, but
also can reduce the overall energy consumption of the urban rail transit system. Based on
the reasonable measure of selecting the fly-wheel as energy storage device, the dynamic
planning andQ-learning algorithm is used to optimize train speed curve. The results show
that the proposed method can achieve more than 5% energy recovery of the total energy
consumption. Therefore, this research has some certain significance for significance
for reducing energy consumption of rail transit. However, this research is only at the
theoretical and simulation stage, so we need pay more attention to the fly-wheel using
as the on-board device. In addition, the train regenerative braking strategy optimization
algorithm needs further study.
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Abstract. In recent years, with the rapid development of the road transportation
industry, the number of road transportation employees has increased sharply.With
the concerted promotion of all parties, the safety level of the road transportation
industry has been gradually improved, but there are still many potential safety
hazards. In order to improve the skill level of employees in the road transportation
industry and promote the online vocational skills training of employees in the
road transportation industry, starting from the job characteristics and functional
requirements of employees in the road transportation industry, this paper designs
and implements a road transportation vocational skills service system based on
mobile Internet. Based on the jQuery framework, the functions of the system are
quickly implemented by using PHP language and other advanced technologies.
The system includes PC terminal and mobile terminal, which is convenient for
employees in the road transportation industry to study in their spare time at any
time. The video course adopts the formof short video, combines theorywith exam-
ples to facilitate users’ understanding, and has achieved good application results.
This paper also studies the learning time period of the personnel of automobile
inspection institutions in the road transportation industry after the system is put
into online application, so as to further optimize the relevant functions of the new
curriculum.

Keywords: Mobile Internet · Road Transportation · Vocational skills · Online
Learning

1 Introduction

In recent years, the safety level of road transportation industry has been gradually
improved, but there are still many hidden dangers. For example, the managers of road
transport enterprises are not familiar with the relevant laws and regulations of road
transportation, and pay little attention to the continuing education of drivers. The train-
ing organized by safety managers of road transport enterprises is not targeted and the
effect is poor. The quality of road transport drivers is uneven The driving operation is

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023
X. Zeng et al. (Eds.): ITASC 2022, LNEE 1042, pp. 67–74, 2023.
https://doi.org/10.1007/978-981-99-2252-9_6

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-2252-9_6&domain=pdf
https://doi.org/10.1007/978-981-99-2252-9_6


68 H. Jia et al.

not standard and there are many bad habits. Compared with the vocational skills con-
tinuing education in Europe and the United States, there is still a certain gap in system
and practice in China, and there is still a certain room for improvement. The grass-roots
management departments of road transportation also need to improve the professional
quality of employees in road transportation industry through an effective way.

Starting from the job characteristics and functional requirements of employees in
the road transportation industry, this paper designs and implements a road transportation
vocational skill service system based onmobile Internet, which aims to improve the skill
level of employees in the road transportation industry and promote the online vocational
skill training of employees in the road transportation industry, It also studies the learning
time period of personnel in automobile testing institutions in road transportation indus-
try. Based on the jQuery framework, the functions of the system are quickly implemented
by using PHP language and other advanced technologies. The system includes PC ter-
minal and mobile terminal, which is convenient for employees in the road transportation
industry to study in their spare time at any time. The video course adopts the form of
short video, combines theory with examples to facilitate users’ understanding, and has
achieved good application results.

2 System Requirement Analysis

2.1 Scientific Classification

The number of employees in the road transportation industry is huge, and the knowledge
and skills that people in different positions need to master are different. Therefore, it is
very important to classify courses and users scientifically. Through the investigation of
the road transportation industry, we have carried on the thorough analysis to the sys-
tem demand, has carried on the scientific classification to the curriculum, the training
and the system use organization. Among them, the courses include policies and regu-
lations, standard services, driving skills, emergency response and rescue, and industry
services; the training includes four categories: professional qualification training, pre job

Table 1. System related classification properties.

Serial number Attribute Content

1 Course classification Policies and regulations, standard services,
driving skills, emergency response and rescue,
industry services

2 Training classification Professional qualification training, pre job
training, safety training, continuing education and
training

3 Organization classification Road transport enterprises, automobile production
enterprises, vehicle testing institutions, road
transport management institutions, emergency
rescue enterprises
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training, safety training and continuing education; the users of the system include road
transport enterprises, automobile production enterprises, automobile testing institutions,
road transport management institutions and emergency rescue enterprises. The details
are shown in Table 1.

Because of different positions in different institutions, the courses that all kinds of
personnel need to learn are also different. Therefore, this paper classifies the target users,
is shown in Table 2.

Table 2. System target user classification.

Serial number Organization classification User classification

1 Road transport enterprises Highway passenger transport driver,
ordinary freight driver, dangerous freight
driver, bus driver, escort, loading and
unloading administrator, coach,
enterprise leader, safety administrator

2 Automobile manufacturers Production management personnel, R &
D personnel, vehicle type declaration
personnel

3 Vehicle inspection organization Testing management personnel, testing
personnel and drivers

4 Road transport management
organization

Vehicle management, transportation
management, maintenance management

5 Emergency and rescue
Enterprises

Maintenance personnel, rescue
personnel, management personnel,
operators

2.2 Curriculum Design

In order to improve the effect of online learning course, the course has been made
scientifically. The popular short video form is used to deepen the learning impression by
combining theory with examples. In the system, users should be able to view their own
learning progress at any time. For the ranking of learning duration in the organization,
they can directly view it to improve their learning enthusiasm.

3 System Design

3.1 System Architecture Design

(1) System technical architecture

The technical architecture of the system is shown in Fig. 1, which is composed of
infrastructure layer, data acquisition and transmission layer, data layer, application layer



70 H. Jia et al.

and user layer from bottom to top, as well as information standard specification sys-
tem, information security guarantee system and information operation and maintenance
guarantee system.

The infrastructure layer mainly includes server, storage, operating system, network.
The data layer stores all kinds of user information, course information and various doc-
uments generated by the system; the application layer includes all kinds of users of the
system. The gateway layer is in the way of unified access, flow control, protocol adap-
tation and other operations to facilitate the call of internal services, current limiting and
security. The application layer includes the system PC end and system app end. The user
layer is the information exchange channel between the application system and users. The
users of the system include various users in road transportation enterprises, automobile
production enterprises, automobile detection institutions, road transport management
organizations and emergency rescue enterprises, as shown in Table 2.

There are three guarantee systems: the information standard specification system
includes the relevant national technical standards that should be observed at all levels in
the system implementation. The information security guarantee system provides security
support for the system, mainly based on the strict security management system and
security technical specifications, to implement the security protection of all levels of
the system; the operation and maintenance management guarantee system is the stable
and continuous development of the system achievements The important guarantee of
the exhibition is to ensure the long-term stable operation and sustainable development
of the road transportation vocational skills service system.

The system technical architecture based on mobile Internet is shown in Fig. 1.

Fig. 1. System technical architecture.
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3.2 System Function Design

The system includes PC terminal and app terminal, and the functions are basically the
same. The app terminal is designed to be more convenient for users to operate mobile
phone based on smart phone. After the organization has completed the registration, the
personnel of each post in the organization can log in the system and study the course.
Among them, the PC terminal of the system includes the functions of knowledge base,
my course, about us and personal center; the app terminal of the system includes home
page, knowledge base, learning and my functions. After logging in the system, users can
learn post related knowledge and select their favorite courses according to the course
classification index. In the system knowledge base, all courses in the current system will
be displayed.Under each course classification, the video courseswill be sorted according
to the learning times of all users. At the same time, each course will show the number of
people who are studying. After logging into the system, users can edit their own position
information in the “personal center” module, which is convenient for the system to push
relevant courses according to their positions. In the “my courses” module, users can
learn courses, and can view their learning progress and learning duration ranking in
the organization at any time. In the “about us” module, the introduction and contact
information of technical support units will be given. If users have any questions, they
can leave a message to communicate at any time. The functional architecture design is
shown in Fig. 2.

Fig. 2. System function design diagram.
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4 System Design System Development and Implementation

4.1 System PC Terminal

The PC terminal of the system is developed based on jQuery framework. The main
programming languages are PHP and JavaScript. The CodeIgniter framework is used to
implement the multi-dimensional management of courses, and NoSQL and Memcache
are used as data storage.

JQuery framework [1–5] is a lightweight JavaScript framework, which greatly sim-
plifies the JavaScript programming, and can efficiently and quickly carry out the front-
end system development work. JQuery provides a powerful element selector for getting
jQuery objects that encapsulate HTML elements in HTML pages, such as basic selector,
hierarchy selector, filter selector and form selector. At the same time, jQuery has built-in
some simple and useful built-in animations. It also supports the use of animation based
on positioning mechanism to customize animation effects, which provides a lot of con-
venience for displaying a large number of learning videos in this system. PHP language
[6–8] has high development efficiency, supports object-oriented, has good cross plat-
form, can well meet the needs of system development and construction, can well meet
the technical requirements of the system in this paper.

4.2 System APP Terminal

The app terminal of the system is developed based on Android architecture. The main
programming languages are Java and fluent. The browser with WebKit core is built in.
It supports HTML5 web standard, opengles2.0 and lightweight SQLite database.

Java language [9] is a pure object-oriented language with platform independence,
good security and robustness. At the same time, Java itself provides a lot of built-in class
libraries, which simplifies the programming work of developers and shortens the project
development time. Flutter language [10, 11] has a good performance and cross platform
language. Together with Java language, it is used as the development language of system
app end, which improves the system performance and shortens the development cycle.

4.3 System Deployment

The software system is deployed on two servers on cloud, one as a database server and
the other as an application server, which runs well as a whole. The configuration of cloud
server is: CPU 4 cores, memory 16 g, operating system Cent OS 7.664 bits, bandwidth
10 Mbps. At the same time, cloud security products such as web application firewall,
situation awareness, and knight are configured to ensure the data security of the system.

5 Research on System Application Data

Since the system was put into operation, 999 users have been put into use. After a one-
week study period for 100 users of automobile testing institutions, it is found that the
number of users who log in to the system on Tuesday is the most; Compared with each
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time period of the same working day, the number of users who log in to the system from
9:00 to 10:00 in the morning is the largest, followed by 10:00–11:00 in the morning and
16:00–17:00 in the afternoon. The above data show that users of testing institutions have
a strong willingness to learn on Tuesday. In each working day, the willingness to learn
in the morning is higher than that in the afternoon. Subsequently, we will continue to
analyze a large number of data (Table 3).

Table 3. Number of learners of users of automobile testing institutions in each period

Learning period Monday Tuesday Wednesday Thursday Friday

09:00–10:00 12 55 42 25 21

10:00–11:00 11 11 15 5 10

11:00–12:00 5 1 6 2 4

12:00–13:00 6 7 5 2 7

13:00–14:00 23 16 3 4 4

14:00–15:00 5 13 9 8 4

15:00–16:00 7 17 8 1 2

16:00–17:00 24 7 11 3 7

17:00–18:00 6 11 5 1 0

6 Concluding Remarks

Based on the full analysis of user function requirements, this paper designs a road
transportation vocational skill service system based on mobile Internet, and implements
the functions of the systemquickly and comprehensively by using advanced technologies
such as PHP language based on jQuery framework. The system includes PC terminal and
mobile terminal, which is convenient for users to use their spare time for online learning
and improve their skills at any time. The video course adopts the form of short video,
combines theorywith examples to facilitate users’ understanding, and has achieved good
promotion results. The road transportation vocational skills service system has been put
into use,whichhas effectively promoted the improvement of the skills of employees in the
road transportation industry, made them better understand the standards, specifications,
policies and regulations, and improved the safety level of the industry. This paper also
studies the number of users of vehicle inspection institutions in the road transportation
industry in different learning periods after the system is online, so as to further optimize
the online related functions of the new course.
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Abstract. By investigating the industrial function layout of underground engi-
neering test bases under construction or operation at home and abroad, and analyz-
ing the predefined function and industrial layout of deep underground test bases
in soft soil area of Shanghai, this article proposes the “1+ 1+ 3” function layout,
development and construction principle of deep underground test bases, that is,
centered on the deep underground base planning and construction management
committee, periodically planning the “2020–2040” strategic layout for integrated
construction of deep underground base and taking into account regional plan-
ning, hierarchical planning and plane layout of base construction, and provides
the construction management guideline for function layout and planning of test
bases.

Keywords: deep underground test base · function layout · development
planning · construction management guideline

1 Introduction

Underground space construction in Shanghai, with high land use intensity and project
diversity, has reached a considerable scale. However, current development of under-
ground space mainly focuses on the shallow and medium covering area within 30 m,
and development and utilization of the space has become saturated. Development of
deep underground space has become the inevitable choice of urbanization in future. The
depth of deep underground space development is mainly 50–100 m. The stratigraphic
structure difference and the environmental influence are more complex, which bring a
lot of difficulties to construction of deep underground space and selection on the types of
operation. Based on the study on deep underground engineering test base, engineering
technology utilization and function layout planning of deep underground space are per-
formed to provide theoretical and practical guarantee for the sustainable development
of underground space utilization. Currently, with respect to the idea of underground
engineering test base, there are cases in China and abroad. Based on the experience of
successfully operated test bases, the study on function layout and development proce-
dure of the test base in Shanghai soft soil area is conducted. According to the predefined
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function of the test base and the associated industrial development need, the test base
development planning and site layout principle are proposed in combination with the
surrounding environment.

2 Survey on Industrial Function of Domestic and Foreign
Underground

According to the statistics of the underground engineering test bases or scientific lab-
oratories that have been successfully operated or are under construction, the industrial
function of test base mainly includes science education, engineering test, logistics &
warehousing, infrastructure, and scientific innovation output. Analysis on industrial
function of domestic and foreign underground test sites under construction or operation
are illustrated in Table 1 (Table 2).

Among these deep underground test sites, Hagerbach Test Gallery, which is suc-
cessful in engineering test and scientific innovation output, has built a 5.5 km long
underground cavity and tunnel system with diverse cross sections over 30 years’ devel-
opment. Engineering tests such as material test, blasting test and tunnel fire control test,
and scientific innovation output such as new materials, new machinery (shield machine)
and new method (shotcrete technology) are available in test sites. Moreover, test sites
also provide venues for study and discussion, dining halls and agricultural R&D tests.
Figure 1 shows the inside of Hagerbach Test Gallery.

3 Analysis on Predefined Function of Underground Engineering
Test Base

3.1 Analysis on Function Layout of Underground Space

According to the current research, the industrial functions of deep underground space
in progress or expected to be necessary in future are as follows:

1) Underground agriculture: The underground space is utilized to develop underground
agriculture to realize the crops production mode of high yield, high quality, green
and health, and study and develop the technology of plant growth and intervention
in artificial sunlight band and culture medium environment.

2) Underground tech lab: Science and technology lab for biomedical science, new
material, AI, precise manufacturing and other frontier fields. Underground space
can provide enclosed, safe and secure test environment.

3) Underground space base: The moon and Mars are not habitable. In order to explore
the universe, humans need to build space bases. Deep underground space can be
explored for research and development of life support system technology. The
simulated space base can be built for associated technical research.

4) Underground data center: Deploying the critical data center of a city underground
will provide a safety barrier against natural disasters such as typhoon and protect
data center facilities from all disasters except extreme earthquakes.
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Table 1. Analysis on industrial function of domestic and foreign underground test sites under
planning, construction or operation

Name of test 
site/laboratory/
project

Industrial function Industry 
typeEnginee

ring test
Scienti
fic 
innova
tion 
output

Scienc
e 
educat
ion

Infrastru
cture

Logistic
s & 
warehou
sing

Hagerbach 
Test Gallery, 
Switzerland

Industri
al, in 
operatio
n

Kentucky 
underground 
data center, 
USA

Industri
al, in 
operatio
n

Sheshan 
underground 
data center, 
Shanghai

Industri
al, in 
operatio
n

CTS deep 
industry base, 
Switzerland

Industry
, under 
plannin
g and 
construc
tion

Suzhou River 
deepwater 
tunnel, 
Shanghai

Municip
al, 
under 
plannin
g and 
construc
tion

Underground 
nuclear al, 

Municip

(continued)
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Table 1. (continued)

installation, 
Japan

under 
plannin
g and 
construc
tion

Underground 
neutron energy 
power station 

Municip
al, 
under 
plannin
g and 
construc
tion

Underground 
cemetery 

Municip
al, in 
operatio
n

Josef 
Underground 
Research 
Centre (URC), 
C 

Scientifi
c, in 
operatio
n

Sanford 
Underground 
Research 
Facility 
(SURF), USA 

Scientifi
c, in 
operatio
n

Lantau deep 
underground 
physics 
laboratory, 
Hongkon 

Scientifi
c, under 
plannin
g and 
construc
tion

Boulby 
Underground 

Scientifi
c, in 

(continued)
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Table 1. (continued)

Laboratory, 
UK 

operatio
n

Underground 
scientific test 
site, Singapore 

Scientifi
c, under 
plannin
g and 
construc
tion

Space base Strategi
c, under 
plannin
g

“Deep sea, 
deep earth, 
deep space and 
deep blue” 
strategy of 
China 

Strategi
c, under 
plannin
g and 
construc
tion

Table 2. 2020–2040 Shanghai integrated construction plan for deep underground engineering
test

Construction phasing Industry type Industry classification

5-year plan Industrial Transportation, data center, robot equipment, new
material manufacturing, etc

10-year plan Municipal Energy power generation, resource storage, CO2
recycling, livelihood services, etc.

15-year plan Scientific Physics experiment, aerospace technology, marine
technology, medical technology, etc.

20-year plan Strategic Special disaster protection, extreme agriculture,
moon habit dwell, etc.

5) Underground cemetery: It satisfies the needs of the deceased for tombs in big cities,
and also solves the problem of land scramble between the dead and the living, thus
saving land resources. Ecological and future type underground cemetery is built with
artificial light, greening and landscape technology to change people’s traditional
view of catacombs.
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Fig. 1. Photos of the inside of Hagerbach Test Gallery

6) Underground energy city: Vigorously developing clean energy, reducing emissions
of polluting gases and building energy reserveswill become themajor trends inmain-
taining energy safety and promoting sustainable energy development in the future.
Deep underground space is used to explore the fields closely related to geoscience,
such as geological storage of greenhouse gases and development and utilization of
new energy resources such as geothermal energy and NGH. Underground neutron
power station is a new type of power station in underground space, which bombards
the fuel with high-energy neutrons and provides energy in the form of CHP.

3.2 Analysis on Predefined Function of Shanghai Deep Underground

The function layout of existing underground engineering test bases is investigated and
surveyed. At present, according to the development prospect and expected return cycle
of different industries, cargo transportation, underground data center, robot, new mate-
rials and new technology are the highest in terms of the urgency of demand for deep
development of underground space and market. Industries that combine urban develop-
ment with people’s livelihood needs, such as energy power generation, resource storage
and solid waste recycling, require early planning and long-term development due to the
long planning and construction period and construction planning of at least 10 years will
be necessary. Looking at the development of science and technology in today’s world,
every major breakthrough brings profound economic changes and great social progress.
Science and technology has increasingly penetrated into every field of economic con-
struction and human progress and become a decisive factor in the competition in overall
national strength. Located deep underground, the underground tech lab is immune from
cosmic radiation to a large extent and less affected by atmosphere, temperature and
humidity, thus maintaining a relatively stable experimental environment [1]. As a result,
global precedents have placed physics, aerospace technology, marine technology and
medical technology laboratories underground. Thus, deployment of scientific industries
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such asmedical technology requires construction planning of at least 15 years. Industries
with national development strategies such as disaster shelters, extreme agriculture and
special equipment require construction planning of at least 20 years.

According to the function layout of the existingunderground test base and the demand
urgency and planning development law of different industries, the main industrial plan-
ning of deep underground engineering test base will be as follows: Industrial, Municipal,
Scientific, Strategic.

4 Construction Layout Principle of Deep Underground
Engineering Test Base

The function layout of base is planned on the basis of analysis on predefined function of
underground test base. Zoning planning, hierarchical planning and plane layout of base
are carried out in the field of construction space, and time planning of base is carried out
in the field of construction phasing, so as to realize an all-round layout planning of test
base in both space and time.

(1) Construction function layout
Zoning planning: The location factors considered in deep underground space devel-
opment potential research project in Shanghai include thickness of geological layer,
industrial potential area, traffic location and vertical function class. Zoning planning
is required in the construction distribution planning of deep base. According to the
above analysis, in terms of the importance of direct economic effects, development
needs of various areas and national science and technology development plans, No.
1 deep underground industrial base, No. 2 deep underground municipal base, No.
3 deep underground scientific base and No. 4 deep underground scientific base are
deployed [1]. It is a resource-specific deep underground industry base cluster, as
shown in Fig. 2. Hierarchical planning (vertical planning): The functional isola-
tion and structural discontinuity between deep underground space and shallow and
medium underground space are beneficial to the independence of deep underground
building, including the independence of development sequence and the indepen-
dence of structural system. In the process of deep underground base planning and
construction, vertical distribution planning is needed. Hierarchical planning is help-
ful for the independent development of the two development modes of special and
specialized” deep underground facilities and traditional and popularized” shallow
underground facilities, giving consideration to the traditional operation needs of
the city and the future-oriented strategic development needs [2]. The functional
division of deep base is carried out according to vertical depth, not only meeting
the requirements of test functions, but also expanding from single function to dif-
ferent business models to explore the development of a variety of deep underground
business models (Fig. 3).
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Fig. 2. Zoning planning of deep underground industry base cluster

Fig. 3. Planning and utilization of deep and shallow underground spaces [3]

Plane layout: In an industrial base, it is necessary to carry out further plane zoning to
improve the planning accuracy. For example, a wedge-shaped greenfield in Shanghai is
selected as the site for test base and functional layout and floor planning in the base are
carried out. Five shafts are arranged according to the estimated function, requirement
and construction method of the test base. In order to maximize the utilization of test
function of the site, different construction methods are adopted. For working shafts, the
underground continuous wall, pneumatic caisson, open caissonmethod, reverse building
method and VSMmethod are adopted. For tunnel construction, shield method, pipe-roof
freezing and dark cutting, and pipe jacking method are adopted (Fig. 4).
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Fig. 4. Plane layout planning of wedge-shaped greenfield deep underground test base

(2) Time planning

From the project development experience of the invested deep underground industrial
test bases, the construction phasing of future projects should be given great prominence.
Based on the investigation and survey of the administrative department on underground
space development in Shanghai, 20 years is a phasing node of urban construction man-
agement that fully grasps the administrative system of development and utilization of
shallow underground space. The construction of Shanghai deep underground industry
base cluster can be divided into four phases (5-year, 10-year, 15-year and 20-year).
According to the importance of direct economic effects, the innovation of industry (such
as equipment and materials) in deep underground bases is promoted in the first place
to meet the most urgent problem in urban development of Shanghai. In addition, align
with the world’s leading industrial projects to produce ideal market return on investment
of the first underground engineering test site. With the construction and management
experience of industry, the municipal industries (such as energy and civil affairs) that
serve the whole society are developed in deep underground bases for a long time. The
scientific industry serves the scientific and technical development of the country, and the
strategic industry serves the innovation of human livability, which are long-term con-
struction planning. Based on the resource and asset oriented “construction distribution”
planning, the strategic research plan of “2020–2040 Shanghai integrated construction
plan for deep underground engineering test base” is proposed, as shown in the following
table.

5 Set up “The Deep Underground Base Planning and Construction
Management Committee”

A 20-year construction and distribution plan of deep underground engineering test base
covering the whole city of Shanghai will lay an important foundation for scientific
research innovation and institutional management for the establishment of the Shanghai
global base of underground infrastructure. The large-scale economyof deep underground
space related industries in Shanghai needs to be built on the basis that the key technical
engineering test conditions and the administrative measures have reached certain stage
of maturity. Therefore, it is necessary to set up Shanghai soft soil deep underground



84 Q. Yingjuan et al.

engineering demonstration area in the whole city, and cooperate with the demonstra-
tion area to set up “the deep underground base planning and construction management
committee”.

6 Conclusion

By learning from the function layout and industrial types of the planned or successfully
operated deep underground test bases at home and abroad, the study on function layout
and development steps of test base in Shanghai soft soil area is carried out. According to
the predefined functions of test base and the development needs of related industries, in
consideration of the surrounding environment, the article proposes the view of centering
at the deep underground base planning and construction management committee, plan-
ning the integrated construction of deep underground test base by phases, taking into
account zoning planning, hierarchical planning and plane layout of base construction,
and formulating the preliminary “1 + 1 + 3” guideline of function layout and develop-
ment of deep underground test base to provide experience and reference for the planning
and construction of Shanghai soft soil deep underground test bases.

This research project is funded by STCSM (STCSM-18DZ1205402)
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Abstract. According to the strategic research in the “Joint Construction Plan
for Deep Underground Engineering Test Bases in Shanghai in 2020–2040”, the
industrial layout of the four major test bases in the future is proposed. For the
main field of technology and situation of development covered by industrial sector,
municipal sector, scientific sector, and strategic sector, the analysis is made. Based
on the needs of different sectors for development and the sequence of development,
the deep underground test ground shall be established to fit in with the directions
of the four major sectors, with the vital significance to the research on the four new
technologies, the development of the deep municipal facilities, the development
of deep resources, and the response to the national “Three-Deep” strategy, on the
basis of which the functional layout and planning shall be made.

Keywords: Deep underground test base cluster · industrial layout · industrial
sector · municipal sector · scientific sector · strategic sector

1 Preface

The objective of underground space development and exploitation is to meet the needs
of sustainable urban development for space and capacity by underground expansion
of space, so as to finally achieve the goal of “harmonious city” [1]. The development
of shallow underground space in the city has covered underground traffic, municipal
utilities, public service facilities, and other functions, and complemented with the func-
tions of surface life, residence, office and recreation, so as to form a spatial system with
coordinated operation above and under the ground.

In the “ShanghaiMaster Plan (2017–2035)”, it is pointed out that “For the deep under-
ground space with the scope larger than 50 m, it is required to do a good job in reserva-
tion control of the functional systems such as rapid transit, logistics allocation, rainwater
storage and regulation, and energy transmission” [2]. Therefore, distinguished from the
existing middle-shallow underground space, the facilities suitable for the development
of the deep underground space in Shanghai mainly include deep tunnel drainage system,
deep underground logistics system, deep underground express road, deep underground
storage space, and some underground facilities with specific functions.

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023
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Due to the in-depth development of the underground space, the urgent requirements
are made for the new technology, new process, new material, and new equipment for
control of risks as well as the scientific and reasonable standard system. From the per-
spective of implementation of national strategy, sustainable urban development, and
safeguarding of urban safety height, it is of considerable importance and urgency to
establish the deep underground engineering test grounds [3]. The 20-year construction
and distribution plan of the deep underground engineering test bases covering the whole
territory of Shanghai will lay an essential scientific research innovation and institutional
management foundation for establishment of a global underground infrastructure base
in Shanghai. According to the strategic research in the “Joint Construction Plan for Deep
Underground Engineering Test Bases in Shanghai in 2020–2040”, the industrial layout
of the four major test bases in the future is proposed. For the main field of technology
and situation of development covered by industrial sector, municipal sector, scientific
sector, and strategic sector, the analysis is made. Based on the needs of different sectors
for development and the sequence of development, the deep underground test ground
shall be established to fit in with the directions of the four major sectors, with the vital
significance to the research on the four new technologies, the development of the deep
municipal facilities, the development of deep resources, and the response to the national
“Three-Deep” strategy, on the basis of which the functional layout and planning shall
be made (Fig. 1).

Fig. 1. Deployment of Joint Construction Plan for Deep Underground Engineering Test Bases in
Shanghai in 2020–2040

2 Analysis of Industrial Sector

Industrial sector mainly refers to the sector or the engineering of raw material collec-
tion and product processing; traditionally, the industry is classified into energy industry,
iron and steel industry, machinery industry, hi-tech industry, etc. The industrial sector
related to deep underground development covers transportation and equipment manu-
facturing, data center and hi-tech, robot equipment manufacturing, new materials and
their application technologies, and other fields.

By the importance of the direct economic effect, the construction of the deep under-
ground industrial base cluster in Shanghai will first promote the innovation of the indus-
trial sector (e.g., equipment, material) in the deep underground bases, solve the problems
in urban development of Shanghai to be solved urgently, and interlink with the most
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advanced industrial projects in the world, so as to achieve the ideal market economy
returns for the investment in the first underground engineering test ground.

Transportation is amajor source of carbon emission in theworld, and thedevelopment
of green transportation has become the current trend of transportation development.
Underground road and rail transit have become the main direction of urban traffic, but
most of them are concentrated in the middle and shallow underground space. With the
development of underground space in the future, the development of new transportation
in deep underground space, including underground logistics, has gradually become an
option. Transportation equipment manufacturing and electrical machinery related to
the development of new underground transportation have become potential trades. The
research and development of new construction machinery related to underground space
construction technology and the research and development of new efficient engineering
materials have become the important and urgent problems, because they will have great
influence on the construction schedule and construction quality.

Data center is a strategic resource as important as human resources and natural
resources. It is the basic physical unit that carries data and becomes the competitive asset
of enterprises in the information era. As global climate trend shifts, the probability of
extreme weather events increases. According to the investigation report, natural disaster
and extreme weather are the two threats at the highest level to the human society, and
data center facilities are no exception [4]. Compared with standard ground facilities, the
underground data center facilities built in suitable geographical areas are protected from
all disasters except extreme earthquakes. Protected by natural geographic conditions
and assisted by human security measures, it is possible to ensure all customers’ data
and hardware will be protected at the top level and to guarantee 100% uptime. With the
vigorous development of Internet of Things, the good opportunities are brought for the
demand and development of underground data center.

There are many types of underground space operations [5]. Japan, Europe and the
United States are the main countries and regions in the world that research and develop
the robots for underground operation. The research has also been carried out in the
sectors related to underground operation in China, such as the Ministry of Coal, the
Ministry of Railways, the Ministry of Water Resources, and the Ministry of Metallurgy.
The main varieties researched and developed at home and abroad include shotcreting
robot, exploration/detection robot, tunnel boring machine (TBM), disaster relief and
rescue robot, mining robot, etc. The development of underground utility tunnel results
in the launching of tunnel patrol robot. With the in-depth development of underground
space, the storage of robot equipment technology has become another key technology.

3 Analysis of Municipal Sector

Municipal engineering refers to the construction engineering of municipal infrastruc-
tures, as well as the construction of infrastructures such as public transport facilities,
water supply, drainage, gas, urban flood control, environmental sanitation, and lighting.
The industry made up of interrelated municipal sectors with different division of labor
related is called municipal sector. With the construction and management experience of
the industrial sector, the municipal sector (e.g. energy reserves, water storage facilities,
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civil affairs facilities) serving the whole society can be developed for a longer period in
the deep base.

As a valuable spatial resource, the underground spacewill definitely become themain
source of urban infrastructure construction space in the future, and also gradually become
the spatial resource to be seized by various facilities. How to enter the underground space
and better perform the service function has become one of the key research fields of
power and energy infrastructures [6]. The underground space will play an important role
in power grid construction (Cable tunnel, underground substation, and utility tunnel) and
distributed energy development (Underground heat storage and geothermal utilization,
underground thermal power station, etc.).

With the development of the population and the gradual improvement of living
standards, the human demand for energy is increasing. There is also an urgent need for
countries to exploit underground energy sources. The deepgeothermal energy is the focus
of future research and also one of the solutions for the energy crisis. The deep energy
drilling project in Iceland is in full swing [7]. In Tengchong of Yunnan, Yangbajing of
Tibet, and Qinghai in China, there may be the shallow magma chambers, storing a huge
amount of thermal energy. Due to the implementation of the national “deep underground
project”, such clean energy will also attract great importance (Fig. 2).

Fig. 2. Seeking Energy from Deep Earth (Source of Picture: Courtesy Statoil)

The vigorous development of clean energy, the reduction of pollution emissions,
and the setup of energy reserves will become the main trends in maintenance of energy
security and promotion of sustainable development of energy in the future. With the
deep underground space, the development and exploitation of geological storage of CO2
greenhouse gas [8], geothermal energy, natural gas hydrate, and other new energies in
close relation to the geoscience are explored [9]. The underground neutron power station
is a new type of power station which uses the site available from underground space,
bombards fuel with high-energy neutrons, and provides energy in the form of combined
heat and power. Compared with traditional nuclear power technology, the underground
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neutron power station has the following advantages: Sufficient fuel reserves, efficient
use of fuel, and low cost of electricity (electricity per kWh is less than RMB 0.1 Yuan),
underground pre-disposal, redundancy protection of layer, and high safety [10].

In the underground urban ecological conception proposed by Academician Xie [11],
the area 50–100 m underground is the underground livable city, the area 100–500 m
underground is the underground ecosystem and strategic resource reserve zone, and the
area 500–2000 m underground is the underground energy circulation zone, building
a strategic blueprint for top-level conception of development at different stages and
different levels; this blueprint shows the importance and the locations and functions of
the underground energy and the underground water reserves (Fig. 3).

Fig. 3. Underground Urban Ecological Conception [11]

In recent years, the aggravation of the population aging results in the expansion of
burial land in China. The consumption of the burial land is becoming more and more
serious, which will gradually occupy agricultural land and urban construction land. The
underground space of the abandonedmine is huge.When themining of thewholemine is
finished, most of the tunnels, rooms, and unfallen gob areas within the scope of the mine
are abandoned deeply underground and become permanent abandoned underground
space. The construction of cemeteries with the underground space of abandoned mines
can reduce the harm to land resources, water resources and other ecological environ-
ments. The underground space of abandonedmines has a broad utilization prospect [12].
Located in Nanjing Niushou Mountain Cultural Tourism Area, the Usnisa Palace is the
precedent of large public building in abandoned mine in China [13]. After 21 years of
iron ore mining, the massif on the western peak of Niushou Mountain has been leveled
off to form a pit with a diameter more than 200 m and a depth more than 60 m. For the
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purpose of ecological restoration, the Usnisa Palace in Niushou Mountain makes use
of the abandoned underground space by layers, combines with history and culture, and
fully integrates with the surrounding environment, so as to form the urban underground
public space with distinctive tourism features.

In the deep underground space, the deep regulation and storage facilities are laid
out for urban waterlogging prevention. There are many cases in the world, such as the
Deep Tunnel and Reservoir Project in Chicago USA, the Thames Deep Tunnel Project
in the UK, and the Kanda Deep Tunnel Project in Japan. Suzhou River Deep Tunnel
Project in Shanghai, as a large deep regulation and storage tunnel laid under Suzhou
River, is used for the storage and regulation of urban rainwater capacity to enhance the
municipal flood control and drainage capacity. The deepest point of the tunnel project
is 60 m underground, with a pipe diameter of 8–10 m. It is planned to set up a full
length of 15.3 km, with a storage capacity equal to 400 standard swimming pools. After
the completion of the utilities, the flood control standard of the central urban area will
be greatly improved. The well-known underground drainage system in Tokyo Japan is
located 50 m underground. It is a gigantic tunnel with a total length of 6,300 m and a
diameter of 10.6 m. The depth of the pressure regulating tank at the end of the tunnel
even reaches 177 m! The whole drainage system makes full use of the function of the
underground space and plays a key role in protection of urban area in Tokyo from flood
intrusion.

4 Analysis of Scientific Sector

Scientific sector refers to the related industries that take scientific and technological
innovation as the guide, focus on industrial technological innovation, carry out research
and development of key technologies, and form the transformation of scientific and
technological achievements, covering physical experiment, aviation science and tech-
nology, marine science and technology, medical science and technology, etc. Scientific
sector is a long-term construction plan serving the development of national science and
technology.

Singapore Underground Science Town, located in the Singapore Science Park at
80 m–100 m underground as planned, consist of 40 interconnected caves, supporting the
data centers and research and development laboratories for development of the biomed-
ical industry. With scientific and technological research and development as an impor-
tant development direction, Singapore Science Park aims to improve the overall level
of national scientific research in Singapore, with research and development expenditure
accounting for 2% of GDP (Figs. 4 and 5).

Boulby Underground Technology Test Town is a cutting-edge science and tech-
nology laboratory used in biomedicine, new materials, artificial intelligence, precision
manufacturing, and other fields. The underground space can provide a confined, safe
and secrecy experimental environment.

Extra deep underground science laboratory is not only a basic symbol of national sci-
entific and technological development level, and but also an important direction of under-
ground space development and exploitation [14]. The development of particle physics,
astrophysics, cosmology, and other physics expand the field of practical activities of
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Fig. 4. Singapore Underground Science Town

Fig. 5. Boulby Underground Technology Test Town

human. The underground science laboratory (Hereinafter referred to as underground
laboratory), especially the deep underground laboratory is a critical national major basic
scientific research facilities; due to the low cosmic ray intensity, low radiation back-
ground environment, and other advantages, it becomes the research site of dark matter
detection, neutrino physics experiment, and other major cutting edge subjects for par-
ticle physics and nuclear physics, astrophysics and cosmology, and other fields. From
the perspective of scientific research needs, investment costs, and safety, the functional
positioning of the extra deep underground laboratory shall be forward-looking, scientific
and diverse, so as to not only meet the experimental needs of different disciplines, but
also promote the cooperation of scientific research teams, scientific and technological
innovation, and realize the sharing of scientific research resources.

5 Analysis of Strategic Sector

The strategic sector generally refers to the specific industrial sector selected by the state
to achieve the high-level objective of industrial structure, which is of great significance to
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the development of national economy, serve the livable innovation of human beings, and
falls within the long-term construction plan. The strategic sector is determined according
to different levels of economic and technological development and the prospect of future
economic and technological development. At present, the strategic deployment has been
made for special disaster prevention, extreme agriculture, and lunar habitation.

China has made it clear that during the 13th Five-Year Plan period, it will promote
the three strategies including deep underground exploration, deep sea exploration, and
deep space earth observation, strive to become the “leader” in the field of deep under-
ground exploration by 2030, and effectively expand the second prospecting space and
underground development space [15]. The future strategic development of deep space
is closely related to national economy and people’s livelihood.

China is a great country of agricultural production, and the influence of extreme
climate factors can hinder the development of Chinese agricultural economy easily [16].
According to statistics, meteorological disasters account for more than 80% of all nat-
ural disasters, among which agricultural meteorological disasters are dominant [17].
The long-term equilibrium relationship between the extreme weather and climate events
and the agricultural economic output is significant. If the number of days of extreme
high temperature, extreme low temperature, extreme precipitation and drought increases
by 1%, Chinese agricultural economic output decreases by 0.112%, 0.031%, 0.033%
and 0.047% respectively [18]. The underground space is used to conduct underground
agricultural research and industrial development, cope with the impact of extreme dis-
asters and urban pollution on agriculture, and make food reserves for the sustainable
development of cities.

The underground space has superior functions such as civil air defense, wind pre-
vention, extreme weather prevention, and flood control, etc., and its disaster prevention
performance shall be given full play for the intensifiedurbandisasters nowadays [19].The
underground space may be a key battlefield for future wars [20], and play an important
role in special disaster prevention.

The surface of the moon and Mars is not suitable for human habitation. In order to
explore the universe, humans need to establish space bases, explore and exploit deep
underground space, and develop the technology of life support system.

6 Summary

Based on the analysis of the main technical fields and development situation in relation
to the industrial sector, municipal sector, scientific sector and strategic sector, the joint
construction plan of the four future deep underground engineering test bases is shown
as follows:

Industrial sector: 5-year construction plan (transportation, data center, robot equip-
ment, new material manufacturing, etc.)

Municipal sector: 10-year construction plan (energy generation, resource and water
storage, carbon dioxide recycling, civil affairs, etc.)

Scientific sector: 15-year construction plan (physical experiment, aviation technol-
ogy, marine technology, medical technology, etc.)
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Strategic sector: 20-year construction plan (special disaster prevention, extreme
agriculture, lunar habitation, etc.)

Based on the needs of different sectors for development and the sequence of develop-
ment, the deep underground test ground shall be established to fit in with the directions
of the four major sectors, with the vital significance to the research on the four new
technologies, the development of the deep municipal facilities, the development of deep
resources, and the response to the national “Three-Deep” strategy.
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Abstract. In recent years, many safety accidents caused by high-density passen-
ger flowhave occurred in rail transit hub station at home and abroad. The passenger
flow prediction of rail transit can not only provide auxiliary decision for managers
in passenger flow management and control, but also can provide theoretical guid-
ance for reasonable allocation of traffic facilities around the stations. This paper
combs and analyzes the relevant research on rail transit passenger flow prediction
at home and abroad, and analyzes its passenger flow characteristics and reasons
based on the AFC data of Shanghai rail transit lines. Then, based on long and
short-term memory (LSTM) RNN model, the passenger flow prediction of rail
transit is realized, and the predicting effects are very good. This method can not
only provide data support for urban rail transit operators to make operation plans,
but also provide reference for passengers to choose the right travel time and avoid
traffic congestion, and can be applied to other rail transit lines.

Keywords: Characteristics Analysis · Passenger Flow Prediction · LSTM
Algorithm

1 Introduction

China’s rail transit construction is facing unprecedented development opportunities.
According to incomplete statistics, the total passenger traffic volume of urban rail transit
has reached 23.71 billion in the whole year, an increase of 2.64 billion people times,
an increase of 12.5%. With the development of urban rail transit network operation,
the passenger volume is expected to increase. Shanghai Metro is an urban rail transit
system serving Shanghai and Shanghai metropolitan area in China. It is the longest urban
rail transit system in the world. As of January 23, 2021, the maximum daily passenger
volume of Shanghai Metro is 13.294 million on March 8, 2019. In 2020, the average
daily passenger volume of Shanghai Metro will be 7.7451 million, with a total passenger
volume of 2.834 billion.
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In recent years,many safety accidents have occurred in the transportation hub stations
and public places at home and abroad, which are caused by high density passenger flow
[1]. Therefore, accurate prediction of passenger flow development trend becomes an
important means to assist managers in passenger flow management and control.

There are a lot of researches on passenger flow forecast of urban rail transit at home
and abroad. Chan and others analyzed and predicted the passenger flow of rail transit
based on neural network, and improved the predictionmodel by usingmixed exponential
smoothing andLadenburgMarquardt algorithm. The prediction accuracy is high, and it is
suitable for small sample data [2]. JeremyRoos and others proposed a predictionmethod
for passenger flow of Paris urban rail transit. This method uses Kalman filter to filter
missing data, and usesmulti-dimensional Bayesian distribution to predict historical data.
The overall prediction result is better than the previous average and the last observation
method, but themodel needs to bemodified under sudden large flow [3]. SunYand others
proposed a hybrid wavelet SVM model, which used SVM model to predict passenger
flow, and finally reconstructed it through wavelet theory, which improved the prediction
performance of the model. Finally, the effectiveness of the model was verified by using
Beijing rail transit passenger flow data [4]. Meng Pinchao and others used the moving
averagemodel to predict the time series of urban rail transit passenger flow in each period,
and compared it with BP neural network, support vector machine and other prediction
methods. The prediction results show that the moving average method is better than
the above methods [5]. Xie Qiao built a passenger flow prediction model based on
nonparametric regression to predict the real-time inbound and outbound passenger flow
of rail stations, and analyzed the accuracy of the prediction model by using the historical
data of inbound and outbound passenger flow in Guangzhou [6]. Feng Wei and others
used GBRBM-DBN algorithm for in-depth prediction of traffic passenger flow, which is
suitable for passenger flow prediction under the conditions of time-varying, stochastic
and unbalanced [7].

Based on the AFC data of Shanghai rail transit lines from 2018 to 2019, this paper
analyzes the characteristics of current passenger flow, and uses LSTM neural network
for prediction.

2 Overview of LSTM Model

Long-short termmemory is an improved RNNmodel based on recurrent neural network.
It is proposed to solve the problem of gradient dispersion of RNNmodel. Themodel adds
time series attributes, and is a commonly used model to process time series data in recent
years. In the traditional RNN, BPTT is used in the training algorithm. When the time is
long, the residual error that needs to be returned will decrease exponentially, resulting
in the slow update of network weight, which cannot reflect the long-term memory effect
of RNN. Therefore, a storage unit is needed to store the memory, so LSTM model is
proposed.

On the basis of ordinary RNN, LSTM adds memory units to each neural unit in
the hidden layer, so that the memory information in the time series can be controlled.
Each time it passes between each unit in the hidden layer, through several controllable
gates (forgetting gate, input gate, candidate gate, output gate), it can control the memory
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and forgetting degree of the previous information and the current information, so that
the RNN network has the function of long-term memory Yes. When an information
flows into LSTM network, we can judge whether the information is useful or not by
combining rules. Only the information satisfying the algorithm authentication can be
left. If it doesn’t meet the requirements, the forgetting goalkeeper will choose forgetting.

3 Passenger Flow Forecast Model Based on LSTM

3.1 Construction of LSTM Prediction Model

LSTM time series prediction model is first input layer, then LSTM layer, and then there
are two fully connected layers. After dimension reduction, it is connected to one output
layer. The input layer is used to receive the continuous sequence input. The length of
each input sequence can be set flexibly, but theoretically, if it is defined as 6, 12, 24 and
other significant cycles, the effect will be more ideal. This is because the output is also
generated by the operation of the input sequence. If the data in the potential period is
input, it is more conducive to training. The last layer is the output layer, which outputs
the prediction results (Fig. 1).

Fig. 1. LSTM network structure diagram

(1) Forget gate
The gate reads ht−1 and xt , output a value between 0 and 1 to each cell in state

Ct−1. 1 means “fully reserved”, 0 means “completely abandoned”.

ft = σ(Wf · [
ht−1, xt

] + bf ) (1)

(2) Input gate



98 X. Zeng et al.

The gate determines what value we are going to update. Then, a tanh layer
creates a new candidate vector, C̃t will be added to the state.

it = σ(Wi ·
[
ht−1, xt

] + bi) (2)

C̃t = tanh(WC · [
ht−1, xt

] + bC) (3)

(3) Candidate gate
The gate completes the time update of the old cell state, namelyCt−1 is updated

to Ct◦. The old state and ft times and discard the information we are sure we need
to discard. Then add it ∗ C̃t This is the new candidate, changing according to how
much we decide to update each state.

Ct = ft ∗ Ct−1 + it ∗ C̃t (4)

(4) Output gate
The gate completes the output of the final value. First, we run a sigma layer to

determine which part of the cell’s state will be exported. Next, we process the cell
state through tanh (to get a value between −1 and 1) and multiply it with the output
of the sigma gate. Finally, we only output the part of the output that we determine.

ot = σ(Wo · [
ht−1, xt

] + bo) (5)

ht = ot ∗ tanh(Ct) (6)

In the above formula, σ is the activation function of the gate, ft , it , ot is the output
of forgetting gate, input gate and output gate respectively, C̃t is the activation of cell
unit, Ct is the update state of the storage unit, W is the coefficient matrix. Through
the function of different gates, LSTM storage unit has better performance than RNN
in both short-term and long-term time series prediction.

3.2 Training Model

(1) Autocorrelation analysis
The data of time series are usually analyzed by autocorrelation. Autocorrelation

coefficient measures the correlation between the current series value and the past
series value, and indicates the most useful past series value when predicting the
future value. Through autocorrelation analysis, we can determine the step size of
LSTM prediction.

ACFk =
∑n−k

i=1 (xi − μ)(xi+k − μ)
∑n

i=1(xi − μ)2
(7)

where ACFk is the autocorrelation coefficient of k-order lag, n is the total data
volume, K is the lag order, and µ is the total mean value.
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Fig. 2. Sequence diagram Fig. 3. Autocorrelation diagram

As shown in Fig. 2, the AFC data of Metro has a peak jump about every seven
days. As shown in Fig. 3, the horizontal axis lag represents the lag order, the vertical
axis represents the correlation coefficient corresponding to each order, and the 0-
order lag represents the autocorrelation coefficient of itself, so the corresponding
correlation coefficient value is generally 1, and the 95% confidence interval is in
the blue dotted line above and below in the figure. That is to say, when the lag order
is about 40, the time series converges to 95% confidence interval.

(2) Data partition
The original data set is divided into training set and test set according to a certain

proportion. This paper will compare the prediction results of different partition
proportions.

(3) Evaluation function
The problems of time series data prediction usually use root mean square error

(RMSE), mean square error (MSE), mean absolute percentage error MAPE, mean
absolute error (MAE) to evaluate the advantages and disadvantages of a model
prediction result. In this paper, the root mean square error is used, which is the
square root of the ratio of the square sum of the predicted value to the true value
deviation. In the actual prediction, the number of predictions n is always limited,
and the true value can only be used to replace the square root error with the most
reliable (best) value. Therefore, the root mean square error can reflect the predicted
error very well precision.

RMSE =
√∑n

i=1 (Xpre,i − Xact,i)
2

n
(8)

4 Case Study

4.1 Characteristics of Full-Day Time-Sharing Passenger Flow

There are obvious differences in the characteristics of hourly passenger flow on week-
days, non-weekdays and holidays of lineA, as shown in Fig. 4. There are obvious “double
peaks” in the passenger flow on weekdays. The morning peak appears from 7:00 to 9:00,
and the hour coefficient of morning peak is 12.4%; the evening peak appears from 18:00
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to 19:00, and the hour coefficient of evening peak is 9.5%. The passenger flow in the
morning peak is higher than that in the evening peak.

There is no obvious morning and evening peak on non-working days and holidays,
and the passenger flow characteristics are similar. The distribution of passenger flow in
the whole day is relatively balanced, and the maximum peak hour coefficients are 7.0%
and 8.0% respectively.

Fig. 4. Characteristics of full-day hourly passenger flow

4.2 Distribution Characteristics of Cross Section Passenger Flow

Weekdays. The passenger flow distribution of the peak section in the early and late
working days is shown in Fig. 5 andFig. 6. Themaximumsection appears in the upstream
of the early peak, and themaximumsection passenger flow is 33409 person/h. The overall
upstream section passenger flow in early peak is higher than the downward one, and the
commuter passenger flow of the above passenger flow is the main one, while the late
peak is opposite. The cross-section passenger flow shows the imbalance in direction,
and the imbalance coefficients of the early and late peak directions are 1.90 and 2.23
respectively. The maximum passenger flow sections of the upstream and downstream
of the early and late peak are all located in the section of Zhuguang road Hongqiao
Railway Station. The section passenger flow of Qingpu new town Hongqiao Railway
Station is larger in the early peak, which is more than 10000 person/h, and that of Xuying
road Hongqiao Railway station under the late peak is larger, and the passenger flow of
Zhujiajiao Dongfang green boat section is the lowest, less than 2000 person/h.
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Fig. 5. Passenger flow on weekday
morning peak section

Fig. 6. Passenger flow on weekday evening peak
section

Weekends and Holidays. The cross-section passenger flow on weekend and holiday
peak hours is generally lower than that on working days, as shown in Fig. 7 and Fig. 8.
The up-down passenger flow is slightly balanced compared with that on working days,
but the cross-section passenger flow is still unbalanced. The imbalance coefficients of
morning and evening peak hours are 1.73 and 1.79 respectively. The location of the
section with the largest passenger flow is the same as that on weekdays. The section
between Zhuguang road and Hongqiao Railway Station has more than 5000 person/h.
The section between Zhujiajiao and Dongfang Lvzhou has the lowest passenger flow,
basically less than 1000 person/h.

Fig. 7. Passenger flow on weekend and
holiday morning peak section

Fig. 8. Passenger flow on weekend and
holiday evening peak section

4.3 Characteristics of Daily Transfer Passenger Flow

There is only one transfer station, but the metro entrance is in Hongqiao Railway Station
and terminal 2 ofHongqiaoAirport. As shown in Fig. 9, The daily average passenger flow
of Hongqiao terminal 2 and Hongqiao Railway Station is 5013 and 123000 passengers
respectively. The passenger flow of Hongqiao Railway Station is obviously greater than
that of terminal 2. The passenger flow of the two transfer stations is basically balanced
between line 2 and line 10, but the passenger flow between line 17 and other two lines
is obviously unbalanced.
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Fig. 9. Average daily transfer passenger flow at transfer station

4.4 Distribution Characteristics of Passenger Flow at Stations

As shown in Fig. 10, Huijin Road, Hongqiao Railway Station and Xujing North City
are the stations with larger average daily distribution volume in 2019, among which
Huijin road is the station with the largest average daily distribution volume, reaching
about 28000 passengers; Dongfang Lvzhou is the station with the smallest distribution
volume, with a total daily distribution volume of only about 5800 passengers, accounting
for 2.9% of the whole line. In 2018, Hongqiao Railway Station, Huijin road and Xujing
North City have the largest daily distribution volume, with about 22000 passengers;
Dianshanhu Avenue has the smallest daily distribution volume, with only about 3700
passengers, accounting for 2.3% of the whole line.

Fig. 10. Passenger flow at each station

4.5 Analysis of Passenger Flow Characteristics

Line A is one of the rail transit lines from the center of Shanghai to the suburbs of
Shanghai Qingpu. Since its opening, the characteristics are quite distinct: the passenger
flow in peak period is too large, and the average daily passenger flow is too small.
According to the characteristics of its passenger flow, it can be seen that the capacity
of Shanghai rail transit line A has not been brought into full play. The high passenger



Characteristics Analysis and Prediction of Rail Transit 103

flow in peak period actually reflects the passenger flow that should be achieved. The
small passenger flow during peak period actually reflects that the line has not been fully
utilized.

4.6 Results Analysis of Passenger Flow Forecast Based on LSTM

(1) Parameter setting 1: timestep is 1, train data accounts for 0.67, test data accounts
for 0.33. The results showed that the RMSE of train data is 133.08, and the RMSE
of test data is 160.73.

(2) Parameter setting 2: timestep is 1, train data accounts for 0.8, test data accounts for
0.2. The results showed that the RMSE of train data is 139.81, and the RMSE of
test data is 153.79.

(3) Parameter setting 3: timestep is 7, train data accounts for 0.8, test data accounts for
0.2. The results showed that the RMSE of train data is 139.93, and the RMSE of
test data is 157.70 (Fig. 11).

Fig. 11. Results of model training and prediction

From the above three parameter settings, the higher the proportion of training data,
the better the prediction effect, which shows that LSTM is very suitable for traffic
prediction with previous data basis; in addition, because the time-series correlation of
the AFC data is not large, the larger the step size, the lower the accuracy of prediction.

In addition to the date, time, historical passenger flow and other attributes provided
in the data set, weather conditions, station environment and other factors will also affect
the passenger flow. In the future, data can be supplemented to further optimize the model
and reduce the error.

5 Summary

As a suburban rail transit in Shanghai, line A has the characteristics of entering the city
in peak period, so its peak section passenger flow is relatively high. On the other hand,
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the peak capacity of Shanghai rail transit line A has not been fully developed, the root
reason is that the purpose of this line is relatively single: Qingpu District peak time
into the city, Shanghai International Convention and exhibition center passenger flow.
However, with the development of western industry driven by the construction of “Big
Hongqiao”, the passenger flow of line A shows a significant growth trend.

Based on the AFC data of Shanghai rail transit line from 2018 to 2019, this paper
analyzes the current passenger flow of the whole line, including the characteristics of
full-time passenger flow, section passenger flow distribution, daily average passenger
flow and station passenger flow distribution. Then, the causes of passenger flow charac-
teristics are analyzed. Finally, based on the long and short-termmemory LSTM recurrent
neural network model, the prediction of the passenger flow of line A is realized, and the
minimum root mean square error is about 154, and the forecast effect is good.

The passenger flow prediction of urban rail transit can not only reveal the dynamic
trend of passenger flow in and out of the urban rail transit, but also provide data support
for the operators of urban rail transit to make operation plan, and dynamically adjust
the operation management measures of the train station according to the change trend
of passenger flow. In addition, it can also select the correct travel time for passengers in
order to avoid traffic congestion, we can strengthen the operation and management of
urban rail transit and ensure the healthy operation of urban rail transit. Therefore, the
passenger flow prediction of urban rail transit is of great practical significance to both
urban rail transit operators and passengers.
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Abstract. Train energy-saving operation control is a research hotspot in the field
of urban rail transit energy-saving. By strengthening the perception ability and
decision-making ability of the learning algorithm, this paper puts forward a new
idea for the train energy saving control in urban rail transit under the condition of
ensuring safety, comfort, real-time and punctuality. To be specific, the following
work is done in this paper: (1) Study the related knowledge of train dynamics,
establish the train traction model and the train running resistance model and com-
plete the force analysis of the trainmotion process; (2) Study the knowledge related
to energy consumption of train operation and establish the calculation model of
energy consumption of trains within the interval; (3) Study the knowledge related
to reinforcement learning algorithm, transform the train operation control pro-
cess into Markov decision process, establish the three elements of reinforcement
learning algorithm, and solve the train energy saving control problem by program-
ming. Through simulation, the method proposed in this paper can reduce energy
consumption by 13%–17% under the constraints of safety and punctuality.

Keywords: Urban rail transit · Energy saving · Train control · Reinforcement
learning

1 Introduction

Compared with other modes of transportation, urban rail transit has the advantages of
fast average speed, large passenger capacity, and high utilization rate. However, due
to its high operating density and large passenger flow, the total resource consumption
value of the urban rail system is also very huge. Among them, train traction energy
consumption accounts for more than half. Therefore, studying the energy-saving control
of train operation can promote a better green development of urban rail transit.

As shown in Fig. 1, this study minimizes the train operating environment as an
optimization goal, takes operating safety, punctuality and other conditions as constraints,
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and uses different methods for model transformation. At present, the research methods
on such issues are mainly divided into the following categories.

Zhu Jinling through the study of the principle of maximum value, introduced the
limited speed constraint condition into the improvement model of the energy-saving
driving strategy of the train, and the solution clarified the best control conditions [1].
Liang Zhicheng also used the principle of maximum value to further explore the problem
of train handling under restricted speed constraints [2].WangQingyuan used the relevant
knowledge of maximum value to introduce the regenerative braking situation of multiple
trains into the train control model, and clarified the best set of train control conditions
[3]. Although themaximum valuemethod can theoretically obtain the optimal numerical
solution, it is precisely because of its too strong theoretical nature that the calculation is
complicated.

Wang Pengling used the knowledge of dynamic programming to change the con-
straint conditions, and combined with the Gaussian pseudo-spectrummethod to improve
and optimize the train travel speed and distance curve [4].

Shi Hongguo discussed and studied the multi-objective problem of train operation.
In order to improve the convergence speed and the performance of the output result, the
genetic algorithm was introduced to improve the knowledge of variable length chromo-
somes, and then the problemwas analyzed and solved and improved [5]. LiuWeianalyzed
the improvement of multiple population genetic algorithms on the basis of predecessors,
and introduced relevant knowledge of variable length real matrix coding, which was
used in the improvement of the driving strategy of urban rail trains [6].

As one of the most concerned directions in the field of artificial intelligence in recent
years, reinforcement learning provides continuous learning to control the behavior of
agents by receiving high-dimensional perceptual input, providing a series of complex
strategic decision and perception problems that are currently facing A new approach.
Based on the relevant knowledge of the reinforcement learning algorithm, combined
with the principle of maximum value, this paper uses the Markov decision-making
model of the train running process in the interval, and uses the exploration and learning
characteristics of the reinforcement learning to design a single-train energy-saving based
on reinforcement learning. The control algorithm is used to solve the improvement
strategy of train section driving, so as to obtain the optimal energy-saving strategy.

Fig. 1. Schematic scenario for this study
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2 Analysis of Train Energy-Saving

When a train is running in a section, it will be affected by external forces such as train
traction, train braking force, and train running resistance. Displayed equation is the
calculation formula of the resultant external force.

FC = FT − FB − FR (1)

FT is train traction (kN), FB is train braking force (kN), FR is train running resistance
(kN). When the train runs in the section, it is affected by the traction, braking force, and
running resistance of the train. According to the three laws of Newtonian mechanics,
displayed equation is construct the kinematic equation of train.

dt

ds
= 1

v
(2)

dv

ds
= μtFT − ηtFB − FR

mv
(3)

μt is train traction utilization coefficient (ratio of current traction force to maximum
traction force, range [0,1]). ηt is rain braking force utilization coefficient (ratio of current
braking force to maximum braking force, range [0,1]). The train will generate traction
energy consumption during the driving process. This article aims to minimize the energy
consumption of train traction, displayed equation is the minimum energy consumption
function.

minJ =
sT∫

s0

[μtFT (v) − ηtFB(v)]ds (4)

When the train is running, it must comply with the corresponding operating rules.
Displayed equations are restrictions.

v(x) ≤ vLim(x)
v(0) = 0
v(s) = 0
t(0) = 0

t(s) − t(0) = Ts

(5)

V(x) is the speed of the train at position x (km/h). vLim(x) is the speed limit of the train
at position x (km/h). v(0) is the train’s running at the beginning Speed (km/h); v(s) is
the running speed of the train at the end (km/h). t(0) is the corresponding time at the
beginning of the train (s). t(s) is the corresponding time at the ending of the train (s). Ts
is the planned running time of the train in the interval (s).

Based on the knowledge of the maximum value, displayed equation is the
Hamiltonian function of the train operation strategy.

H = −μtFT (v) + ηtFB(v) + λ1
μtFT − ηtFB − FR

mv
+ λ2

1

v
(6)
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λ1 and λ2 are the Lagrange multipliers. Displayed equations are the complementary
relaxation factor M(x) to establish a regular equation.

dλ1

ds
= −∂H

∂t
(7)

dλ2

ds
= −∂H

∂t
+ dM (x)

ds
(8)

M(x) meets the constraint conditions of the displayed equations.

[v (x) − vLim (x)]dM (x)

ds
= 0 (9)

dM (x)

ds
≥ 0 (10)

Because there is no variable about time t in theHamiltonian function,λ1 is a constant.
The Eq. (6) can be rewritten as follows equation.

H = (β − 1)μtFT (v) + (1 − β) ηtFB(v) − FR + λ2
1

v
(11)

It can be seen from the above equation that if the function J wants to obtain the
minimum value, the Hamiltonian function H needs to take the maximum value. Then,
since the accompanying variables have multiple values, Table 1 is obtained.

Table 1. Optimal control value of train operation

β μt ηt

β > 1 1 0

β = 1 [0, 1] [0, 1]

1 > β > 0 0 1

β = 0 0 1

β < 0 0 1

Depending on the value of the accompanying variable, the train operating condition
maychange (seeTable 2).Whenβ >1, the value of the control variable corresponds to the
maximum traction condition; when β = 1, the value of the control variable corresponds
to any operating condition; when β < 1, the train corresponds to the maximum braking
condition. Therefore, the energy-saving control strategy of train operation. Accelerate
with the maximum traction force, then use the cruise mode or idle mode, and use the
brake as little as possible during the non-braking operation phase. When the brake is
required to stop, the maximum braking force is applied to the train. So, in the following
algorithm design in this article, traction and braking are both adopted maximum traction
and maximum braking, through the design of the algorithm, find the optimal idle point,
in order to achieve as much energy-saving operation as possible.
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Table 2. The value of the control variable of the train working condition

Train operating conditions μt ηt

Traction (0,1] 0

Cruise (0, 1) (0,1)

Coasting 0 0

Brake 0 (0,1]

3 Research and Design of Reinforcement Learning Algorithm

In this paper, combined with the operation control mode of the train in the interval,
the Markov decision process is selected as the environment model of the algorithm.
Considering the delay time of information acquisition and the amount of calculation
and storage of the algorithm, this paper sets the discrete time to 0.2 s. Then, the train
is regarded as an agent, the control output of the train in each minute time period is
regarded as the behavior set of the agent, and the speed and position of the train in each
minute time period are regarded as the current state vector of the train.

Strategy: Strategy refers to the way an agent behaves at a given time or at a given
stage, and directly determines the agent’s actions or control decisions. In this paper, by
modeling the operation process of the train section as a Markov decision process, the
output set of the train controller is taken as the action set of theMarkov decision process.
Then, the action of the agent at stage i is expressed as the displayed equation.

ui = ui−1 + �ui (12)

ui is the train output of the i stage (kN). �ui is the train output change of the i stage
(kN). Normally, the acceleration of the train in urban rail transit changes between [−1,
1]m/s2, but for passenger comfort considerations, the maximum traction acceleration
of the train in this article is 0.6 m/s2, and the maximum braking The deceleration is −
0.8 m/s2. Therefore, the change range of the acceleration change rate �ui is selected
between [−0.3, 0.3]m/s2. In addition, another benefit of reducing the acceleration change
rate range is that it can reduce the control variable range to a greater extent, thereby
reducing the actual calculation data volume and data buffer volume of the algorithm,
and improving the convergence calculation speed of the algorithm.

Reward Function: Reward function refers to the reward value generated by the agent
in the process of moving to the next state due to an action taken in the current state.
Because this article is to solve the problem of energy-saving operation control of trains,
the energy consumption of trains in each small time period is regarded as a reward
function. The specific calculation formula is as displayed equation.

Ui = 1

2
∗

∣∣∣∣∣u0 +
i∑

k=1

Δuk

∣∣∣∣∣(vi + vi−1)Δt (13)
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u0 is the output of the train starting (kN). vi is the final speed (m/s) of the i stage of the
train.�t is the time of each discrete time period (0.2 s). Under normal circumstances, the
calculation of energy consumption of trains is an integral process of force with respect
to distance. But in this article, because the train operation control is broken down into
minute time units. Therefore, in a discrete time period, it is approximately considered
that the amount of change in force can be ignored, and the calculation of distance can be
approximated as a distance calculation method in a straight-line process with uniform
acceleration.

Value Function: The value function refers to the weighting and expectation of the
reward function, which represents the overall return expectation of the entire control
process of the strategy adopted by the agent in the current state. In this paper, the value
function is defined as the displayed equation.

Q(X , Δu) = 1

k

m−1∑
i=1

γUi (14)

γ is discount factor (used to measure immediate repayment and long-term repayment,
the range is (0,1]). After defining the state, strategy, reward function and value function
above, the value function update formula (15) of reinforcement learning can be derived.

QΠ(X , Π ′(X )) = ε

|A(X )|
∑
Δu

QΠ(X , Δu) + (1 − ε)min
�u

QΠ(X , Δu) (15)

ε is greedy rate of greedy algorithm. A(X) is the number of action sets in state X.
Table 3 shows the process of the reinforcement learning algorithm to calculate a train

speed-distance curve. Because this article needs to solve the problem of energy-saving
optimization of train operation control, it is necessary to repeatedly calculate the process
to obtain multiple train speed-distance curves, and then make selections to optimize the
energy consumption of trains traveling in sections.

4 Simulation and Verification

4.1 Case 1

Case 1 uses the line data of Shanghai Metro Line 17 to verify that the energy-saving
algorithm proposed in this paper is effective and reliable in terms of safety, punctuality
and energy saving. In this case, the line data from Metro Line 17 from Jiasong Middle
Road Station to Xujingbeicheng Station will be used. The running distance between the
two stations is 2660 m, the planned train running time of this section is 180 s, and the
section information of this section is shown in Table 4.

By importing the relevant line data into the reinforcement learning algorithm for cal-
culation, the most energy-efficient train speed-distance curve in this section is obtained,
as shown in Fig. 2.

As shown in the figure, the optimal strategy derived by this algorithm: first perform
the maximum traction acceleration, then repeatedly perform the process of idling and
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Table 3. Reinforcement learning algorithm calculates energy saving strategy

Step 1: Initially clear all parameters, reset cycle i, speed, distance, status and 
other information;

Step 2: Control the start of the train with the maximum traction acceleration;
Step 3: Determine the current position of the train Si>S-Sd, where Sd is the train 

decelerating at the current speed. The required distance. If yes, go to step 9, other-
wise go to step 4;

Step 4: Calculate the corresponding reward function Ui according to the state of 
the train at the last moment and the selected action;

Step 5: Use the greedy algorithm to select the action in the current state, and 
adjust the output of the train according to the above formula;

Step 6: Determine whether the output selected by the greedy algorithm meets 
the safety of train operation and other restrictions. If it is satisfied, the output se-
lected by the greedy algorithm is used as the final output; otherwise, the output is 
adjusted and the output that meets the conditions is used as the final output;

Step 7: Obtain the final output and the s tate at the next moment, and update the 
value function according to the value function update formula above;

Step 8: i=i+1, go to step 3;
Step 9: Apply the train with the maximum braking deceleration to make the train 

stop at the station.

Table 4. Case 1 Line parameter information table

interval/m slope/% Speed limit/m

0–200 0 55

200–300 0 80

300–930 – 6 80

930–1800 – 3.081 80

1800–1980 – 3.081 60

1980–2660 0 60

traction, and finally act on the train with themaximum deceleration. And it is not difficult
to find that the speed of the train is always below the speed limit of the section during the
entire periodof the train running.Therefore, this algorithmmeets the safety requirements.

Then, according to the actual energy consumption of the train and the running time
of the section, it can be obtained from the existing signal system to further enhance
the verification of the effectiveness of the algorithm, and refer to the conclusion data
[7]. Make a comparison (see Table 5). It can be seen that in terms of travel time, the
existing driving strategy is the fastest, followed by this article, and the reference strategy
is the slowest. In terms of operating energy consumption, the existing driving strategy
is the most energy-consuming, followed by this article, the strategy referred to is the
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Fig. 2. Optimal control curve diagram based on reinforcement learning algorithm

best. Among them, compared with existing strategies, this strategy can reduce energy
consumption by 17.5%. Compared with the energy-saving strategy in the reference, the
strategy in this article has a slightly higher energy consumption, but the running time is
closer to the standard time. In summary, the algorithm proposed in this paper meets the
requirements of safety, punctuality and energy saving in train operation, and has a good
energy saving effect.

Table 5. Comparison of three strategies

Driving control strategy Time/s Energy consumption/(MJ)

Existing ATO control strategy 179.1 187.21

Reference strategy 181.5 152.44

Strategy proposed in this article 180.7 154.39

4.2 Case 2

In order to further enhance the verification of the effectiveness of the algorithm, Case 2
uses the line data and other information of another reference[7] to compare the output
results between different strategies. This case shows that the algorithm in this paper can
model in different intervals. Validity in. In this case, the running distance of the section
is 1354 m, and the planned running time of the section is 110 s. The slope, speed limit
and curve radius information of the section are shown in Table 6.

By importing the relevant line data into the reinforcement learning algorithm for cal-
culation, the most energy-efficient train speed-distance curve in this section is obtained,
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Table 6. Case 2 Line parameter information table

interval/m slope/% Speed limit/m Curve radius/m

0–120 0 55 0

120–304 0 80 0

304–684 1.8 80 19

684–1304 – 3.5 80 15

1304–1354 0 80 5

as shown in Fig. 3. It can be seen from the figure that the optimal strategy derived by
this algorithm is largely the same as the case: first, the maximum traction acceleration is
performed, and then the process of idling and traction is repeated repeatedly, and finally
the train is braked at the maximum deceleration. The subtle difference is that the second
case starts from the section line 684 m from the downhill section, so the acceleration of
the idling here is a positive number, so the train has been idling in this section of the
road.

Fig. 3. Optimal control curve diagram based on reinforcement learning algorithm

Then, use the conclusion data in reference [9] to compare (see Table 7). Through
comparison, it can be seen that in terms of running time, the existing driving strategy
is the slowest, the algorithm in this paper is the second, and the strategy in reference to
the literature is the fastest. From the perspective of the error time, the error time of this
paper is only 0.2 s, which is 0.6 s lower than the error time of the existing strategy and
is within the acceptable range. In terms of operating energy consumption, the existing
driving strategy is the most energy-consuming, followed by references, and the strategy
in this article is the best. Among them, the strategy in this article can reduce energy
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consumption by about 13% compared with the existing strategy. Compared with the
energy-saving strategy in the reference, the strategy in this article can further reduce the
energy consumption by about 8% in this case. In summary, in this case, the algorithm in
this paper also meets the requirements of safety, punctuality and energy saving, further
verifying the effectiveness and reliability of the algorithm.

Table 7. Comparison of three strategies

Driving control strategy Time/s Energy consumption/(kw·h)

Existing strategy for case two 110.8 3.06*107

Reference strategy 110 2.89*107

Strategy proposed in this article 110.2 2.66*107

5 Summary

In this article, for the energy-saving operation of trains, the combination of reinforcement
learning algorithm and train operation control is discussed, and the energy-saving opti-
mization model and algorithm of urban rail single train based on reinforcement learning
algorithm are proposed. According to the relevant data in the reference, the route and
vehicle model are built, and the algorithm designed in this paper is used to solve the
problem and verify the validity of the algorithm. Through the comparison of data results,
this algorithm has achieved excellent results in both energy consumption and punctual
safety.

Although the train energy-saving operation control system based on reinforcement
learning designed in this paper has reached good requirements, there are also certain
problems worthy of follow-up improvement, such as the establishment of a train multi-
particle model.
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Abstract. With the continuous development of urban rail, it has become one of
the main ways for people to travel. How to ensure the safe and efficient operation
of urban rail transit is the focus of attention. The switch machine is one of the
important equipment of the signal system. During the long-term service, the per-
formance of the device gradually deteriorates or sudden failure, which will have
a significant impact on the operation of the train. For this reason, it is necessary
to evaluate the health status of the point machine to predict the life of the point
machine. Therefore, a continuously distributed health index (HI) is proposed to
characterize the health status of the switch machine in service throughout its life
cycle. The operation state of Switch machine is related to the characteristics of its
working current. Based on this assumption, this paper monitor the operation state
of Switch machine by applying artificial intelligence technology. In this paper,
Long-Short Term Memory is trained to predict the health index of the Switch
machine. The result shows that the model used by this paper can achieve high
accuracy and the prediction accuracy rate reaches 84.9%.It is reliable in predict-
ing the health index of Switch machine. Finally, the HI can be used not only to
evaluate the health status of switch machines, but also to predict the health status
of other key rail equipment, and promote the development of smart rail transit
operation and maintenance.

Keywords: Switch machine · Health Index · Artificial Intelligence · Intelligent
Operation and Maintenance

1 Introduction

The operating mileage of urban rail transit in China is growing rapidly. For example,
the total operating mileage of subway in Shanghai will reach 700 km in 2020. Rail-
way transportation is one of the key transportation modes for urban passenger flow in
Shanghai. By the end of 2020, the operating scale of Shanghai rail transit will exceed
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830 km. With the rapid growth of operating mileage, it is necessary to ensure the safety
operation of rail transit equipment, which means that facilities and equipment in railway
must maintain a highly safe, continuous and reliable operating state throughout their life
cycle. The Switch machine is one of the key equipment to ensure the normal operation
of the rail transit system. For this reason, it is necessary to monitor the operating status
of some important rail equipment, attain the health status of key equipment in real time,
therefore make sure the rail transit Operation and maintenance is running safely.

In the field of equipment security, the first proposed study is related to health moni-
toring [1], and the earliest health monitoring study is about monitoring the health status
of fighter jets. With the development of railway transportation, health management tech-
nology is getting more and more attention [2]. After health management was proposed,
failure prediction technology became popular and many people started to use this tech-
nology to conduct related research. Zhen Gao constructed a vehicle health evaluation
index system, and established a vehicle health evaluation model based on analytic hier-
archy process. It provides scientific help and guidance for the actual maintenance of
urban rail transit vehicle equipment units [3]. Lei Bai proposed a new comprehensive
evaluation method for the health status of railway track equipment, which can deter-
mine the relationship between the multi-state evaluation index of the track grid and the
corresponding health index, and finally determine the track grid health index [4].

In 2014, Qian Wang proposed an architecture of the Switch machine failure predic-
tion and health management technology (PHM) based on the failure mechanism of the
Switch machine, and constructed and verified the Switch machine power data acquisi-
tion system for the S700K electric Switch machine [5]. In 2017, Yuming Fu proposed
a Switch machine health assessment method based on fuzzy comprehensive evaluation
using various factors of the Switch machine. This evaluation method can better solve
the problems of ambiguity and complexity caused by the factors affecting the health of
the Switch machine. This method provides a theoretical basis for the implementation of
the state maintenance of the Switch machine [6].

Current research on Switch machine is mainly focused on using PHM technology
for fault detection and fault diagnosis of the Switch machine, determining the fault type
of the Switch machine, and using fuzzy set method to inspect the status Switch machine.
However, there are relatively few researches on the quantitative assessment of the health
status of the Switch machine, and the evaluation system of the health status has not
been established yet. The current operating status of the Switch machine can be attained
by analyzing the working current of the Switch machine. Therefore, the deep learning
method is used in this article to analyze the operating status of the Switch machine to
improve the prediction accuracy. Due to the fact that the working current data of Switch
machine is time series data, in this article, we applies the Long-Short Term Memory
(LSTM) algorithm to the health evaluation of the Switch machine. This method has high
prediction accuracy and can achieve the condition assessment of the Switch machine.

2 Switch Machine Health Index

People use “health” to measure the status of human body in real world, for this we
can also apply it to the field of rail transit. In order to know the “health” of the Switch
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machine, this article use health index to measure the status of the Switch machine. We
define the health index as a continuous variable between 0 and 1. The larger the value,
the healthier the equipment. For example, when the health index is 0, the device is in a
completely faulty state; conversely, when the health index is 1, it indicates that the device
is in a completely healthy state. As shown in Fig. 1, on the health index degradation
curve, as time goes by, the system health index also shows a downward trend before the
system fails. Therefore, the effectiveness of the health index of the Switch machine is
essential for the operation and maintenance other equipment and the safe and reliable
operation of the track. By using the concept of health index, the operation status of rail
transit equipment can be evaluated, and the operation of the equipment or system can
be monitored in real time as well.

Fig. 1. Health index degradation curve

The operating state of the Switch machine can be induced from its working current
curve. Taking the ZD6 Switchmachine as an example, the working process of the Switch
machine can be divided into the following 4 stages, starting, unlocking, switching, and
locking.

The working current curve of ZD6 Switch machine is shown in Fig. 2, it comes from
the switch machine equipment of a subway line in Shanghai. In the first stage, when the
Switch machine is started, its working current will reach a peak immediately and then
drop sharply in a very short period of time. In the second stage, the working current of the
Switch machine remains stable after the start-up stage, which means that the unlocking
process is completed. When entering the conversion phase, the working current begins
to de-crease until the final current value is 0, which means that the Switch machine is
locked.

The working current of the Switch machine corresponds to its operating process.
If the health status of the Switch machine changes, the corresponding working current
will also change accordingly. It can be seen from Fig. 2 that these changes are highly
parallel. The operating status of the Switch machine. The working current of the Switch
machine has non-linear characteristics, and the neural network has great advantages in
solving non-linear problem and can deal with weaker data. Therefore, neural networks
can be used to learn from such sample data and discover the hidden regularities.
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Fig. 2. Switch machine working current curve

For this reason, the real-time data of the Switch machine working process is used as
the input data to train our neural network model. The output of the model is the health
index of Switch machine, which can be used to assess the health status of the Switch
machine. During this process, the real-time fault detection of the Switch machine is
achieved by evaluating the operating status of the Switch machine.

3 Research on Calculation Method of Health Index

3.1 Overall Design

The technical route for predicting the health index of the Switch machine is shown in
Fig. 3. Firstly, we collect the circuit data of the Switch machine, including the working
current data under normal operation and other abnormal situation. Secondly, the data is
preprocessed, feature vectors are selected and passed into the LSTMmodel for training,
and the health index of the Switch machine is predicted. At the same time, the divided
test set is used for algorithm verification.

3.2 Long Short-Term Memory (LSTM)

The long-short-term memory is a branch of the Recurrent Neural Network (RNN). Its
advantage lies in its high efficiency for solving the problem of the gradient disappearance
of RNN during the training process. In this article, we build a long short-term memory
to train the working current of the Switch machine, which can improve the prediction
accuracy.

Unlike RNN, the main feature of LSTM is that it uses a special “gate” structure
to determine what information can be transmitted. The structure diagram of LSTM is
shown in Fig. 4, which is mainly composed of three gates: input gate, forget gate, and
output gate.

Firstly, the model need to filter useful data, which is implemented by passing the
data through forget gate. The input value xt at time t and the output state value ht−1 at
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Fig. 3. Flowchart for predicting the health index of the Switch machine

Fig. 4. LSTM structure diagram [7]

time t − 1 are passed to the forget gate for data screening, so as to select the useful data
for next step. At this time, the output value of cell state C is 1. Conversely, for those
data which has little influence for the output, such as abnormal switch current data, the
cell state C output value is 0. The labeling of the state is completed through the tanh
layer. In this way, the feature data selection of the current data of the Switch machine is
completed. The formula of the forget gate is shown in the following formula (1):

ft = relu(Wf 1xt + Wf 2ht−1 + bf ) (1)

where relu is the activation function; Wf 1, Wf 2 are the weights of the forget gate;
bf is the offset of the forget gate.
Secondly, input gate and the input node complete the update the cell stat by the

input gate and the input node. The formula is shown in formula (2) and formula (3).
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Combining formula (1) (2) (3) can generate the current state, as shown in formula (4).

it = relu(Wi1xt + Wi2ht−1 + bi) (2)

gt = tanh
(
Wg1xt + Wg2ht−1 + bg

)
(3)

st = gt × it + st−1 × ft (4)

In the formula,Wi1,Wi2 are the weights of the input gates;Wg1,Wg2 are the weights
of the input nodes; bi and bg are the biases of the input gate and input node.

After the above two steps are processed, the final retained result is calculated by
the output gate, and the formula is shown in formula (5). After state update and output
gate processing, the output result at this moment is the Switch machine health index, as
shown in Eq. (6), and this result is used as the input value at the next moment.

ot = relu(Wo1xt + Wo2ht−1 + bo) (5)

ht = tanh(st × ot) (6)

where Wo1, Wo2 are the weights of the output gate; bo is its bias, ht is the health index
of the Switch machine at time t.

The activation function in the LSTM “gate” structure used in this study is the
relu function, which is characterized by faster training and model convergence. It can
effectively solving the problems of gradient disappearance and gradient explosion. The
formula is as follows:

Relu(x) = max(0, x) (7)

3.3 Data Normalization

In order to improve the convergence speed and the accuracy of the model, it is necessary
to normalize the input data and map the data to the range of 0 to 1 for processing. To
this end, the Z-score standardization method is adopted here, as shown below:

X = X − μ

σ
(8)

where μ is the mean value of the original input Switch machine operating current data,
and σ is the standard deviation of the original input Switch machine operating current
data.

3.4 LSTM Model Parameter Settings

In this paper, we obtain the working current data of the ZD6 Switch machine from the
railway station signal centralized monitoring system. The Switch machine is converted
and the centralized monitoring system collects 165 sampling points in total with an
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interval of 40 ms to form a continuous time sequence. In addition to these 165 sets
of data as network inputs, the average and maximum values of the working current at
each stage of the Switch machine’s working process are also used. We then calibrate
the data and divide the training set and test set. The number of neurons is set to 50.

Initialize theweight of the LSTM layer to a randomvariable that obeysU
(
− 1√

50
, 1√

50

)
,

and initialize the weight of the linear transformation layer to a random variable that

obeys U
(
− 1√

50
, 1√

50

)
. The epoch, batch size and learning is set to 100,100 and 0.005

respectively.

3.5 Example Calculation

3.5.1 Experimental Environment and Data Description

The experimental environment used in this paper is shown in the following Table 1:

Table 1. Table of the experimental environment

Equipment Model

CPU AMD Ryzen 5 3550H

RAM 16 G

Programming language Python 3.8.1

Deep learning framework Tensorflow

This data set not only collects the current data of the switch machine under normal
operation, but also contains data under various fault conditions. The data set division
ratio is 8:2, 80% of the original data is the training set, and the remaining 20% is the test
set.

3.5.2 The Influence of the Number of Neurons on the Prediction Results

Different numbers of neurons will have different prediction accuracy. This paper uses
Mean Square Error (MSE) to measure the prediction accuracy of the model, as shown
in formula (9):

MSE
(
yt, yp

) =
∑n

i=1

(
yti − ypi

)2

n
(9)

where yti is the i-th true value, and ypi is the i-th predicted value.
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Figure 5 shows the relationship betweenMSE and the number of neurons. The figure
shows that there are different MSE under different neurons, and when the number of
neurons is 90, the MSE reaches the minimum. For this reason, 90 neurons are selected
for training.

Fig. 5. Relationship between the number of neurons and MSE

After training, the predicted results and the loss function are shown in Fig. 6 and
Fig. 7 respectively. The solid line is the true health index, and the dashed line is the
predicted health index. Figure 7 shows that the prediction result of the health index is
parallel to its real value, which means our model can achieve high accuracy. Table 2 is
the Predict HI and Table 3 is the loss of LSTM model.

Table 2. Health Index Predicted Value

Number HI HI (Predict)

1 0.9011 0.8592

2 0.8901 0.8584

3 0.8739 0.8421

...
...

...

48 0.8123 0.8045

49 0.8178 0.8071

50 0.8197 0.8095

It can be seen from the prediction results of the LSTM loss function in Fig. 7 that
after 100 iterations, the loss function tends to be stable, indicating that the LSTMmodel
has a good fit and is satisfying. After calculation, the prediction accuracy rate reached
84.9% and can be used for health index predictions.
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Table 3. Loss of Train and Test

Epoch MAE of Train MAE of Test

1 0.1902 0.0556

10 0.0772 0.0248

20 0.0492 0.0167

...
...

...

80 0.0417 0.0152

90 0.0425 0.0163

100 0.0418 0.0155

Fig. 6. Comparison chart of the prediction results of the Switch machine health index

Fig. 7. LSTM loss function calculation result
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4 Summary

According to the working process of the Switch machine, this paper proposes a LSTM
model to analyze Switch machine’s working current data and finally obtain the Switch
machine health index. The results show that it can achieve high accuracy and reliability
and it’s better than simply classifying the Switch machine faults. Secondly, the health
index can be predicted in real time based on the real-time detected working current data
of the Switch machine and presented through a visual interface, which is convenient for
timely maintenance of the Switch machine. It has a leapfrog meaning to transform the
traditional fault maintenance to the condition maintenance.

In this paper, we aim to promote smart subway operation and maintenance and the
health index prediction model of the Switch machine can also be applied to other rail
transit equipment. Fault detection of these equipment can be achieved by predict health
index based on their working status. In summary, the application of advanced artificial
intelligence technology in the prediction of the health index of rail equipment can achieve
high accuracy, thereby help the health management of rail equipment. It also promotes
the development of full life cycle track systems.
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Abstract. To improve the reliability and safety of urban rail Automatic Train
Control System, it is Query ID="Q1" Text="As Per Springer style, both city and
country namesmust be present in the affiliations.Accordingly,wehave inserted the
country name in the affiliation 2. Please check and confirm if the inserted country
name is correct. If not, please provide uswith the correct country name." necessary
to allocate the tolerable hazard rate (THR) of the Automatic Train Control (ATC)
system to each subsystems and components during the design and implement
of specific urban rail transit signaling system. In the beginning, this research
analyzes the architecture of ATC system, as well as safety functions and overall
safety requirements for the urban rail transit signaling system. Next the specific
requirements and principles of equal apportionment technique, safety impact-
based apportionment technique and complexity-based apportionment technique
are discussed. Combined with the ATC system architecture, safety logic model
and specific engineering design parameters, theses three safety allocationmethods
are used to allocate the THR to each subsystems of ATC as the requirements. At
last, the comparison of allocation for these techniques shows that the allocation
method based on system complexity is the most suitable for the actual conditions
of the project, which canmeet the requirements of the Urban Rail Automatic Train
Control System. Therefore, this research is proved to be meaningful to improve
the reliability and safety of urban rail transit to some extent.

Keywords: Automatic Train Control (ATC) · Tolerable Hazard Rate (THR) ·
Allocation method · Safety Requirement

1 Introduction

For the modern urban rail transit systems, in order to ensure safe operation of trains,
Automatic Train Control (ATC) systems are used to implement the necessary safety
functions such as train overspeed protection, maintaining train running intervals, and
preventing train collisions. During the construction of an engineering projects, the rail
transit systems owner or the operation manager will set a top-level safety requirement
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for ATC system, a definitive Tolerable Hazard Rate (THR) value, and requires the final
delivered ATC system to meet this targeted safety requirements. At current project prac-
tice, the typical urban rail transit Automatic Train Control system is a geographically
distributed system, which distribute on the train, track, depot and operation control cen-
ter, these distributed equipment in different locations cooperate with each other andwork
together to implement the function of train operation safety control.

However, the distributed Automatic Train Control system devices often come from
different equipment suppliers or design institute. During the design and manufacturing
process, only the safety requirements of a single device, such as Safety Integrity Level
(SIL), Tolerable Hazard Rate (THR) and Tolerable Functional Failure Rate (TFFR) are
concerned by the equipment suppliers or design institute.When integrating these devices
into the train control systemof an urban rail transit linewithout any unified safety require-
ments planning, allocation and coordination, the system safety performance achieved by
the overall ATC system may not be able to meet the safety requirements set initially. In
order to ensure that the final deliverable of overall ATC system of the rail transit line can
meet the established safety requirements, the THR need to be allocated during the plan
and design stages to guide the design and manufacture activities of individual equip-
ment, which is necessary to ensure the project delivery meet the ATC system operational
safety requirements.

2 ATC System Architecture and Safety Requirements

In general, the typical ATC system in current urban rail transit project adopts
the communication-based train control (CBTC) system. The architecture and safety
requirements of the CBTC system are analyzed as follows.

2.1 CBTC System Architecture and Safety Requirement

According to the definition from IEEE [1], the CBTC system is a continuous ATC
system utilizing high-resolution train location determination, independent of track cir-
cuits; continuous, high capacity, bidirectional train-to-wayside data communications;
and train-borne and wayside processors capable of implementing vital functions. The
architecture with its subsystem location is shown in the Fig. 1.

In CBTC system, the Automatic Train Protection (ATP) maintains fail-safe pro-
tection against collisions, excessive speed, and other hazardous conditions through a
combination of train detection, train separation and interlocking. Computer interlock-
ing (CI) is the interface between CBTC and external trackside field equipment, which
establishes the interlocking relationship between signals, switches and routes, in order
to avoid the conflicting train operation routes to be set, and to prevent one resource from
being occupied by two trains at the same time, both the ATP and CI are safety criti-
cal systems which usually meet the highest safety requirements (SIL4). The Automatic
Train Operation (ATO) performs the functions of speed regulation, programmed stop-
ping, door control, performance level regulation and other functions otherwise assigned
to the train operator. Automatic Train Supervision (ATS) is the subsystem that monitors
trains, adjusts the performance of individual trains to maintain schedules, and provides
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data to adjust service to minimize inconveniences otherwise caused by irregularities.
Both the ATO and ATS are safety relevant system which usually have the moderate
safety requirements (SIL2).

Train System

Automatic Train Supervision
(Operation Control Center)

Computer Interlocking
(Trackside)

Automatic Train Protection
(Trackside)

Data Communication System

Automatic Train Operation
(Train-borne)

Automatic Train Protection
(Train-borne)

Signal
Track circuit
Axle Counter
Switch
Machine
Platform
Screen Door
…...

Fixed Balise
On Track)

Controlled Balise
(On Track)

Lineside
Electronic Unit

Fig. 1. CBTC system architecture and external interface

In addition to the ATP, CI, ATO and ATS systems, CBTC also includes Data Com-
munication System (DCS) and Balise Transmission System. The DCS is to transmit bi-
direction information transmission between trackside equipment and vehicle-mounted
equipment. The Balise transmission system is divided into fixed Balise and controlled
Balise. The fixed Balise is mainly used for train positioning and position calibration, and
controlled Balise is used to transmit some variable temporary commands, such as speed
limit information and route information. The external interfaces of the CBTC system
include train, platform screen doors, platform emergency buttons, integrated supervision
and control system and other systems. These external systems provide input to the CBTC
system and execute the control commands issued by the CBTC.

2.2 CBTC System Safety Requirements

As shown in Fig. 2, theATC system requirements can be divided into safety requirements
and non-safety requirements. The safety requirements are derived from the hazard,which
are measured via Tolerable Hazard Rate (THR) as the system top level safety goal.
The functional safety requirement is part of the safety requirement, it is measured via
Tolerable Functional Failure Rate (TFFR), the THR is derived from the TFFR. The
functional safety requirements include safety functions and safety integrity, which use
the Safety Integrity level (SIL) to define their requirement. The relation between the SIL
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and TFFR is shown in Table 1. The SIL is the safety performance index used for the
defined safety function. The SIL 4 has the highest level of safety integrity. For safety
integrity, it includes the Systematic Failure Integrity and Random Failure Integrity and
depends on the system design. The systematic failure shall meet the SIL requirement,
and the Random Failure shall meet both the SIL and Failure Rate (FR) requirements.

ATC System Requirements

Non-Safety Requirements Safety Requirements

Other Safety Requirements Functional Safety Requirements

Safety Function Safety Integrity

Systematic Failure Integrity Random Failure Integrity

Hazard

THR

FRSIL

SIL

TFFR

Fig. 2. System Requirements architecture and THR allocation process

In order to ensure the safe train operation, the ATC system shall implement the
necessary safety function to prevent the hazard “exceeding speed and/or distance limits
advised to ATC, and the THR to this hazard is 10–9/h, the relevant safety function can be
decomposed to (1) ensure safe route, (2) ensure safe separation of trains, (3) ensure safe
speed, (4) control acceleration and braking [2]. These functions shall meet the TFFR
which is allocated from the THR, and if the equipment used to implement these safety
function, the equipment should meet the relevant SIL and FR.

As a typical urban rail ATC system, it has following core safety functions: (1)Train
location/train speed determination, (2) Safe train separation, (3) Overspeed protection
and brake assurance, (4) Rollback protection, (5) End-of-track protection, (6) Parted con-
sist protection and coupling and uncoupling of trains, (7) Zero speed detection, (8) Door
opening control protection interlocks, (9) Departure interlocks, (10) Emergency braking,
(11) Route interlocking, (12) Traffic direction reversal interlocks, (13) Work zone pro-
tection, (14) Broken rail detection, (15) Restricted route protections, (16) Level-crossing
protection. These safety function should be implemented by trackside equipment Com-
puter Interlocking (CI) and Zone Controller (ZC) and train borne equipment Onboard
Controller (OC), that means the CI, ZC and OC shall meet the SIL 4 requirement with
the THR less than THR is 10–9/h [3].
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Table 1. The correlation between SIL and TFFR

No. TFFR per hour and per function Safety Integrity Level

1 10–9 ≤ TFFR < 10−8 4

2 10−8 ≤ TFFR < 10−7 3

3 10−7 ≤ TFFR < 10−6 2

4 10−6 ≤ TFFR < 10−5 1

3 Safety Requirement Allocation Method

From the process of ATC system implement the safety control function, it shows that if
any of the CI, ZC and OC failed, an accident may happen in the urban rail line, which
will lead to the overall THR goal cannot be met. From the safety point of view, the CI,
ZC and OC of the ATC system form a series system as described in Fig. 3.

CI

1

CI

...

CI

x

ZC

1

ZC

...

ZC

y

OC

1

OC

...

OC

z

Fig. 3. ATC system safety control logic model

As rail authority may only focus on the safety requirements of ATC system level
but not the subsystem CI, ZC, and OC, but for subsystem manufacturers, the safety
requirements of ATC system level need to be allocated to CI, ZC and OC subsystems.
From the definition of safety requirements, the safety integrity level is divided into two
parts: the non-quantifiable SIL and the quantifiable TFFR (FR). For various components
that performs one safety function, if there is no redundancy, the components will directly
inherit the non-quantifiable SIL from the system, that is, the SIL for CI, ZC, and OC
subsystems are the same as the SIL of ATC system, and they are all SIL4 components.
For the quantifiable part of the safety requirements, we need have allocation methods
to allocate the ATC system THR and TFFR to CI, ZC, and OC and make sure the final
total subsystem TFFR is less than the ATC system TFFR and the hazard THR, which is
described in Eq. (1).

X∑

i

TFFRCIi +
Y∑

i

TFFRZCi +
Z∑

i

TFFROCi ≤ TFFRATC ≤ THR (1)

3.1 Equal Apportionment Technique

If we ignore the specific subsystem (CI, ZC and OC) detail property and all the subsys-
tems are operated in series as shown in Fig. 3, equal apportionment to each subsystem
would seem reasonable. The equal apportionment technique assumes a series of “n”
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subsystems, each of which is to be assigned the same safety goal [4]. A prime weakness
of the method is that the subsystem goals are not assigned in accordance with the degree
of difficulty associated with achievement of these goals. For this technique, the model
is:

SATC = SCI × SZC × SOC (2)

TFFRCI = TFFRZC = TFFROC = TFFRATC

x + y + z
(3)

SATC means the safety goal of ATC system, and SCI , SZC , SOC represent the safety
goal of CI, ZC and OC subsystems respectively. TFFRATC , TFFRCI , TFFRZCTFFROC

are the TFFR value for ATC, CI, ZC and OC subsystems. The x, y and z are the numbers
of CI, ZC and OC deployed in the specific urban rail line separately.

3.2 Safety Impact-Based Apportionment Technique

The ATC system is made up from various subsystems, and the safety impact of the
different subsystems to theATCsystem is different, that is, if a subsystemhas a dangerous
failure, it will have different safety impact on ATC system in comparison with others,
and it will cause different accident severity. Therefore, different safety goals need to be
assigned to different subsystems depending on the safety impact. For subsystems with
a bigger safety impact, the safety goal should be more stringent.

For the ATC system, according to the magnitude of the safety impact of the CI,
ZC and OC subsystems on the rail line ATC system, the safety impact weight factor is
defined in the Table 2. The safety impact number a, b and c mean 1 failure in CI, ZC
and OC will cause a, b and c others subsystem enter into dangerous status. Taking the
CI subsystem as an example, the safety impact weight factor for the CI can be defined
as the ratio of:

wCI = a − (a + b + c)/3

(a + b + c)/3
= 2a − b − c

a + b + c
(4)

For the ATC system, its safety goal can be expressed as:

TFFRATC = TFFRCI × x + TFFRZC × y + TFFROC × z (5)

Let TFFRa as the base TFFR for the subsystem of ATC, then the

TFFRATC = TFFRa × (1 + wCI ) × x + TFFRa × (1 + wZC) × y + TFFRa × (1 + wOC) × z (6)

The TFFRa can be derived from formula (6)

TFFRa = TFFRATC

x + y + z + wCI × x + wZC × y + wOC × z
(7)

Then the allocated TFFR for subsystem are:

TFFRCI = TFFRa(1 + wCI ) (8)
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TFFRZC = TFFRa(1 + wZC) (9)

TFFROC = TFFRa(1 + wOC) (10)

3.3 Complexity-Based Apportionment Technique

It is true that if a system contains more basic components, its reliability should be worse,
and the probability of failure will be higher, so its safety performance will be worse.
Therefore, when allocating the THR, we must consider the number of basic components
including sub-systems. Themore components contained in the subsystem, the less safety
goal should be assigned to that subsystem.

Assuming that the subsystems in ATC is composed of same basic components,
these basic components have the same failure rate, so we can use the number of basic
components contained in a subsystem to express the complexity of the subsystem. We
use the numbers l, m and n to represent the complexity of CI, ZC and OC subsystems.
For a specific urban rail ATC system containing x CIs, y ZCs and z OCs, the complexity
factor can be expressed as Eqs. (11), (12) and (13).

cwCI = x × l

x × l + y × m + z × n
(11)

cwZC = y × m

x × l + y × m + z × n
(12)

cwOC = z × n

x × l + y × m + z × n
(13)

Therefore, the assigned TFFR value of a single CI, ZC and OC are described as
follows:

TFFRCI = TFFRATC × cwCI

x
= TFFRATC

x × l + y × m + z × n
× l (14)

TFFRZC = TFFRATC × cwZC

y
= TFFRATC

x × l + y × m + z × n
× m (15)

TFFRCI = TFFRATC × cwOC

z
= TFFRATC

x × l + y × m + z × n
× n (16)

4 Apportionment Result Comparation

In order to verify the difference and applicability for the allocation results of the THR
using the three different allocation methods, this research applies the allocation method
proposed in the previous section to calculate the allocation results, as well as the ATC
system THR allocation results are analyzed in a specific urban rail project.
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4.1 Assumptions of the Specific ATC System

As shown in Fig. 4, in the specific ATC system of urban rail transit project, only the CI,
ZC and OC are responsible for the vital safety functions. The ATC system includes the
number of CI, ZC and OC subsystems which are x, y and z, where x is equal to 6, y is
equal to 3, z is equal to 30. For the entire ATC system, the overall safety goal proposed
by the operator is that THR should be less than 10–9/h.

For the safety impact of the CI, ZC, and OC subsystems, we define one failure in CI,
ZC, and OC subsystems that can impact the number of other subsystems are a, b and c.
where a = 4, b = 10, and c = 2.

For the complexity of the system, we define each CI, ZC and OC subsystem is
composed by l, m and n basic components respectively, where l is equal to 10, m is equal
to 8, and n is equal to 12.
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Fig. 4. A Specific ATC System Configuration

4.2 Safety Requirement Allocation Result

Based on the above assumptions the specific ATC System, we used the three different
methods to allocate the THR as the ATC system safety requirements in Sect. 3. The
ATC system data of calculation required is show in Table 2, and the allocation results
are shown in Table 3.

From the above allocation results shown in Table 3, it can be seen that the allocation
results of the dangerous failure rate (FR) of each subsystem obtained by using three
different methods are all in the same order of magnitude. However, the specific values
have certain differences, it can show that all the three methods are feasible. Compar-
ing the calculation results with the actual situation of urban rail project, we think that
the allocation method based on complexity is most reasonable. The THR Allocation
Results of CI, ZC, and OC subsystems for Complexity-based Apportionment method
are less than the EqualApportionment method as well as Safety Impact-based Appor-
tionment method. For the method based on safety impact, since both the overall number
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Table 2. The ATC system data

Subsystem Subsys No. Safety Impact Complexity

Computer Interlocking (CI) x 7 a 4 l 10

Zone Controller (ZC) y 3 b 10 m 6

Onboard Controller (OC) z 30 c 2 n 12

Table 3. THR Allocation Results

Subsystem Equal Safety Impact-based Complexity-based

Computer Interlocking (CI) 2.5 × 10–11 3.39 × 10–11 2.23 × 10–11

Zone Controller (ZC) 2.5 × 10–11 8.47 × 10–11 1.34 × 10–11

Onboard Controller (OC) 2.5 × 10–11 1.69 × 10–11 2.68 × 10–11

of subsystems and safety impact are considered in the allocation, the final allocation
result is more sensitive to the number of subsystems than the safety impact. Except the
Complexity-based Apportionment method, the other two method lead the bigger safety
impact had been assigned a relatively loose safety value. Therefore, we consider the allo-
cation method based on system complexity is the most suitable for the actual conditions
of the project, which not only can meet the requirements of the Urban Rail Automatic
Train Control System, but also can improve the reliability and safety of urban rail transit
to some extent.

5 Conclusions

From the above analysis, it can be concluded that using the ATC system level THR as
the safety requirements of the subsystems without any allocation cannot meet the overall
system safety goals of the rail transit line. Therefore, using the different THR allocation
methods will result in different subsystem TFFR, but the same order of magnitude. By
comparing with the actual engineering demands, the allocation method based on com-
plexity is themore applicable than the other two allocationmethods, due to the allocation
method based on complexity considers the specific characteristics of the subsystems.

Eventually, no matter which allocation method is adopted, we need to consider
not only the logical architecture of the system, but also the specific number of each
subsystem in the line system. At last, a reasonable allocation result of Complexity-
based Apportionment Technique can be obtained. It is indicated from the results of
the allocation that the larger the scale of the rail transit line is, the more subsystems
it contains, and the more stringent and stricter safety requirements for the subsystems
should be allocated.
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Abstract. At present, China’s cities still have the situation that all links of the
government’s purchase of urban public transport services are relatively separated,
and the efficiency of public transport services and the use of financial funds is not
high. Therefore, this paper proposes a linkage method based on all links of public
transport service purchased by the government, including public transport opera-
tion service quality standard, cost standard, fare level, service assessment method,
and comprehensive performance and so on. By taking the completion of perfor-
mance objectives such as quantity, quality, cost and benefit of public transport
enterprises as a reasonable basis for the actual payment of service fees purchased
by the government, guide public transport enterprises to actively improve quality
and efficiency and achieve the highest service level. Finally, the study selects a
city to apply the method, and issues a landing policy document. The application
results show the effectiveness of the method and improve the public transport
service level and the use efficiency of financial subsidy funds in the city.

Keywords: Urban public transportation · Government’s purchasing healthcare
service · Linkage · Financial subsidies

1 Introduction

According to the measures for the administration of government procurement of ser-
vices, state organs at all levels are responsible for the services that belong to their own
responsibilities and are suitable for market-oriented provision to qualified units and
enterprises, and they must pay fees according to the methods and procedures of govern-
ment procurement and the factors such as the quantity and quality of services [1]. As
a social public welfare undertaking to meet the basic travel needs of the people, urban
public transport belongs to the scope of public services purchased by the government.

In fact, with the rise of labor, price and other costs and the continuous implemen-
tation of low ticket price policy in most cities in China, the vast majority of public
transport enterprises in China are unable to cover the cost only by ticket income, and the
government needs to make up for the loss of public transport operation through financial
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subsidies. The traditional public transport financial subsidies in China include: one case
one discussion subsidy, bargaining subsidy, special subsidy, and bottom-up subsidy, but
there are some common problems: firstly, the service standard is decided by the industry
management department or the public transport enterprises themselves, which is not
comprehensive in considering the public transport financial affordability and meeting
the basic public travel services; secondly, the public transport cost standard is decided
by the public transport enterprises themselves, which is basically legal and compliant,
but not necessarily reasonable under the constraints of the annual audit; thirdly, the
relationship between the public transport financial subsidies and the service level is not
strong, so enterprises are not willing to take the initiative to improve the quality and
efficiency; fourth, the relationship between public transport financial subsidies and the
ticket revenue determined by public transport passenger volume and ticket price is not
clear, to a certain extent, the pressure of passenger volume increase or decrease due to
various reasons is on the public transport enterprises.

In the implementation of traditional public transport financial subsidy policy, public
transport enterprises think that the financial subsidies are not in place, which leads to seri-
ous losses of public transport enterprises; however, the government financial departments
think that the public transport financial subsidies are too much and the capital pressure is
too high. With the increasing gap of public transport operation funds, the contradiction
between the government and public transport enterprises is becoming more and more
prominent. Therefore, it is necessary to reconcile the contradiction between the govern-
ment and enterprises through certain methods. In view of the current situation that all
links are not closely linked, we can establish rules through the concept of government
purchasing services, and form the linkage method of public transport service standards,
costs, assessment, ticket prices and subsidies. First, we should clarify the responsibilities
of industry management departments and public transport enterprises, consider the pub-
lic transport financial affordability and operation efficiency, meet the public travel needs,
and formulate the public transport operation plan Service standards; second, through cost
regulation to require the legal and compliance of public transport operation costs, and
formulate public transport operation service standards; third, link the customization and
adjustment of public transport fares with the cost level; fourth, link the performance of
public transport assessment with the completion of the quantity and quality standards of
public transport services; fifth, the performance of public transport assessment directly
affects the actual subsidy of public transport finance, which will effectively supervise the
public transport Enterprises should take the initiative to improve quality and efficiency.

2 Technical Route

Through the establishment of public transport operation service standards, the relation-
ship between service assessment results and performance is constructed, the revenue of
public transport tickets linked with passenger ticket price and the costs are calculated,
and the public transport financial subsidies are finally determined. The policy formu-
lation and implementation of each stage will be fed back to the new round of service
purchase policy research and formulation, as shown in the Fig. 1 below.
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3 Establish Bus Operation Standards

3.1 Establish the Service Standard and Assessment Standard of Public Transport
Operation

Based on the data of urban public transport enterprises over the years and the forecast
of passenger flow demand, combined with the government’s financial budget, this paper
sets the total requirements and quantity standards of urban public transport enterprises,
and reserves some emergency budget.

According to the characteristics of the city, the quantitative and quality indicators
of public transport operation service assessment are established, and the corresponding
assessment standards are set.

3.2 Establishing the Regulation Method of Public Transport Operation Cost

The cost of establishing the regulation method of public transport operation cost is
closely related to the standard of public transport operation service. On the one hand,
the quality standard of public transport service reflects the unit cost price of each cost
item; On the other hand, the quantity standard of public transport service reflects the
supply of public transport operation service. Therefore, the calculation formula of bus
operation cost is as follows:

Cg = Rg + Gg + Zg + Jg (1)

where: Rg refers to the annual salary and wage expenditure, which is related to the
standard of the number of public transport operations provided. The formula is as follows:

Rg =

[
S

Tg
× W × (1 + a) +

S

Tg
× vg × W × (1 + b)

]
× (1 + u) (2)
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where: s is the total working time of the driver, including passenger carrying working
time and empty driving working time, Tg is the standard working time of the driver, W
is the reference wage standard of the driver, Vg is the ratio of the management assistant
and the driver, a is the wage coefficient of the driver, b is the wage coefficient of the
management assistant, u is the proportion of five insurances and one fund, employee
welfare, labor union funds, employee education funds, etc. These parameters are set
according to the law or the data of local enterprises in the first three years.

Gg is the annual depreciation of fixed assets such as infrastructure and vehicles.
Zg refers to other direct operating expenses, including fuel and power consumption,

warranty fee, tire fee, insurance fee, etc. The formula is:

Zg = Bg × L (3)

where: Bg is the cost standard per kilometer, l is the standard of bus operation quantity,
i.e. operation mileage.

Jg is the annual indirect operating cost, including administrative expenses.
In summary, the calculation formula of bus operation cost based on the bus service

standard is:

Cg=
[
S

Tg
× W × (1 + a) +

S

Tg
× v × W × (1 + b)

]
× (1 + s)

+ Gg + Bg × L + Jg (4)

4 Research on the Linkage Method of Purchasing Public Transport
Services

4.1 Linkage Between Bus Fare Revenue and Passenger Fare

Public transport ticket revenue is the main revenue of public transport operation ser-
vices. The level of ticket revenue directly affects the amount of financial subsidies. The
relationship between passenger ticket price and public transport ticket revenue is as
follows:

Ps = Pr × N (5)

where: Ps is the ticket revenue, Pr is the ticket price per person per time, which is affected
by the proportion of ticket price and cost, the proportion of financial subsidies in general
public budget expenditure, and the proportion of residents’ commuting expenses in
disposable income; n is the passenger volume.

4.2 Linkage of Service Assessment Results and Performance

According to the data and service quality assessment of local enterprises in the recent
three years, combined with the set bus operation service quantity standard and quality
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standard, the relationship between quantity assessment results, quality assessment results
and performance is established. The formula is as follows:

Jk = Jks + Jkz (6)

where: Jk is the evaluation performance; Jks is the quantity evaluation performance; jkz
is the quality evaluation performance.

The quantity evaluation performance is inversely linked with the evaluation results:
no reward or punishment for completing the task; one penalty for failing to meet the task
requirements To impose a fine, that is:

When Sc − Sct ≥ 0, Jks = 0 (7)

When Sc − Sct <0, Jks = (Sc − Sct) × (Cg − Ps) × c (8)

where: Jks is the quantitative assessment performance; Sc is the quantitative assess-
ment result; Sct is the qualification standard of quantitative assessment result; C is the
proportion of quantitative performance linked with regulation cost and actual income
difference.

The quality evaluation performance and evaluation results are positively and neg-
atively linked: excellent task completion, there is a certain reward; qualified task, no
reward and no punishment; unqualified task, there is a certain fine, that is:

When Zc >Zct1, Jks = (Zc − Zct1) × (Cg − Ps) × d (9)

Zct2 ≤ Zc ≤ Zct1, Jks = 0 (10)

When Zc <Zct2, Jks = (Zc − Zct2) × (Cg − Ps) × d (11)

where: Jks is the performance of quality assessment; Zc1 is the result of quality assess-
ment; Zc is the upper limit of qualified standard of quality assessment; Zc2 is the
lower limit of qualified standard of quality assessment; d is the proportion of quality
performance linked with regulation cost and actual income difference.

4.3 Linkage of Public Transport Financial Subsidies with Performance, Cost
and Ticket Price

Establish a cost regulation method based on operating service standards, a method for
calculating bus operating revenue based on passenger fares and passenger volume, and
a method for determining subsidies based on service assessment to calculate public
transport financial subsidies. The calculation formula is:

Bg = Cg − Ps + Jk (12)

where: Bg is the bus operation subsidy based on the bus service standard, Cg is the
bus operation regulation cost based on the bus service standard, Ps is the actual ticket
income, and Jk is the performance appraisal.



Research on the Linkage Method of Each Link 141

5 Method Application Case

This method is applied in a city with two bus operators. By setting the bus service
standard, the budget of bus operation cost is set based on the bus service standard, and
then the performance and bus operation income are obtained through the assessment,
and the actual bus operation subsidy is calculated.

5.1 Bus Operation Cost Parameter Setting

According to the requirements of the labor law, referring to the social average wage
and price level of the regulation year, and combined with the requirements of the total
amount of public transport services, the parameters of public transport operation cost
are set:

Cg=
[

S

1920 hours
× W × (1 + 120%) + S

1920 hours
× v(0.5) × W × (1 + 108% )

]

× (1 + u) + m × L + Gg + Jg (13)

where, the meaning of the letter is the same as above.

5.2 The Linkage Between the Evaluation of Public Transport Operation Service
and Performance

According to the data and service quality assessment of local enterprises in the recent
three years, the indicators and standards of public transport service quantity assessment
and quality assessment are set, so as to calculate the performance of public transport
operation service quality assessment.

(1) Establish the Standard of Quantity and Quality Assessment

The standards for the number of public transport services are set as follows (Table
1):

Table 1. Evaluation standard of public transport service quantity

Assessment form Evaluation index Annual standard Full marks

Daily assessment Driving rate in peak hours Not less than 95% 50

On time departure rate in
peak hours

50

Total score 100

Annual assessment Completion rate of planned
passenger mileage

Not less than 95% 50

(continued)
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Table 1. (continued)

Assessment form Evaluation index Annual standard Full marks

Driving rate in peak hours 50

Total score 100

Third party assessment Bus passenger satisfaction 80% and above 100

Total score 100

Quantity assessment result= daily assessment quantity index score× 35%+ annual
assessment quantity index score × 50% + Third party assessment score × 15%

The standard of public transport service is set, as shown in the Table 2 below:

Table 2. Evaluation standard of public transport service quality

Assessment form Evaluation index Annual standard Full marks

Daily assessment Completion rate of service
facilities

Not less than 90% 20

Qualified rate of operation
service

25

Pass rate of vehicle
neatness

25

Actual allocation rate of
drivers

100% 30

Total score 100

Annual assessment Standard reaching rate of
first and last shift of line
operation

Not less than 97% 25

Bus failure rate Less than 10 times /
million km

17

Death rate of bus liability
accident

Less than 0.02 person /
million km

20

Bus liability accident rate Less than 3 times /
million km

12

Ratio of complaint cases
to operating mileage

Less than 50 pieces /
million km

16

Completion rate of
complaint handling

100% 10

Total score 100

Third party assessment Bus passenger satisfaction 80% and above 100

Total score 100
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Quality assessment result = daily assessment quantity index result × 25% + annual
assessment quantity index result × 60% + Third party assessment result × 15%

(2) Establish the Relationship Between Service Assessment Results and Perfor-
mance

In the relationship between quantity assessment and performance, the critical line
of setting whether to deduct expenses is 95 points, and the linked value is 0.3%. In the
relationship between quality assessment and performance, setting more than 95 points is
excellent, with a certain reward; 85–95 points is qualified, without award or punishment;
85 points below is unqualified, with a certain fine, with a linked value of 0.3%.

5.3 Calculation of Public Transport Financial Subsidies

(1) Determine the Completion of Bus Operation

Combined with the input of public transport network and the level of passenger traffic
over the years, the operatingmileage, passenger carryingmileage, working time standard
and actual completion of public transport are shown in the Table 3 below.

Table 3. Bus operating mileage, passenger carrying mileage, working time standard and actual
completion

Mileage Public transport enterprise 1 Public transport enterprise 2 Total

Planned operating mileage
(10000 km)

22052 15618 37670

Actual operating mileage
(10000 km)

21170 15261 36431

Completion rate 96.00% 97.71% 96.71%

Planned passenger mileage
(10000 km)

21514 14874 36388

Actual passenger mileage
(10000 km)

20593 14526 35119

Completion rate 95.72% 97.66% 96.51%

Total planned passenger
carrying time (hours)

14641572 9110500 23752072

Actual total passenger carrying
time (hours)

14151070 8763129 22914199

Completion rate 96.65% 96.19% 96.47%
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(2) Regulating Public Transport Operation Cost

According to the calculation method of personnel wage and wage expenditure cost, and
the calculation method of bus operation cost, the comprehensive operation cost of the
two enterprises, as shown in Table 4 below.

Table 4. Regulation of comprehensive operation cost of public transport

Cost item Public transport enterprise 1 Public transport enterprise 2 Total

Personnel wages and wage
expenditure (billion yuan)

1.48 0.80 2.29

Depreciation of fixed
assets (billion yuan)

0.02 0.01 0.03

Other direct operating
costs (billion yuan)

0.55 0.40 0.95

Indirect cost (billion yuan) 0.04 0.02 0.07

Total (billion yuan) 2.09 1.24 3.33

(3) Calculate the Actual Ticket Income

Combined with the proportion of ticket price and cost, the proportion of financial subsi-
dies in general public budget expenditure, and the proportion of residents’ commuting
expenses in disposable income, the average ticket price per person in the city is set (Table
5).

Table 5. Actual ticket revenue of bus operation

Item Public transport enterprise 1 Public transport enterprise 2 Total

Average person time ticket
price (yuan / person time)

0.8 0.82 0.80

Passenger traffic volume
(billion person times)

0.69 0.35 1.03

Bus ticket revenue (billion
yuan)

0.55 0.28 0.83

(4) Get Assessment Results

The quantity and quality appraisal results are shown in the Table 6 below.
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Table 6. Summary of bus assessment results

Achievement Public transport enterprise 1 Public transport enterprise 2

Quantity assessment results
(points)

94.5 96.9

Quality assessment results
(points)

96.8 78

(5) Calculation of Actual Public Transport Financial Subsidies

According to the above data, the performance of public transport operation service is
calculated, and the subsidies of the two public transport enterprises are shown in the
Table 7 below.

Table 7. Two public transport financial subsidies

Item Public transport enterprise
1

Public transport enterprise
2

Total

Bus operation cost
(billion yuan)

2.09 1.24 3.33

Bus ticket revenue
(billion yuan)

0.55 0.28 0.83

Cost revenue (billion
yuan)

1.54 0.95 2.49

Quantity performance
(billion yuan)

−0.002 0.00 −0.002

Quality performance
(billion yuan)

0.008 −0.020 −0.008

Actual financial subsidy
(billion yuan)

1.544 0.933 2.481

6 Conclusion

According to the actual financial subsidies of the city’s public transport operation over
the years, the amount of public transport financial subsidies estimated by this method in
2019 has a certain increase compared with previous years, but it belongs to a reasonable
growth range, and this method establishes the linkage relationship of standard, cost,
ticket price and subsidies, which makes the estimated financial subsidies more standard-
ized Scientific and scientific, control the growth rate of bus operating costs and subsidies.
The policy document was successfully released and implemented, and the effectiveness
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of the linkage method based on the government’s purchase of public transport services
was verified. At the same time, for government departments, the research and applica-
tion of this method can provide solid data support for government departments to grasp
the operating cost of public transport, public transport enterprises to guarantee operating
funds and improve quality and efficiency: Through the determination of the standard, the
budget rigidity of the financial department for financial subsidies is improved, and the
reasonable linkage relationship between operation service and cost subsidies is estab-
lished, which provides a powerful grasp for the industry management department to
improve the level of public transport operation service. When making the annual oper-
ation plan, public transport enterprises should not only consider the residents’ travel
service, but also fully consider the public transport operation cost, fare revenue and sub-
sidy budget, so as to ensure the financial sustainability of public transport operation and
the satisfaction of passengers.
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Abstract. In view of the common inconsistency between salary and labor inten-
sity of bus drivers in China, combined with the requirements of the latest policy
documents issued in the fields of domestic public transport and purchase of ser-
vices, aiming at solving the problem of sustainable development of public trans-
port, improving the level of public transport services and improving the efficiency
of capital use, and comprehensively considering the labor intensity and opera-
tion efficiency of bus drivers, Optimize the regulation method of bus driver’s total
salary. This method reflects the idea that the wage expenditure of public trans-
port operation is inclined to front-line drivers, while taking into account fairness
and efficiency. Finally, taking Yantai City as an example, this paper calibrates the
parameters of the regulation method and writes it into the official policy document
of Yantai public transport purchase service implementation plan (2021–2023).
This result can be used as a reference for government departments and social
institutions in similar cities.

Keywords: Public transportation · cost regulation · bus drivers · wages

1 Introduction

With the establishment and acceptance of two batches of “national transit cities” by
the Ministry of transport, the development of public transport in China has entered the
“post transit city era”, and the national strategy of giving priority to the development
of urban public transport has become the consensus to guide the development of cities;
public transport has also entered the stage of high-speed development, the infrastruc-
ture, capacity and service quality of urban public transport have been improved, and the
people’s livelihood has been improved The degree of satisfaction and sense of gain of
the students were greatly improved. However, the bottleneck of sustainable development
of public transport has not been solved: (1) the policy deficit of public transport opera-
tion is increasing rapidly, the local financial pressure is increasing year by year, and the
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total amount of financial subsidies is growing out of control; (2) public transport enter-
prises are generally in a state of loss, and the endogenous power of saving expenditure,
improving quality and efficiency is insufficient.

In order to effectively solve the above problems and realize the sustainable devel-
opment of public transport, cities begin to resort out and clarify the responsibilities and
rights of all participants in public transport, and actively explore the purchase service
mode, capital scheme, operation system and mechanism; among them, the reasonable
regulation of public transport operation cost is the main basis for the implementation
of public transport purchase service, which is to alleviate the burden of capital. It is an
important way to realize the contradiction between the financial subsidy and the devel-
opment of public transport, and to reflect the rationality, legality and fairness of financial
subsidies. For most cities, the salary and wage expenditure of public transport practi-
tioners account for more than 50% of the total operating cost, which has been the focus
of attention of all parties. This paper focuses on the regulation method of total salary of
public transport main practitioners - bus drivers, and takes Yantai City as an example,
based on the labor intensity and operation efficiency of local bus drivers, puts forward
some suggestions.

2 Technical Thinking

The specific technical ideas are shown in the figure below (Fig. 1):

Regulation method of bus driver's total wage

regulation method of the number of drivers Regulation method of driver wage level

Design of regulation method of bus driver's total wage

Summary of 

domestic 

experience

Design of 

driver number 

regulation 

method

Summary of 

domestic 

experience

Design of 

regulation 

method for 

high wage 

level of drivers

City case: parameter setting and scheme comparison considering labor intensity and operation efficiency

Fig. 1. Research technology route
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3 Regulation Method of the Number of Drivers

3.1 The Domestic Common Regulation Method of the Number of Drivers

At present, there are three main methods to regulate the number of drivers in China:

Method 1: Regulate the Number of Drivers Through the Average or Weighted Aver-
age of the Actual Ratio of People to Vehicles in Recent Three Years Shijiazhuang,
Changzhou and other cities adopt the single index “comprehensive ratio of people to
vehicles”, while Tianjin adopts “ratio of drivers to vehicles”. The formula is: the number
of regulated drivers= the number of vehicles× the proportion of regulated drivers. Due
to the technological progress and the improvement of enterprise management level, the
ratio of people to vehicles is declining year by year. This method has certain rational-
ity and is easy to operate. However, the existing problems are insufficient constraints,
different working intensity of drivers in different cities, different road operation environ-
ment, different turnover efficiency of drivers and vehicles, and the number of vehicles
can not reflect the labor intensity and transportation efficiency Business efficiency is not
comparable among different cities.

Method 2: Regulate the Number of Drivers According to the Vehicle Operation
Time The required drivers are regulated by departure frequency, legal working days and
average number of vehicles. The calculation formula is: average daily departure times
of that year × 365/legal working days/annual average number of vehicles. Compared
with the first calculation method, this calculation method has the following advantages:
it reflects the efficiency of enterprise scheduling and vehicle utilization, and solves
the driver vehicle ratio problem. The premise of using this method to calculate the
driver vehicle ratio is that the enterprise scheduling and transport capacity allocation are
relatively reasonable and efficient.

Method 3: Regulate the Number of Drivers According to the Working Hours
of the Whole Year Bycalculating the ratio of the total annualworking hours of drivers to
the standard working hours of drivers, the number of drivers is regulated. The calculation
formula is: total working hours of drivers on all operating lines/annual working hours
of drivers per capita. The standard of annual per capita working hours is 1880 h/person
· year - 2432 h/person · year, which is also the calculation method recommended in the
industry standard “urban bus and tram enterprise operating cost calculation specifica-
tion”. The advantage of this method is that it fully considers the labor intensity of the
driver, and combines with the labor law and other standards to encourage bus drivers not
towork overtime. However, there are some risks in thismethod: (1) regarding the driver’s
working time as the total operation time, the corresponding efficiency constraints are
insufficient; (2) there is a risk that the driver deliberately reduces the operation efficiency,
leading to the cost increase.

3.2 Design of Regulation Method to Guide the Number of Drivers to Improve
Efficiency

With the development of public transportation informatization, it’s easy to obtain the
operating mileage and working hours of drivers. Therefore, we can make full use of
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the relationship between the total working hours and the standard working hours in
the industry standards to overcome the problems of drivers deliberately reducing the
speed and increasing the non-passenger time, and establish the regulation formula of the
number of drivers as follows:

JR =
ZL
S /(1 − f)

Rt
(1)

where:
JR——Number of drivers regulated;
ZL——Annual passenger working mileage;
S——Annual average passenger carrying speed, which is related to the degree of

bus lane and road congestion in each city, and it is recommended to calculate according
to the historical average level;

f——The ratio of non-passenger working time to total operation time is suggested
to be 20%–30%;

Rt——The standard working hours of the whole year refer to the industry standard,
and the value range is 1880 h/person–2432 h/person.

4 Regulation Method of Driver’s Wage Level

4.1 The Domestic Common Regulation Method of Driver Wage Level

For the regulation method of driver level, the domestic cities are basically the same, and
the general calculation formula is as follows:

JZ = W × (1 + Rg) × (1 + a) (2)

where:
JZ——Driver’s salary level;
W——the reference salary benchmark, which is generally the average wage of the

previous year issued by the government in the regulatory year;
Rg——With reference to the benchmark wage growth rate, which is generally taken

according to the average growth rate of the wage benchmark in recent three years;
a——Driver’s wage factor.

4.2 Design of Driver Wage Regulation Method Considering Growth Regulation
Mechanism

According to the “opinions of the State Council on reforming the wage determination
mechanism of state owned enterprises” issued in 2018, the regulation method of driver’s
wage level linked with public transport service quality assessment is designed.

JZ = W × (1 + Rg × b) × (1 + a) (3)

where, the same index is consistent with the above. Besides,
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b——The adjustment coefficient of driver’s salary. When the examination result is
excellent, the value is 1–1.5; when the examination result is qualified, the value is 0.5–
1; when the examination result is unqualified, the value is 0. The assessment of public
transport should include cost control, service quality, operation efficiency, support ability
and other indicators.

This can effectively avoid the problem that the wage growth is divorced from the ser-
vice quality assessment, effectively promote the bus companies to continuously improve
the level of cost control and service quality, and effectively improve the efficiency of the
use of financial funds.

5 Regulation Method of Bus Driver’s Total Wage

Based on the results of the regulation of the number of drivers and the regulation of the
wage level, the calculation formula of the total wage of drivers is as follows:

JZ = JR × JG =
[

ZL
S

1−f
RT

]
× [W × (1 + Rg × b) × (1 + a)] (4)

where, the same index is consistent with the above.

6 Formula Parameter Value of Comprehensive Labor Intensity
and Operation Efficiency - Taking Yantai City as an Example

6.1 Status Assessment

6.1.1 Labor Intensity of Bus Drivers

According to Yantai’s bus intelligent system, the annual working hours of drivers are
3268 h, far higher than the recommended value of 1880 h/person–2432 h/person in the
industry standard. In addition, through horizontal comparison of the average operating
mileage of drivers in various cities, Yantai reached 54817 km/person in 2019, which is
much higher than that in other cities. As shown in the figure below (Figs. 2, 3 and 4).
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Fig. 2. Comparison of per capita operating mileage of drivers in different cities
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6.1.2 Salary Level of Bus Drivers

In 2016–2019, the salary level of bus drivers in Yantai city is 102–112% of the average
wage level of Urban Non private enterprises, which is at a high level; however, the
average wage converted into 1920 h (the recommended value of cost regulation industry
standard) is only 59–65% of the average wage level of Urban Non private enterprises.
In contrast, the salary level of bus drivers in Qingdao, Jinan and other cities can reach
about 90%. Therefore, under the same labor intensity, the salary of bus drivers in Yantai
is at a lower level.

0
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Hangzhou Xiamen Lanzhou Qingdao Jinan Weifang Yantai

Fig. 3. Converted into 1920 h driver wage/average wage of non-private enterprises in local cities
and towns in the current year

6.1.3 Bus Driver Efficiency

The work efficiency of bus drivers mainly involves the setting of two parameters: annual
average passenger carrying speed and the ratio of non-passenger working time to total
working time.

1. The average passenger carrying speed of Yantai is 23 km/h, which is in the medium
level and can be taken as a parameter;

2. Yantai’s non passenger working hours (refueling, gas filling, in and out, waiting for
duty, etc.) account for 31.4% of the total operation time, which is higher than other
cities. This is due to the relatively low efficiency of scheduling. Drivers have long
operating mileage and long non passenger carrying time, so the labor intensity is
high. Therefore, in the selection of regulatory parameters, we should guide to reduce
the labor intensity of drivers and improve the efficiency at the same time.
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Fig. 4. Comparison of non-passenger working hours in different cities

6.2 Setting of Regulation Parameters

6.2.1 Annual Average Passenger Carrying Speed

In order to give consideration to the efficiency of enterprise transportation organiza-
tion and the safety of driving, consider the construction objectives of transit metropolis
and transit network optimization, and avoid reducing the average speed to increase the
passenger carrying time and affecting the service quality, combined with the historical
speed data of Yantai urban transit lines, this regulation takes 23 km/h as the regulation.

6.2.2 Ratio of Non-passenger Working Hours to Total Working Hours

Due to the shortage of manpower, the current scheduling efficiency is too low, resulting
in long non passenger time. Therefore, while the driver’s salary level is close to other
cities, the work efficiency should also be gradually close to other cities. With reference
to the proportion of other cities, the regulation value is 22.5%.

6.2.3 Reference Wage Benchmark

The averagewage of non-private enterprises in cities and towns is chosen as the reference
wage.

6.2.4 Department of Wage Growth Control

Design the salary growth control method which is linked with the operating cost control
and service quality assessment results of public transport enterprises. When the perfor-
mance appraisal results of public transport enterprise service quality are excellent, the
adjustment coefficient of wage growth is 1.2; when the performance appraisal results
of public transport enterprise service quality are qualified, the adjustment coefficient of
wage growth is 1; when the performance appraisal results of public transport enterprise
service quality are unqualified, the adjustment coefficient of wage growth is 0.

6.2.5 Parameter Setting Considering the Standard Working Hours and Salary
Level of Drivers

The following factors should be considered when determining the annual standard
working hours per capita and the driver’s salary level:
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➀From the perspective of sustainable and stable development of the industry, the
average wage of drivers should not be lower than the average local social wage;

➁According to the industry standard, the annual standard working hours are recom-
mended to be 1880–2432 h, and the value should be 1920 h; the wage coefficient should
be 115–130% of the average social wage; according to Yantai’s 2018 standard, that is,
under the 1920 h working intensity, the driver’s wage level should be 88%–105% of the
average non private urban wage;

➂According to the recommended value of work intensity of industry standard, the
wage level of drivers in the same type of cities is compared horizontally. The average
wage of bus drivers inYantai is 1920 h, which only accounts for about 65%of the average
wage of Urban Non private employees. There is still a big gap between the average wage
of Yantai bus drivers and that of other cities (90%).

Based on the above factors, several sets of wage levels are designed as follows:
Among them, under the intensity of 1–3:1920 working hours (3844 approved), the

wage level reaches the medium high level in other cities, that is, 96% of the average
wage of Urban Non private employees on duty; 2432 h, 122% of the wage level, 2300
h and 115% of the wage level, which is actually different forms of the same total wage;
the ratio of the total driver’s salary to the average level of the previous three years It rose
more than 129 per cent.

Scheme 4–6: under the intensity of 1920 working hours (authorized number of 3844
people), the wage level reaches the medium low level of other cities, that is, 88% of the
average wage of Urban Non private employees; 2432 h, 111.5% of the wage level, 2300
h, 105% of the wage level are actually different forms of the same total wage; the total
wage of drivers is higher than the average level of the previous three years More than
118% (Table 1).

Table 1. Different schemes of driver wage level and labor intensity parameter setting

Annual
standard
working
hours

Approval
of number
of pilots

Ratio to the
urban
non-private
sector in
that year

Ratio to
actual
total
wage

The actual
situation

3268 2506 112.00%

Close to the
average
level of
drivers in
other cities

Option 1 1920 3844 96.00% 129%

Option 2 2432 3035 122.00%

Option 3 2300 3209 115.00%

Close to the
lower limit
of industry
standards

Option 4 1920 3844 88.00% 118%

(continued)



Research on Regulation Method of Bus Driver’s Total Wages 155

Table 1. (continued)

Annual
standard
working
hours

Approval
of number
of pilots

Ratio to the
urban
non-private
sector in
that year

Ratio to
actual
total
wage

The actual
situation

3268 2506 112.00%

Option 5 2432 3035 111.50%

Option 6 2300 3209 105.00% Recommended
scheme

√

After considering the financial affordability, the relevant provisions of the labor
law, the need for sustainable development of the industry and the relatively acceptable
number, the regulation recommended scheme 6: 2300 h of standard working hours in
the whole year. When the performance appraisal is qualified, the ratio of the driver’s
wage level to the social non private wage of that year is 105%.

6.3 Regulation Method of Bus Driver’s Total Wage

In summary, the formula for regulating the total wages of drivers in Yantai is as follows:

JZ = JR × JG =

[ ZL
S(23Km/h)
1−f(22.5%)
Rt(2300 hour)

]
× [W × (1 + Rg × b) × (1 + a)] (5)

where, the same letters and values are given above.
The regulation method of bus driver’s total salary has been applied to the regulation

method of bus cost in the implementation plan of Yantai municipal government’s pur-
chase of public transport services, which is used for the budget and approval of Yantai’s
bus operation cost and service purchase cost from 2021 to 2023.

7 Concluding Remarks

At present, this regulation method has been applied in Yantai, and the application effect
is good, which ensures the labor intensity and wage level of front-line drivers. In fact,
for the regulation of bus operation cost, the total salary of drivers is only one of the labor
costs. In addition, there are other labor costs such as management auxiliary personnel
and wage expenses. In addition to labor costs, major cost items such as fuel and power
consumption, warranty fees, tire fees, depreciation of fixed assets, leasing fees, insur-
ance premiums and accident losses also need to be regulated by comprehensive design
methods and parameters on the premise of considering labor intensity, work efficiency,
financial affordability and other factors.
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For the purchase of public transport services, cost regulation is only a basis to deter-
mine the rationality of the purchase of services. In addition, service standards, ser-
vice quality assessment, ticket system and fare dynamic adjustment are also needed to
maximize the efficiency of the use of funds for the purchase of services.

For a city’s public transport, the government’s purchase of public transport services is
only an incentiveway for self-improvementwithin the industry. In addition, nomatter the
priority development of public transport, the promotion of attraction, or the construction
of transit city, it is neither the responsibility of the industry management department nor
the task of one stage in the implementation period of the system, but a comprehensive,
long-term and systematic project. It is a long-term task for all cities.
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Abstract. Aiming at the problem that the nearest preceding car of the considered
vehicle may leave the current lane and cause the latter to lose track reference,
based on the classical FVD model, this paper design a more effective feedback
control signal by considering the ET opening angle difference information from
the next-nearest-neighbor interaction at the previous moment, and propose a new
CAV cooperative driving following model. The effect of this new consideration
upon the stability of CAV traffic flow is examined through linear stability analysis.
A modified Korteweg-de Vries (mKdV) equation was derived via nonlinear anal-
ysis to describe the propagating behavior of traffic density wave near the critical
point. Good agreement between the simulation and the analytical results shows
that taking the next-nearest-neighbor interaction of electronic throttle historical
information into account leads to the stabilization of traffic systems, and thus can
efficiently suppress the emergence of traffic jamming. The results can be expected
to provide a theoretical reference for designing more effective traffic congestion
control strategies.

Keywords: Car-following Model · Electronic Throttle · Next-nearest-neighbor
Interaction · Connected and Autonomous Vehicle

1 Introduction

With the fast growth of the economy and the pace of social development, the problem of
traffic congestion is becoming increasingly prominent, which seriously hinders people’s
daily work and life. Studying on alleviating traffic congestion has attracted extensive
attention, and many traffic flow models [1–5] have been proposed to provide theoret-
ical support for solving traffic problems. At present, the existing traffic flow models
can be roughly divided into three categories: macroscopic models, microscopic models,
and mesoscopic models. The car-following model is a favorable type of microscopic
traffic models, which describe the interaction between each pair of leading and follow-
ing vehicles in the same lane based on the formula of stimulus response framework.
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Among them, the most well-known one is the optimal velocity (OV) model proposed
by Bando et al. [4], which has successfully revealed the dynamical evolvement process
of traffic congestion in a simple way. Hereafter, various OV-based car-following models
have been proposed one after another by introducing actual traffic factors, such as mul-
tiple information of headway [5] or relative velocity [6], backward-looking effect [7],
driver’s anticipation [8], curved road condition [9] and so on. These car-following mod-
els mentioned above can reproduce complex traffic phenomena and reveal mechanism
of traffic jams at a higher level.

Recently, along with the Vehicle-Vehicle communication technology, modeling the
car following process of Connected and Autonomous Vehicle (CAV) has attracted
increasing attention in the field of traffic flow. In this direction, some scholars succes-
sively developed some extended car followingmodel by factoring the effect of electronic
throttle (ET) opening angle. In 2016, based on the full velocity difference (FVD) model,
Li et al. [10] proposed a throttle-based car following model (recorded as T-FVD) to
describe the effect of ET opening angle on CAV traffic flow. After that, considering
the factors of lateral gap and electronic throttle opening angle in the same time, they
presented an extended car-following model under connected environment in 2017 [11].
Their results show that the stability of traffic flow with CAV is improved by introduc-
ing the new consideration. By making full use of ET angle control signal of multiple
preceding vehicles, a novel car-following model was established with consideration
of optimal velocity difference and ET angle information, in which the time-dependent
Ginzburg-Landau (TDGL) equation and the modified Korteweg-de Vries (mKdV) equa-
tion are inferred to describe the evolutionary process of density wave [12]. In 2019, Sun
et al. proposed an extended car-following model by taking the effect of ET signal into
account on the curved road [13], in which the ET opening angle difference from multi-
ple preceding vehicles at the previous moment is considered as a delay-feedback control
signal.

A series of research results of CAV car-following model mentioned above demon-
strate that with the help of vehicle-vehicle communication technology, the traffic jams
can be effectively suppressed by exchanging the ET opening angle data among contin-
uous preceding vehicles. However, the existing CAV car-following models are unsuited
to study the ET opening angle influence of the next-nearest-neighbor interaction (non-
adjacent the current vehicle), since they do not consider this factor at all. In fact, classic
traffic flow research results [14, 15] have proved that the next-nearest-neighbor inter-
action factors have an important influence on car following scene. Naturally, there is
an open question regarding to whether or not the next-nearest-neighbor interaction in
electronic throttle dynamics affects the CAV car-following. However, to our knowledge,
this open question has not been explored in the CAV car-following model up to now.
In view of the above reason, in this paper, a new car-following model is constructed by
considering the effect of ET dynamics for CAV traffic flow, in which the ET opening
angle difference from the next-nearest-neighbor interaction at the previous moment is
considered in the vehicle networking environment. The analytical and numerical simu-
lation are conducted to show that the new consideration has significant influence on the
stability and dynamic characteristics of CAV traffic flow.
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2 Models

In 1995, Bando et al. proposed the OV model [4] to describe car-following behavior on
a single-lane highway. The motion equation is as follows:

dvj(t)

dt
= a[V (�xj(t)) − vj(t)] (1)

where xj(t) and vj(t) are the position and velocity of the jth car respectively, and t
represents time. a denotes the sensitivity of the driver and is given by the inverse of the
delay time τ , namely a = 1/τ . �xj(t) = xj+1(t) − xj(t), represents the headway of two
successive vehicles. V (·) is the optimal velocity function. Comparison with empirical
data shows that too high acceleration and unrealistic deceleration occurs in OV model.

To overcome the deficiency of OV model, Helbing and Tilch [16] proposed a gen-
eralized force (GF) model via introducing a negative velocity difference into the OV
model. Later, considering the positive relative velocity into the GF model, Jiang et al.
[17] developed the full velocity difference (FVD) model as follows:

dvj(t)

dt
= a[V (�xj(t)) − vj(t)] + λ�vj(t) (2)

where �vj(t) = vj+1(t) − vj(t) is the velocity difference between the leading car j + 1
and the following car j at time t. λ is the responding factor of the velocity difference.
The results illustrate that the FVDmodel has better agreement with field data, compared
with the OV and GF models. However, unrealistically high deceleration also occurs in
the FVD model [17].

To capture the nature of CAV traffic flow, Li et al. [10] proposed the throttle-based
FVD (T-FVD)model by introducing the effect of ET opening angle into the FVDmodel.
The dynamic equation is described as follows:

dvj(t)

dt
= a[V (�xj(t)) − vj(t)] + λ�vj(t) + γ�θj(t) (3)

where θj(t) is the electronic throttle opening angle of jth vehicle at time t. �θj(t) =
θj+1(t)− θj(t) represents the ET opening angle difference between the vehicle j+ 1 and
the vehicle j at time t. γ > 0 is the control coefficient of the angle difference.

According to the existing literature [10, 12], the mathematical relationship between
the electronic throttle angle and the velocity difference and acceleration can be expressed
as follows.

dvj(t)

dt
= −p(vj(t) − ve) + q(θj(t) − θe) (4)

where p and q are constant greater than zero, ve is the current equilibrium speed, θe is
the electronic throttle angle, it corresponds to the current equilibrium speed.

According to the idea mentioned in the introduction, this paper proposes an extended
model by considering the information of the ET opening angle difference from the next-
nearest-neighbor interaction at the previous moment. The proposedmodel is represented
as follows:

dvj(t)

dt
= a[V (�xj(t)) − vj(t)] + λ�vj(t) + k[θj+2(t − 1) − θj+1(t − 1)] (5)
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where the next-nearest-neighbor interaction term θj+2(t−1)−θj+1(t−1) is the historical
informationofETopening angle difference between the (j+2)thvehicle and its following
vehicle (j + 1)th at time t − 1. k is the sensitivity coefficient. The control strategy of
this extended CAV car following model is that the host car adjusts his acceleration
not only by the received information of velocity vj(t) and velocity difference �vj(t) of
the jth car at time t, but also by the collected signal of ET opening angle difference
θj+2(t − 1) − θj+1(t − 1) from the next-nearest-neighbor interaction at the previous
moment t − 1. When k = 0, the new model degenerates into FVD model [17].

According to Eq. (4), we can get

θj(t) = 1

q

[
dvj(t)

dt
+ p(vj(t) − ve)

]
+ θe (6)

Thus, we can obtain the opening angle difference of electronic throttle between the
(n + 2) th and the (n + 1) th vehicles at time t-1 as

θj+2(t − 1) − θj+1(t − 1) = 1

q
[dvj+2(t − 1)

dt
− dvj+1(t − 1)

dt

+ p(vj+2(t − 1) − vj+1(t − 1))] (7)

Substituting Eq. (7) into Eq. (5), we can rewrite Eq. (5) as:

dvj(t)

dt
= a[V (�xj(t)) − vj(t)] + λ�vj(t)

+ k · 1
q

[
dvj+2(t − 1)

dt
− dvj+1(t − 1)

dt
+ p(vj+2(t − 1) − vj+1(t − 1))

]
(8)

For the convenience of nonlinear analysis, Eq. (8) can be further rewritten as:

d2�xj(t)

dt2
= a[V (�xj+1(t)) − V (�xj(t)) − d�xj(t)

dt
] + λ[d�xj+1(t)

dt
− d�xj(t)

dt
]

+ k · 1
q
{d

2�xj+2(t − 1)

dt2
− d2�xj+1(t − 1)

dt2
+ p[d�xj+2(t − 1)

dt
− d�xj+1(t − 1)

dt
]}
(9)

In this paper, we take the following optimal velocity function(for short,OVF)
calibrated with the empirical data by Helbing [16]:

V (�xj) = V1 + V2 tanh[C1(�x − lc) − C2] (10)

Here, parameters in the OVF are set as a = 0.85 s−1, V1 = 6.75 m/s, C2 = 1.57,
C1 = 0.13 m−1, V2 = 7.91 m/s and the length of the vehicle is lc = 5 m.

3 Linear Stability Analysis

There is no doubt that the performance of stability is the most important characteristic of
CAV traffic flow control system. In this section, the linear stability analysis is conducted
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to investigate the stabilizing ability of ET in CAV scene. It is obvious that the CAV
traffic flow reach steady state when the cars run with the uniform headway b and optimal
velocity V (b). Therefore, the steady-state solution is given as,

x0j (t) = bj + V (b)t, b = L/N (11)

where L is the road length and N is the total car number. Suppose yj(t) is a small
deviation from the steady state x0j (t): xj(t) = x0j (t) + yj(t). Substituting it into Eq. (8)
and linearizing them yields

y′′
j (t) = a[V ′(b)�yj(t) − y′

j(t)] + λ[y′
j+1(t) − y′

j(t)]
+ k · 1

q
{y′′

j+2(t − 1) − y′′
j+1(t − 1) + p[y′

j+2(t − 1) − y′
j+1(t − 1)]} (12)

where V ′ = dV (�xj)/d�xj
∣∣
�xj=b And �yj(t) ≡ yj+1 − yj.

Via expanding yj(t) = Aeikj+zt ,where z = z1(ik)+ z2(ik)2 +· · · , and inserting them
into Eq. (12). One has the first- and second-order terms of ik respectively,

z1 = V ′(b), z2 = 1

2
V ′(b) + (

λ

a
+ 1

aq
kp)V ′(b) − 1

a
[V ′(b)]2 (13)

If z2 < 0, the uniformly steady-state flow becomes unstable, while the uniform flow
is stable when z2 > 0. Thus the neutral stable criteria for this steady state is given by

a = 2[V ′(b) − λ − 1

q
kp] (14)

For small disturbance with long wavelengths, the homogeneous traffic flow is stable in
the condition that

a > 2[V ′(b) − λ − 1

q
kp] (15)

As k = 0, the result of stable condition is the same as that of the FVD model [17].

a > 2[V ′(b) − λ] (16)

The neutral stable condition Eq. (14) clearly show that the sensitivity coefficient
k play an important role in stabilizing the CAV traffic flow. The neutral stable curves
under different values of k are depicted in the headway-sensitivity space (�x, a) for the
proposed model with p = 0.8, q = 0.27, λ = 0.3. In Fig. 1, the headway-sensitivity
space is divided into two different parts by each curve. The upper part of neutral stability
line denotes the stable area, and the lower part of the curve represents unstable area.
Different regions mean that traffic flow of CAV will show different evolution states
when small disturbances are added. Generally, when the traffic flow is in a stable area,
the small disturbances will eventually evolve into a uniform state of motion. However,
when it is in an unstable state, the unstable signal will be gradually enlarged, and the
corresponding traffic flow will eventually evolve into a congestion state with time. From
Fig. 1, one can see that every curve exists apex (hc, ac) named critical point. As k
increases, the unstable region is compressed gradually, and the corresponding critical
point of each curve decreases gradually, which means that the new consideration leads
to the stabilization of CAV traffic systems. Particularly, as k = 0, the neutral stability
line is the same as that of FVD model [17].
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Fig. 1. The neutral stability curves in headway-sensitivity space (�x, a)

4 Nonlinear Analysis and mKdV Equation

To investigate the slowly varying behavior of CAV traffic flow near the critical point
(hc, ac), nonlinear analysis and derivation of the mKdV density wave equation are con-
ducted to describe traffic jam propagation near critical point. For extracting slow scales
with the space variable j and the time variable t, the slow variable X and T are defined
as follows:

X = ε(j + bt) and

T = ε3t, 0 < ε ≤ 1 (17)

where b is a constant to be determined. Given

�xj(t) = hc + εR(X ,T ) (18)

Substituting Eq. (17) and Eq. (18) into Eq. (9) and making the Taylor expansion to
the fifth order of ε lead to the following expression:

ε2(b − V ′)∂X R + ε3(
b2

a
− V ′

2
− λb

a
− 1

aq
kpb)∂2X R + ε4{∂TR − [V

′

6
+ bλ

2a

+2kb2 + kpb(3 − 2b)

2aq
]∂3X R − 1

6
V ′′′∂X R3} + ε5{(2b

a
− λ

a
− 1

aq
kp)∂T ∂xR

−[V
′

24
+ λb

6a
+ 3kb2(3 − 2b) + kpb(3b2 − 9b + 7)

6aq
]∂4X R − 1

12
V ′′′∂2X R3} = 0

(19)



A Car-Following Model Considering 163

where V ′ = [dV (�xj)
/
d�xj]|�xj=hc and V ′′′ = [d3V (�xj)

/
d�x3j ]|�xj=hc .

Near the critical point (hc, ac), τ = (1 + ε2)τc, taking b = V ′ and eliminating the
second order and third order terms of ε from Eq. (19) result in the simplified equation:

ε4[∂TR − g1∂
3
X R + g2∂X R

3] + ε5[g3∂2X R + g4∂
4
X R + g5∂

2
X R

3] = 0 (20)

where

g1 = V ′

6
+ bλτc

2
+ 2kb2 + kpb(3 − 2b)

2q
τc (21)

g2 = −V ′′′

6
g2 = −V ′′′

6
(22)

g3 = (b − λ − 1

q
kp)bτc (23)

g4 = (2b − λ − 1

q
kp)τc[V

′

6
+ bλτc

2
+ 2kb2 + kpb(3 − 2b)

2q
τc]

−[V
′

24
+ λbτc

6
+ 3kb2(3 − 2b) + kpb(3b2 − 9b + 7)

6q
τc]

(24)

g5 = 1

12
[(4b − 2λ − 2

q
kp)τc − 1]V ′′′ (25)

To derive the regularized equation, the following transformations are performed on
Eq. (20):

T ′ = g1T , R =
√
g1
g2

R′ (26)

The standard mKdV equation with a O(ε) correction term is given as follows:

∂T ′R′ − ∂3X R
′ + ∂X R

′3 + εM [R′] = 0 (27)

where

M [R′] =
√

1

g1
[g3∂2X R′ + g4∂

4
X R

′ + g1g5
g2

∂2X R
′3] (28)

Ignoring the O(ε) term, we can obtain the mKdV equation with the kink-antikink
soliton solution:

R′
0(X ,T ′) = √

c tanh

√
c

2
(X − cT ′) (29)

With the method described in Ref. [18], we obtain the selected velocity c.

C = 5g2g3
2g2g4 − 3g1g5

(30)
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Hence, we obtain the kink-antikink soliton solution as follows:

�xj(t) = hc +
√
g1C

g2
(
τ

τc
− 1) tanh

√
C

2
(
τ

τc
− 1)[j + (1 − Cg1(

τ

τc
− 1))t] (31)

Then, amplitude A of the kink-antikink soliton is given by

A =
√
g1c

g2
(
τ

τc
− 1) (32)

The kink-antikink solution represents the coexisting phases, which consists of the
freely moving phase at low density and the congestion jam at high density. Through
nonlinear analysis, the propagating property of traffic jams near the critical point can
be described by the solution of the mKdV density wave equation. Based on Eq. (30),
the values of propagation velocity C under different values of k are shown in Table 1
for the proposed model. From Table 1, it can be found when k increases, the critical
value ac and the propagation speed C of traffic waves (jams) decrease gradually, which
means that the stability of traffic flow increases gradually and the traffic jams has been
reduced significantly by considering the effect of ET opening angle difference from the
next-nearest-neighbor interaction at the previous moment.When k = 0, the result is the
same as that in the FVD model [17].

Table 1. The critical sensitivity ac and the propagation speed C for the proposed model when
p = 0.8,q = 0.27,λ = 0.3.

K 0 0.02 0.04 0.06 0.08

ac 1.4566 1.3973 1.3381 1.2788 1.2196

C 2.3376 1.7415 1.3288 1.0271 0.7977

5 Numerical Simulation and Validation

The numerical simulation is carried out under a periodic boundary condition to verify the
effectiveness of theoretical analysis for the new model. The platform for all numerical
simulation and validation is a computer with Intel Core(TM) i7 8700 CPU @ 3.2 GHz
and 16G RAM.Matlab is employed as the programming language. The total car number
N = 100 and circuit length L = 1500 m. The related parameters are taken as a = 1,
p = 0.8, q = 0.27, λ = 0.3. The initial disturbance is same as that in Ref. [18]:

x1(0) = 1m, x1(0) = (n − 1)L/N m for, n �= 1 (33)

ẋn(0) = V (L/N ) (n = 1, 2, · · · ,N ) (34)
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Figures 2 and 3 demonstrate snapshots of all vehicles’ velocity and headway at
t = 1000s for different values of k respectively. When k = 0, the results are consis-
tent with FVD model [17]. In Fig. 2 and 3, when k = 0 and k = 0.02, the stability
conditions are not satisfied, the initial disturbance propagates along the upstream of the
CAV traffic flow and enlarges gradually, and finally evolves into a stop-and-go waves
(traffic jams).However, under the same condition, because of the new consideration is
introduced into the proposed model, one can observe clearly in Fig. 2 and Fig. 3 that the
fluctuation amplitude of speed and headway of the new model are smaller than that of
FVDmodel [17], which means that the stability is improved by incorporating the histor-
ical information of next-nearest-neighbor interaction of electronic throttle. Furthermore,
with the increasing value of k, the number of stop-and-go waves and the correspond-
ing fluctuation amplitude reduced obviously in the snapshot of velocity and headway,
hence the system stability of CAV traffic flow is enhanced effectively. Especially, when
k = 0.09, the stability condition hold true and thus the initial small disturbance sig-
nal will gradually decay, and the CAV traffic flow finally become stable again after a
sufficiently long time.

Fig. 2. Snapshot of the velocities of all vehicles at different values k when t = 1000s in the new
model (a = 1, p = 0.8, q = 0.27, λ = 0.3).
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Fig. 3. Snapshot of the headway of all vehicles at different values k when t = 1000s in the new
model (a = 1, p = 0.8, q = 0.27, λ = 0.3).

Figure 4 shows the velocity-headway trajectory of the proposed model for different
value of k. After sufficiently long time, the closed trajectories called hysteresis loops
are clearly observed. In Fig. 4, as the value of k increases, the area of hysteresis loop
becomes progressively smaller. This indicates that the new consideration plays a positive
function on the stabilization of traffic flow. Particularly, when k = 0.09, the loop will
shrink into a point on the optimal velocity curve, and the traffic flow get the stability
state.

In order to investigate the performance of the proposedmodel further, we analyze the
start-up velocity and delay time of vehicle queue compared with classical FVD model.
The initial conditions and parameters are consistent with reference [17]:When t < 0, the
signal light is red, the 11 cars are evenly lined up at intervals of 7.4 m, the corresponding
speed is zero, and when t = 0, the signal light changes from red to green, all the cars
began to speed up.

We define the delay time of car motion by δt as that in FVD model [17], Then the
kinematic wave speed can be defined as cj = 7.4/δt.The statistical results are shown
Table 2 by taking the same parameters as those in FVD model [17].

As shown in Table 2, the velocity cj of the proposed model are included in the
expected range [17 km/h, 23 km/h] just as Bando et al. [4] pointed out, while the delay
time δt is obviously shorter than FVD model. Which illustrates that by considering
the ET opening angle difference information from the next-nearest-neighbor interaction
at the previous moment, our model can respond to the change of preceding car more
quickly, and thus is benefit to the smoothing of traffic.
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Fig. 4. The loops for new model under different values k. The dashed curve represents OVF.

Table 2. δt and cj in FVD model and the proposed model.

Model a(s−1) λ(s−1) k(s) δt(s) cj(km/h)

FVD 0.41 0.5 0 1.4 19.03

Our model 0.41 0.5 0.01 1.2 22.11

6 Conclusions

In this paper, a new car-following model is proposed by considering the information
of next-nearest-neighbor interaction of electronic throttle at the previous moment for
the connected Autonomous Vehicles environment. The influence of the electronic throt-
tle information on the stability of CAV traffic flow is investigated by using the linear
stability theory. Furthermore, on the basis of previous linear analysis, the mKdV equa-
tion has been derived to describe the density wave of CAV traffic flow near the critical
point through nonlinear analysis. The simulation results are in good agreement with
theoretical analysis and further indicate that, taking the historical information of next-
nearest-neighbor interaction of electronic throttle into account, the traffic congestion
can be effectively alleviated and the stabilization of CAV car following process can be
achieved. Therefore, it is reasonable to conclude that historical information of the next-
nearest-neighbor interaction of electronic throttle plays an important role in stabilizing
the traffic flow in car following process and thus should be considered in traffic flow
modeling.
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Abstract. The growing use of millimeter-wave radars in the intelligent trans-
portation field and increasing accuracy provide new possibilities for train speed
measurement. This paper proposes a measuring train speed method by using
millimeter-wave radar to detect static objects. The millimeter-wave radar was
used to obtain and process objects data. Then, using the RANSAC algorithm to
extract the static objects group, and calculated the relative speed of the millimeter-
wave radar and the static objects group. Finally, we completed the comparative
experiment of using millimeter-wave radar and odometer to measure train speed
in a real track environment. The results show that the measurement error of this
method is less than 1.5 m/s, and it has the characteristics of low cost, fast speed
measurement, and high precision.

Keywords: Rail transit · Train operation control · Speed measurement · Radar ·
Object detection

1 Introduction

With the development and application of new technologies such as cloud computing and
artificial intelligence, rail transit has begun to move towards an intelligent development
stage, which has higher requirements for the real-time and accuracy of train speed and
position information provided by train speed and distancemeasurement equipment.Now,
the more mature methods used in train speed measurement include wheel and axle speed
sensor speedmeasurement, visual sensor-based speedmeasurement, satellite navigation-
based speed measurement and positioning, and Doppler radar speed measurement.

(1) Odometer sensor

Odometer sensors are widely used in urban rail transit because of their economy,
practicality, and mature technology, which can provide high-precision, digital speed,
and distance information. However, this method uses wheel rotation as the collection
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object to indirectly obtain the train speed. Wheel diameter changes caused by wheel
wear, idling,and sliding during operation will produce great measurement errors [1]. Liu
Jiang et al. [2] analyzed the error characteristics of the wheel axis speed sensor in the
train combined positioning and proposed a wheel diameter calibration method based on
gray theory based on the GPS-assisted wheel diameter calibration. But the shortcomings
of this method are also obvious, it cannot provide speed correction, and the construction
and maintenance costs are high.

(2) Video sensor

With the rapid development of digital image processing technology, video processing
technology is gradually being applied to traffic detection. Vision sensors use one or more
camera image sequences to estimate vehicle speed. However, the monitoring range of
this speed measurement method is limited and it cannot adapt to the changing diversity
of the environment. Badino H [3] proposes to use the features detected by the two
cameras to match between the two images to obtain three-dimensional points, and then
use the optical flow method to calculate the motion. Dahl Mattias et al. [3] in 2016
proposed a method of further calculating the vehicle speed by using the frame rate of
the video collected by the road surveillance camera and the vehicle detection line to
estimate the probability density function of the vehicle speed. However, in rail transit,
due to the characteristics of high-speed trains, the effects of video images collected by
video capture equipment are poor, and the accuracy of speedmeasurement is insufficient,
which cannot meet the control requirements of the autonomous train operation control
system. Therefore, video-based train speed measurement has almost no application.

(3) Satellite navigation system

The GNSS satellite navigation and positioning system represented by BDS can
understand the train’s location and speed in real-time. The principle is that the satellite
continuously sends a unique code sequence that can be tracked. After the user receives
this information, the user can calculate the three-dimensional position, three-dimensional
motion speed and direction, and time information of the receiver [5]. However, the satel-
lite signal is blocked or blocked in the space propagation process, which leads to limited
availability of positioning functions. In scenarios such as tunnels and mountainous ter-
rain, the availability of satellite positioning is very low. Ales [6] also demonstrated that
a single GPS receiver cannot meet the safety requirements of rail transit.

(4) Radar sensor

In recent years, radar technology has gradually been applied to daily life in the
military field. The principle of speed measurement is: First, the Doppler effect is used as
the basic theory, and then the speed is calculated by the frequency signal between the echo
and the transmitted wave received by the radio frequency module during the operation of
the train [7]. Radar has the advantages of low environmental impact and high accuracy.
Its value is similar to the actual speed of the train [8], and it is currently the mainstream
speed measurement method. Recent studies based on radar speed measurement are all
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based on the Doppler effect to calculate train speed [9, 10]. Zhou Y [11] proposed a
double-radar speed measurement calculation method in rail transit, which optimizes the
measurement accuracy and improves the system reliability, but the cost is higher. Speed
measurement methods using radar are becoming more and more feasible now.

The following Table 1 analyzes the characteristics of several mature speed sensors.

Table 1. Comparison of advantages and disadvantages of speed measurement methods

Speed Measurement
Method

Advantages Disadvantages

Odometer Sensor Simple structure, mature
technology, wide application

Error caused by idling and
train sliding, low
reliability

Vision sensor Strong stability and low cost Poor performance in a
high-speed operation
environment

Satellite navigation system No train idling and sliding errors Great environmental
impact and blind spots

Radar sensor Lightweight equipment, high
environmental adaptability

Restricted by algorithm
and device

The frequency band of the millimeter-wave is higher than that of radio. It has the
characteristics of high accuracy, strong anti-interference ability, long detection range,
wide detection range, etc. It can detect the relative distance, azimuth, and relative speed
of the vehicle and the object in front of [12]. It has good application value in speed
measurement and distance measurement. Therefore, this research proposes a method
for measuring train speed using static objects detected by millimeter-wave radar, which
is suitable for any type of radar that can classify objects as static and has universal
applicability.

2 Design of Train Speed Measurement Algorithm

For each measurement cycle, perform the following steps. First, perform data cleaning
on the measurement data of the millimeter-wave radar to filter out invalid object points.
The premise of the experiment is that millimeter-wave radar data is measured in a non-
moving environment, so the point cloud data is mainly static objects. Then extract the
largest object group with the same speed value from it. If there is no object group with
more objects. It is allowed to classify all the objects of the largest group found as static
objects. The speed of the radar sensor can be reconstructed by the return speed of the
static object. Finally, the train speed can be calculated by the conversion of the radar and
the train motion coordinate system (see Fig. 1).



172 T. Shen et al.

Fig. 1. The flow chart of the train speed measurement algorithm

Based on the analysis of the movement characteristics of the objects in front of the
train and the detection mechanism of the on-board radar information, and considering
the characteristics of the ground train movement is mainly two-dimensional movement
and low mobility. We establish a train movement model based on the two-dimensional
coordinate system of the train movement.

2.1 Coordinate Transformation

A. Establish radar coordinate system

The scanning plane of millimeter-wave radar is two-dimensional, and the original
data obtained by scanning is a polar coordinate system based on distance and angle (see
Fig. 2). To facilitate subsequent calculations, it needs to be converted into a rectangular
coordinate system. The center position of the radar coordinate system is the installation
position of the radar. The radar sensor processes the reflected signal and displays it in the
form of “objects”after multiple steps, indicating the historical trajectory of the objects.

Fig. 2. Radar coordinate system

The conversion matrix is as follows:
[
x
y

]
=

[
ρ cos θ

ρ sin θ

]
(1)

(x, y)means the coordinate point of the object; θmeans the object’s horizontal course
angle; ρ means the object’s distance from the radar.
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B. Establish radar coordinate system

Since the installation position of the millimeter-wave radar has a certain influence
on the calculation of the train speed, and the object of this article is the train speed,
to determine the train speed more accurately, the radar coordinates also need to be
coordinated conversion, so we also need to establish the train as the center Cartesian
coordinate system (see Fig. 3).

Fig. 3. The transformation from radar coordinate system to train motion coordinate system

This research uses the centroid of the millimeter-wave radar detector and the center
of the train tail as the origin to establish a rectangular coordinate system. The train
motion coordinate system is (xT , yT ). The xTrain-axis is parallel to the longitudinal axis
of the train and points to the front of the train; the yTrain-axis is parallel to the lateral
axis of the train and points to the left of the train. The millimeter-wave radar is installed
on the front of the train and is fixedly connected to the car body. The radar coordinate
system is (xR, yR), the xRadar axis is parallel to the radar beam, and the direction points
to the front of the radar; the yRadar axis is parallel to the lateral axis of the radar, and the
direction points to the left of the radar. The process of converting coordinate points in
the radar coordinate system to coordinate points in the train motion coordinate system
is as follows:

[
x,T
y,T

]
︸ ︷︷ ︸
Train

=
[
l + cosα

cos θ
0

0 b + sin α
sin θ

] [
x,R
y,R

]
︸ ︷︷ ︸
Radar

(2)

Finally, the object point in the train coordinate system can be written as:

[
x,T
y,T

]
︸ ︷︷ ︸
Train

=
[

l + ρ · cosα tan θ

b + ρ · sin α arctan θ

]
(3)
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(xT , yT ) means the coordinate point of the object; α means radar installation angle;
(b, l) means the position of the radar relative to the train.

2.2 Preprocessing of Radar Measurement Data

According to the detection principle of millimeter-wave radar, although it can provide
accurate position information and speed information of the object, there are still some
problems. For example, if there is empty object information in the returned object,
that is, the ID of the object is not detected, it will return to the system default value;
There is invalid object information in the returned object, that is, the invalid interference
object will be generated when the train bumps or speed changes and there are other
disturbances. Therefore, before using radar data, certain methods and rules need to be
used to eliminate invalid objects to ensure the accuracy of the train’s perception of the
environment. The data preprocessing process of millimeter-wave radar includes: radar
data analysis, filtering out empty objects, filtering out duplicate objects, filtering out
invalid objects, and extracting static objects.

(1) Filter out empty objects

The empty object meets the following conditions:

xRi = 0 ∩ yRi = 0 (4)

When both xRi and yRi are 0, it is judged to be an empty object, and the object that
meets the above conditions will be filtered out.

(2) Filter out duplicate objects

If there is duplicate data in the returned object, the data that appears for the first time
will be retained, and the rest will be deleted. The duplicate object meets the following
conditions:

IDi == IDi ∩ xRj == xRi ∩ yRj == yRi ∩ ... ∩ vRx,j == vRx,i ∩ vRy,j == vRy,i (5)

(3) Filter out invalid objects

Millimeter-wave radar is often affected by noise, clutter, and multipath, resulting
in many false objects, etc., which brings disadvantages to subsequent data processing.
Therefore, it needs to be filtered out.

First, if the range, angle, and speed of the object are not within the range of the radar
scanning capability, it is considered to be an unreasonable output point and removed;
at the same time, the point cloud generated by factors such as noise and clutter is
relatively isolated and scattered, so Use the positional relationship between the point
clouds to perform filtering again. According to the position of the point cloud, search
for a certain number of point clouds closest to the point cloud, calculate the average
distance between the point and the neighboring point cloud, count themean and standard
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deviation of all the average distances, and determine the distance threshold (mean +
standard deviation) *4) If the average distance is greater than the distance threshold,
these points are considered to be relatively isolated points and removed. Finally, due to
the short existence of false objects, judging by the number of occurrences of the object,
if the number of consecutive occurrences is less than 5, (the radar model used in this
experiment is ARS-408 millimeter-wave radar, the sampling interval is about 72 ms)
that is continuous If the appearance time is less than 0.36 s, the object is regarded as a
false object (see Fig. 4).

Fig. 4. Process of filtering out invalid objects

2.3 Static Objects Detection Algorithm

The preprocessed objects are classified into static objects and moving objects to extract
a static object group. The recognition of static objects does not require precise positions,
but only speed information. From the radar’s point of view, all stationary objects move in
opposite directions. The relative speed of the radar and the static object is exactly equal
to the speed of the radar sensor. The Random Sample Consistency (RANSAC) algorithm
used in this researchwas proposed by Fischler andBors in 1981 [12], which is an iterative
estimation method that helps to find the model supported by the largest number of given
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data points. Assuming that the correct object group all belongs to stationary objects, the
error is a moving object that will produce a deviated velocity distribution. The algorithm
process is as follows:

(1) Set the initial number of interior points of the optimal interior point S0 (set 0), and
determine the number of sampling N. n is the minimum amount of data required to
calculate the model, w is the proportion of interior points, and p is the probability
that the pair of matching points is interior points (p generally takes a value of 95%),
then the number of samples is:

N = log(1 − p)

log(1 − wn)
(6)

(2) For each object data Object_i(xRi , yRi , vRx,i, v
R
y,i, θi), i ∈ {1, 2, · · ·N }, randomly

select the speed information of four objects aj(vRx,j, v
R
y,j), j ∈ {1, 2, 3, 4}, calcu-

late the homography matrix H, and record the parameter model corresponding to
the matrix as M0, and s is the scale parameter.

s

⎡
⎢⎣
v

′
x

v
′
y

1

⎤
⎥⎦ =

⎡
⎣h11 h12 h13
h21 h22 h23
h31 h32 h33

⎤
⎦

⎡
⎣ vRx
vRx
1

⎤
⎦ (7)

(3) Calculate the Euclidean distance di between all the points to be matched
bj(vRx,j, v

R
y,j), j ∈ {1, 2, · · · ,N − 4} and the model. If di < ε (the threshold is

set to 3 in this research), add the inner point set S0, that is, the correct matching
point pair, otherwise it is the outer point. The threshold is used to identify abnormal
values or moving objects and limit their errors within the threshold.

(4) If the elements in the current point set S0 are greater than the optimal interior-point
set S∗, and the current H matrix is the best estimation matrix, then update S∗ = S0.

(5) Jump to step (1), after N iterations or the number of interior points remain
unchanged, and finally get the largest number of pointsS∗, then the model obtained
by corresponding parameters at this time is the optimal match, point set S∗ It is a
static object group.

2.4 Train Speed Calculation

After getting the static object group, calculate the average speed of the static object
group:

⎡
⎢⎢⎣

vr,θ1
vr,θ2
. . .

vr,θN

⎤
⎥⎥⎦

︸ ︷︷ ︸
Radar

=

⎡
⎢⎢⎣
cos θ1 sin θ1

cos θ2 sin θ2

. . . . . .

cos θN sin θN

⎤
⎥⎥⎦

[
vx,R
vy,R

]
︸ ︷︷ ︸
Radar

(8)
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vr,θ = 1

N

N∑
i=1

⎡
⎢⎢⎣

vr,θ1
vr,θ2
. . .

vr,θN

⎤
⎥⎥⎦

︸ ︷︷ ︸
Radar

(9)

vr,θN means the speed of the static object point N in the radar coordinate system, vr,θ
means the average speed of the static object group.

The radar speed value is the relative speed value of the radar and the static object
group, and the direction is opposite to it.

vR,θ = −vr,θ (10)

vR,θ means the radar speed.
The purpose of this research is tomeasure the speed of the train. Therefore, it is neces-

sary to convert the sensor speed to the train speed through the coordinate transformation
shown in Fig. 2.

[
vx,T
vy,T

]
︸ ︷︷ ︸

Train

= vR,θ ·
[
cos(θ + α)

sin(θ + α)

]
(11)

3 Experiments

3.1 Setup

The test train is equipped with an ARS-408 mm-wave radar installed in front of the
train. The following Table 2 gives the parameters of this type of radar. The radar asyn-
chronously sends detection signals every 72 ms, processes the reflected signals, and
displays them in the form of objects after multiple steps, representing the historical
trajectory and dimensions of the object. Among them, this article selects ObjTimes-
tamp, Obj_ID, Obj_DistLong, Obj_DistLa, Obj_VrelLong, Obj_VrelLat, Obj_DynProp,
Obj_RCS these 8 more important data indicators for research. The meanings are object
timestamp, object longitudinal distance, object lateral distance, object longitudinal
speed, object lateral speed, Object existence possibility, radar cross-sectional area.

The train is also equipped with an odometer (based on wheels and gyroscope) for
speed measurement, with an operating time of 200 ms.

3.2 Results

A. Data preprocessing algorithm verification

By filtering out empty objects, duplicate objects, and invalid objects through data
preprocessing, it can prepare for effective object tracking in the later stage. According
to the previous algorithm, The following Table 3 gives the processing results.
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Table 2. ARS-408 mm-wave radar system parameters

Parameters Values

Detection distance 0.20…250 m long-range
0.20…70 m/100 m@0… ± 45° short-range
0.20…20 m@ ± 60°short-range

Cycle About72ms

Azimuth −9.0°… + 9.0°long range, −60°… + 60°shor-range

Azimuth beamwidth (3 dB) 2.2°long-range
4.4°@0° / 6.2°@ ± 45° / 17°@ ± 60°short-range

Speed resolution 0.37 km/h long range, 0.43 km/h short-range

Range resolution long-range, 0.39 m short-range

Table 3. Data preprocessing results

Obj_ID ObjTimestamp Obj_DistLa Obj_DistLong Obj_VrelLong Obj_VrelLat Results

27 00:05:48:223 14.2 0.4 7.0 – 1.00 Valid

27 00:05:48:223 14.2 0.4 7.0 – 1.00 Duplicate

39 00:05:48:223 22.8 – 4.0 7.0 – 1.50 Duplicate

31 01:17:37:679 165.8 24.2 – 6.4 16.5 Invalid

Compare the data before and after the radar data processing to verify the effect of
the tracking algorithm in filtering out the interfering objects. There are multiple invalid
objects and repeated objects (Fig. 5). After valid object selection, the repeated objects
and invalid objects are filtered out. The position information of the object is clearer
(Fig. 6).

Fig. 5. Before data preprocessing Fig. 6. After data preprocessing
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B. Train speed calculation

The radar sensor calculates the train speed independently of the train. To analyze the
speed measurement effect, compare it with the speed measurement method using the
odometer. By measuring the entire sequence (about 250 s), you can see the comparison
results (Fig. 7). The results show that even with a large number of moving objects or clut-
ter, the system operation maintains continuous stability, has good technical performance
and real-time performance, and can be used in actual projects.

To further analyze the effect of radar speed measurement, this research conducts
residual analysis on radar measurement data and odometer measurement data and calcu-
lates the speed difference between radar and odometer (Fig. 8). The results show that the
radar speed value is very close to the odometer speed value, and the residual fluctuates
around 0. The reason for the large moment of error is that there are some factors in the
actual situation (such as severe turbulence, human influence, etc.) that cause abnormal
speed fluctuations, and the maximum error is about 1.5 m/s.

Fig. 7. Comparison of radar and odometer Fig. 8. Residual chart of radar and odometer

In addition, the speed error of radar and odometer is related to the running speed of
the train. When the train accelerates or decelerates rapidly, the train measurement error
is relatively large (see Fig. 9, 10); in the normal high-speed driving process, the speed
measurement error is relatively small (Fig. 11).
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Fig. 9. Comparison of acceleration data Fig. 10. Comparison of deceleration data

Fig. 11. Comparison of normal driving data

4 Conclusion

This research proposes a method of using millimeter-wave radar to achieve train speed
measurement. Thismethod takes advantage of themillimeter-wave radar to continuously
get object motion information all-weather and realizes the calculation of the train’s
speed through the detection of static objects. Experiments show that the method of using
millimeter-wave radar to measure train speed in the real track environment has better
accuracy and stability, and is more sensitive than traditional odometer-based methods.
The follow-up will further improve the system’s object detection accuracy, enrich the
capabilities of the train detection system, and play a greater role in the field of rail transit.
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Abstract. Considering the complexity of spatial and temporal changes of traf-
fic data and the huge nature of traffic data, in order to find a sensitive analysis
method for traffic congestion state changes, this paper conducts research on clus-
ter analysis model. Firstly, the clustering analysis model is divided into four parts
for discussion: clustering analysis algorithm, clustering analysis index selection,
clustering number determination and index weight discussion. Then, the different
methods contained in each part are recombined to obtain different cluster anal-
ysis models. Finally, three clustering analysis models are summarized: Model I,
Model II and Model III. In the next stage, evaluation indicators will be selected
for quantitative evaluation of the three models to verify the stability of the model
method.

Keywords: Traffic Congestion State · Clustering Analysis Model · Quantitative
Analysis Index · Model Selection

1 Introduction

Cluster analysis iswidely used in various fields of engineering technology. In the research
on traffic congestion and road network traffic state, people combine the cluster analysis
method with the theory of traffic engineering, solving many practical problems.

On the basis of the classical traffic flow theory, Chen Feng et al. discussed the traffic
state classification method combined with the congestion section and established the
traffic state classification model based on the fuzzy C-means clustering. On this basis,
Zhang Liangliang et al. applied traffic parameter weights to the fuzzy C-means cluster-
ing algorithm, and obtained the fuzzy C-means road traffic state division method based
on parameter weights. Based on the clustering analysis of traffic flow characteristics,
Kaneko et al. redefined the degree of congestion. Diamantopoulos et al. proposed a
traffic congestion visualization method based on cluster analysis, which could identify
the heavily congested areas in the road network. Based on this, they proposed a new
traffic congestion prediction algorithm. Anbaroglu et al. proposed a detection method
for occasional congestion in large urban networks, which was achieved by clustering
analysis of road trip times. Yang Zuyuan et al. proposed a fast fuzzy C-means clustering
(FFCM) algorithm for the identification of urban traffic congestion state, and applied the
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algorithm to the clustering analysis of urban traffic flow data. Zhao Yan et al. proposed
an improved fuzzy C-means algorithm for the identification of urban road traffic state,
and then proved the effectiveness of the method for the identification of road traffic state
through simulation. Based on cluster analysis, Li et al. proposed an algorithm to predict
background traffic volume, which effectively reduced the complexity of large-scale road
network traffic simulation in the process of studying congestion characteristics. In the
study of urban road network traffic comprehensive evaluation, Wang Yuanyuan et al.
applied the principle of grey clustering analysis to solve the problems of subjectivity
existing in multi-index evaluation. Thus, the subjective factors in the evaluation process
are reduced. In terms of traffic congestion and traffic emissions, Li et al. conducted clus-
ter analysis based on the temporal and spatial characteristics of traffic states in order to
reduce the uncertainty of emissionmeasurement. Jin Qiusi et al. chose speed as the inter-
mediate variable to study the quantitative relationship between traffic operation index
and motor vehicle fuel consumption emission intensity. The k-means cluster analysis
method is used to study the velocity distribution characteristics of the traffic operation
index, so as to analyze the uncertainty between the traffic index and the velocity dis-
tribution. Thus, the uncertainty of the relationship between fuel consumption emission
intensity and traffic operation index is reduced.

In the process of establishing the cluster analysis model, every day is regarded as the
sample point in the cluster analysis, and the corresponding indexes are the coordinate
values of the points in eachdimensionofEuclidean space. The clustering analysismethod
is adopted to classify the dates so as to obtain different traffic congestion state.

In this paper, the clustering analysis model is divided into four parts for discussion:
clustering analysis algorithm, clustering analysis index selection, clustering number
determination and index weight. Each section contains several different methods, for
example, clustering analysis algorithm contains hierarchical clustering method, the k-
means clustering method algorithm, such as the selection of clustering analysis indexes
according to the different standards can be divided in traditional traffic index curve
geometry selection index, streamline index and embody curve change details directly. On
this basis, this paper tries to find a sensitive analysismethod for the change characteristics
of traffic congestion state. In this paper, different methods contained in each part are
recombined to obtain different cluster analysis models, which lays a foundation for
subsequent comparison and selection to determine the optimal results.

2 Cluster Analysis Model

2.1 Selection of Clustering Analysis Algorithm for Traffic Congestion State

Cluster analysis algorithm is the core of traffic congestion state cluster analysis model.
The general idea of clustering analysis algorithm is to classify the points close to each
other step by step according to the different distances of each sample point and by using
iterative and recursive methods. Sample points are regarded as points in n-dimensional
space, and there are various distances between points, such as Euclidean distance, Block
distance, Chebyshev distance, Minkowski distance, Mahalanobis distance, etc. In this
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paper, cluster analysis at Euclidean distance is discussed. Euclidean distance is calculated
as follows.

dij =
[

n∑
k=1

(
xik − xjk

)2] 1
2

(1)

where, dij—The Euclidean distance between points i and j,
n—Dimensions of Euclidean space,
xik, xjk—The coordinates of points i and j in the kth dimension.
There are various types of clustering analysis algorithms, such as hierarchical clus-

tering method, k-means clustering method, etc., which will be analyzed separately in
this section.

Hierarchical Clustering Method. Hierarchical clustering method is also called
system clustering method. Its basic idea is to combine the two closest sample points
in the space, take the middle point of the two points as a new point, and calculate the
distance between the point and other points. Repeat the above process until the number
of remaining points meets the clustering number requirement. The specific operation
steps are as follows.

Each sample point among m sample points is regarded as a point distributed in
n-dimensional space, and n is the number of indexes of cluster analysis;

Find the distance between pairs of m points, and you get m(m-1)/2 distances;
Find the minimum distance value, combine the corresponding two points, take the

midpoint of the two-point line as the new point, and return step 2), wherem is the number
of remaining points; If the remaining number of points happens to be the required cluster
number N, stop merging and enter step 4);

Each final point is traced back, and the initial sample points it contains are grouped
together.

In practical applications, it is usually not necessary to combine all the points together,
but to divide them into several categories as needed. Draw a vertical line in the tree
diagram. The number of horizontal lines intersecting the vertical line represents the
clustering number, and the left sample point connected by each intersecting horizontal
line is the point contained in the category. If it is necessary to divide all points into four
categories, draw a red line that intersects four horizontal lines. The point to the left of
each horizontal line that intersects falls into one category. If you want to divide it into 5
categories, draw a blue perpendicular.

It can be seen from the above process that in the process of operation, the hierarchi-
cal clustering method only differs in the degree of point merging for different clustering
numbers, and its calculation method is completely the same. This shows that for the hier-
archical clustering method, the results of different clustering numbers can be determined
only by one calculation. In addition, its algorithm is simple and clear, and the calcula-
tion process is intuitive, which are the advantages of hierarchical clustering method over
other clustering algorithms.

K-means Clustering Method. The basic idea of K-means clustering method is to
select a number of initial points as the initial clustering center, and put the rest points
into each center according to the principle of nearest distance, so as to obtain the first
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iteration result. Then, the center of gravity of each category is taken as the center of the
next iteration to carry out repeated iteration, and the final result gradually converges and
approaches the optimal solution.The specific operation steps are as follows:

In n-dimensional Euclidean space, N points are randomly selected as initial points
according to the determined cluster number N;

Take these N points as the center, calculate the Euclidean distance from the rest
points to these N points, and classify each point and its nearest center point into the
same category;

Take the center of gravity of each category obtained in step 2) as the new center point
and return to step 2); After iteration, the change of center of gravity is less than the set
maximum threshold. Then, the iteration is stopped and step4) is entered.

At the end of clustering, the result classified before the last iteration is the final result.
The common characteristic of the above two clustering analysis algorithms is that the

calculation principle is relatively simple, and it is easy to be implemented in statistical
software such as MATLAB and SPSS. These two methods are widely used in practice.
This paper use these twomethods to build a clustering analysismodel of traffic congestion
state.

Cluster Analysis Index of Traffic Congestion State. Cluster analysis index is an
important parameter in the process of establishing cluster analysis model and is the
basis of cluster analysis algorithm. If each date is regarded as a point in Euclidean space,
then the selected cluster analysis index determines the position of this point in space
and the spatial relationship between each point. Where, the number of selected indexes
corresponds to the dimension of the space, and the value of the indexes corresponds to the
coordinates of each dimension. If the indexes are properly selected, the characteristics
of each date and their interrelationships can be clearly and completely displayed, and
the cluster analysis based on this can also obtain scientific and reasonable results.

Based on the data of Beijing in September 2018, Wen et al. proposed a set of index
system based on the geometric shape of traffic index curve. In order to carry on the
analysis comparison, this paper will propose another two kinds of new index system on
this basis.

Clustering Index Based on Geometric Shape of Traffic Index Curve. Wen et al.
found that all the daily traffic index curves had certain commonness, that is, during the
morning peak (7:00–9:00, holiday delay) and evening peak (1700–18:00), therewere two
peaks on the curve, and the other time periods were flat peaks. Therefore, the geometric
shape of the curve might be related to the indexes shown in Table 1.

The indexes of X1 ~ X8 are called "traditional indexes". The traditional index starts
from the geometric shape of the traffic index curve, takes into account the common
characteristics of the traffic index curve (with two peaks in the morning and in the
evening),makes an in-depth analysis of the characteristics of the twopeaks, and takes into
account statistical indexes such asmaximumvalue,mean value and variance. In addition,
X7 and X8 indexes also include the feature of considering the length of congestion
throughout the day (the number of severe congestion and moderate congestion points
throughout the day).
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Table 1. Traditional Indexes

Index Practical Implications Curve Implications

X1 Maximum of the morning peak index Highest point of the first crest

X2 Maximum of the evening peak index Highest point of the second crest

X3 Average index during the morning peak
hour

Position of the first crest

X4 Average index during the evening peak
hour

Position of the second crest

X5 Variance of the indices during the morning
peak

Measure the width of the first crest

X6 Variance of the indices during the evening
peak

Measure the width of the second crest

X7 Number of serious congestion points Measure the local position characteristics
of the curve

X8 Number of moderately congested points Measure local position characteristics

However, the traditional indexes also have the problems of too many indexes and
redundancy. Zhang Weiqun believes that in addition to the principle of comprehensive-
ness, attention should also be paid to the principle of refinement in the construction of
the index system. In other words, the index system should not only reflect the overall
information, but also reduce the number of indexes. Multiple indexes, such as average
value and maximum value, jointly describe the characteristics of the peak value, which
may also lead to the phenomenon of relatively large correlation between indexes. For the
selection of indexes, this will obviously cause too much repetition and produce useless
indexes.

Taking the data in September 2018 as an example, the correlation between traditional
indexes is analyzed.

After preprocessing the index data, the index values of each date are obtained, as
shown in Table 2.

Pearson correlation coefficient was used for correlation analysis of the above indexes
X1 ~ X8, and the results were shown in Table 3.

Among the traditional indexes, the correlation coefficients of the maximummorning
peak index X1, the average morning peak X3, the maximum evening peak index X2 and
the average evening peak index X4 are all over 0.980, showing a high correlation. This
is obviously not appropriate for cluster analysis. Therefore, the above indexes need to
be streamlined.

Simplified Indexes Based on the Geometric Shape of a Traffic Index Curve. In
order to reduce the number of indexes and the influence of auto-correlation between
indexes, this paper proposes a method of simplifying indexes (Table 4) based on
geometric features of traffic index curves.
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Each index is explained in detail below.

Table 2. Illustration of Traditional Indexes

Date X1 X2 X3 X4 X5 X6 X7 X8

9/1 1.9 1.6 4.3 3.5 0.2 0.6 0 0

9/2 8.5 7.6 4.8 4.0 1.1 0.6 4 2

9/3 8.2 7.1 7.4 6.3 1.3 1.1 3 8

9/4 8.2 6.9 5.5 4.8 1.2 0.6 2 4

… … … … … … … … …

9/30 3.4 2.8 3.3 3.1 0.5 0.3 0 0

Table 3. Results of the Correlation Analysis for The Traditional Indexes

Pearson Correlation Coefficient X1 X2 X3 X4 X5 X6 X7 X8

X1 1 0.631 0.994 0.591 0.940 0.339 0.498 0.507

X2 0.631 1 0.588 0.986 0.700 0.421 0.577 0.791

X3 0.994 0.588 1 0.549 0.904 0.312 0.507 0.470

X4 0.591 0.986 0.549 1 0.660 0.274 0.652 0.803

X5 0.940 0.700 0.904 0.660 1 0.376 0.443 0.566

X6 0.339 0.421 0.312 0.274 0.376 1 −0.266 0.222

X7 0.498 0.577 0.507 0.652 0.443 −0.266 1 0.621

X8 0.507 0.791 0.470 0.803 0.566 0.222 0.621 1

Total Traffic Congestion. In order to prevent interference caused by low sample size
at night, traffic index data from 6:00 to 23:45 are taken and simply added to obtain the
total traffic congestion X9. This is an overall measure of traffic congestion throughout
the day.

Comparison between Morning and Afternoon. Take the sum of the exponentials in
the afternoon (12:00 – 23:45) and the sum of the exponentials in the morning (6:00
– 11:45) and divide them to get the ratio X10 in the morning and afternoon. This value
reflects the relative relationship between the congestion in the moring and the afternoon.

The Prominence of the Congestion Peak. Otsu grayscale segmentation method was
used to segment the traffic index from 6:00 to 23:45. Otsu segmentation method is
usually used in image processing. Its basic idea is to minimize the intra-class variance
and maximize the inter-category variance. For a black and white image, the gray value
of each pixel is different. Otsu method is used to obtain a gray threshold, so that the gray
value of all points greater than this threshold is changed to 255 (black) and that of all
pixels less than this threshold is changed to 0 (white), and a simplified binary image is
obtained. The operation process is as follows:
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Table 4. Simplified Indexes

Index Practical Implications Calculation Method

X9 Total traffic congestion Add traffic index data from 6:00 to 23:45

X10 Comparison between morning and
afternoon

The sum of the traffic index from 12:00 to
23:45 divided by the sum of the traffic index
from 6:00 to 11:45

X11 Prominence of the congestion peak Otsu gray level segmentation method is used
to perform binary segmentation of traffic
index data from 6:00 to 23:45, and the
proportion of "1" is obtained

X12 Maximum change rate The traffic index values from 6:00 to 23:45
are smoothed (the first and last values are
unchanged, and the median value is the
average value of the three Numbers: itself,
front and back). Carry out difference
processing, take the modulus, and take the
average of the top 10 change rates

First, calculate the average gray level of the whole image (Eq. (2)).

u =
∑
i

i · n(i)
P · Q (2)

where, u—the average grayscale of the entire image;
n(i)—the number of points whose grayscale is i;
P·Q—The number of pixels in an image;
Set t as the threshold value, (i>t).

ω1= W1

M · N (3)

μ1=
∑
i

i · n(i)
W1

, (4)

where,ω1—The percentage of points whose grayscale is greater than the threshold
t;W1—The number of points whose grayscale is greater than the threshold t;

μ1—The average gray of all points where the gray level is greater than gray threshold
t.

In the sameway, the proportionω2 of pointswhose gray level is less than the threshold
value and the average gray level μ2 are calculated.

G = ω1 · (μ1 − μ)2 + ω2 · (μ2 − μ)2=ω1ω2(μ1 − μ2)
2 (5)

In Eq. (5), under the circumstance that G value is the largest, the corresponding t is
the threshold X11, which reflects the proportion of the congestion time in the whole day.
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Maximum Change Rate. First, in order to reduce the impact of abnormal points on
the results, the curve was smoothed. Specific method: the index values of 0:00 and 23:45
remain unchanged, and the values of the rest moments are taken as the average of the
values of the preceding, the posterior and the self, so as to obtain the new curve. Then,
find the absolute value of the difference between the exponents at the next two moments.
Finally, average the maximum 10 differences to get the maximum rate of change X12

for a given day, which reflects the change rate of congestion during peak periods.
The above simplified index not only considers the characteristics of morning and

evening peak, but also takes into account the index of non-peak period (such as the
comparison of index X10 in the morning and afternoon and the peak prominence of
index X11). The characteristics of traffic operation reflected by the indexes are more
comprehensive and have been greatly improved compared with the traditional indexes.
Then, the data of September 2018 is also taken as an example to analyze the correlation
between streamlined indexes (Table 5 and Table 6).

Table 5. Illustration of Simplified Indexes

Date X9 X10 X11 X12

9/1 178.1 2.3 0.1 0.3

9/2 201.2 1.0 0.1 1.1

9/3 250.2 1.3 0.1 1.1

9/4 225.7 1.3 0.0 1.0

… … … … …

9/30 164.6 1.9 0.1 0.4

Table 6. Results of Correlation Analysis for the Simplified Indexes

Pearson Correlation Coefficient X9 X10 X11 X12

X9 1 −0.018 0.615 0.661

X10 -0.018 1 0.197 -0.656

X11 0.615 0.197 1 0.160

X12 0.661 -0.656 0.160 1

It can be found that the absolute value of the correlation coefficient between all the
indexes drops below 0.7, indicating a significant reduction in the correlation between
the indexes.
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Table 7. Comparison of the Three Clustering Models of Traffic Congestion State

Name Cluster Analysis
Algorithm

Clustering Index Cluster Category
Determination
Method

Any Weight
or Not

Model I Hierarchical
Clustering Method

Traditional Index Manually
Determined

No Weight

Model II K-means
Clustering Method

Simplify Index Use the Highest
Silhouette measure
to determine

No Weight

Model III K-means
Clustering Method

Direct Index Use the Highest
Silhouette Measure
to Determine

Use Coefficient of
Variation to Weight

In the process of cluster analysis, sometimes the order of magnitude of the index
value is inconsistent (as the traditional index and the simplified index introduced earlier).
In order to prevent the interference of the index with a large order of magnitude to the
results, the data should be standardized.

x
′
ik = xik − xk

Sk
; i = 1, 2, . . . , n; k = 1, 2, . . . ,m (6)

where, x’ ik—The kth index of normalized i;xik—The original value of the kth index of
i;xk—The average of all the points with the kth index;

xk = 1

n

n∑
i=1

xik (7)

Sk—The standard deviation of the kth index at all points;

Sk =
√√√√ 1

n − 1

n∑
i=1

(xik − xk)2 (8)

Standardized data have the same dimensions and orders of magnitude.
An Index Based on the Continuous Time-Varying Difference of Traffic Index

The traditional and simplified indexes are analyzed mainly from the geometric shape of
the traffic index curve. In order to describe the slight changes of the traffic index curve
more accurately, this paper tries to propose a new index system from the traffic index
itself.

If you everymoment of every day of traffic index as different indexes (in order to rule
out floating car at night, the error of the small sample size used at about 6:00 – 21:00, 15
h of data), so, every day can be seen as one who has a 60 index of sample points, which
is a 60 points in the Euclidean space, using the cluster analysis algorithm to cluster these
points to get the final result. Since it directly uses traffic index as clustering index, it is
called "direct index".
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Categories of Traffic Congestion State. The determination of traffic congestion
state categories, mainly solves the problem of dividing existing dates into several cat-
egories. Ideally, without considering holidays, rainfall days and traffic control days for
special events (such as major meetings, odd-even license plate days caused by smog),
the distribution of traffic congestion state should take a cycle of one week and show reg-
ular changes. This is due to the commuting nature of people’s travel during rush hours.
Assuming that five-day work day and two-day weekend have different raffic congestion
State respectively, and considering the influence of holidays, bad weather and special
events, it is reasonable to set the upper limit of all date classification Numbers to ten cat-
egories in the clustering process. In addition, too few classification numbers obviously
do not accord with the actual situation. Considering the most intuitive classification of
date, the lower limit of the number of classification is temporarily set as six categories.

Artificial Determine. In previous studies, the determination of cluster number is
not strictly calculated, but manually determined. After determining the cluster number
manually, the accuracy of the results remains to be further verified.

SilhouetteMeasure Calculation. Silhouette measure (Sil(a)) is a measure that mea-
sures the tightness and separation of categories within a sample point clustering result
and can be used to determine the optimal number of categories. Sil(a) ∈ [−1,1], the
greater the value, the better the clustering quality. The calculation method is as follows.

Sil(a) = aa − ba
max{aa, ba} (9)

aa = min
K ′ �=K(a)

{
meanAc∈K ′ |AaAc|

}
(10)

ba = meanAb∈K(a)|AaAb| (11)

where, Sil(a)—Aa’s Silhouette measure;
aa—Minimum average distance between Aa and samples in other categories;
ba—Average distance between Aa and other samples in its category;
Aa—Sample;
Ab—A sample belonging to the same category as Aa;
Ac—A sample belonging to the different category as Aa;
K(a)—The category Aa belongs;
K’—Different categories from K(a).
Above calculation, a Silhouette measure of a sample point can be obtained. Take

the average value of Silhouette measures at all points and then get the average value of
Silhouette measures SN .

SN = 1

m

m∑
a=1

Sil(a) (12)

where,m—Number of sample points;
N—Category number.
For SN , when its value is the largest, the corresponding cluster number N is the

optimal cluster category number.
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Clustering Index Weight of Traffic Congestion State. In cluster analysis, the
"importance degree" of all indexes is different, and different indexes should be treated
differently. The weight problem discussed in this paper refers to the different coefficients
multiplied by the corresponding value of each index according to its different importance
in the clustering analysis of traffic congestion state. The weight of clustering index has
been involved in some existing studies, but in the clustering analysis of traffic congestion
state, there has been no relevant research.ptimal cluster category number.

Significance of Clustering IndexWeight of Traffic Congestion State. In the clus-
tering analysis, the weight of different indexes represents that the coordinate axes of
each dimension in the N-dimensional space are stretched by different multiples, and the
result will lead to the change of the distance between points in the space, thus affecting
the result of the clustering analysis.

As shown in Fig. 1 (a), when there is no weight (or the weight is the same) for each
coordinate axis, the distance from point D to point B and C is

√
8 and 3 respectively,

and the nearest point from D is B. In Fig. 1 (b), after the weight of 2 is assigned to the
X-axis, the X-axis is stretched twice as much, and its unit length is twice as much as the
unit length of the Y-axis. It can be clearly observed that the relative position relationship
between points has changed. The distance between D and B has become

√
20, and the

distance between D and C is still 3, so obviously, the closest point to D has become C.
Such a change in clustering analysis will have a significant impact on the results.

Fig. 1. Significance of Index Weight in Cluster Analysis

Clustering Index Weight Selection of Traffic Congestion State. The principle to
select the weight of clustering index is that the curve of traffic congestion state should
have a large degree of differentiation. For the index with big difference between different
dates, a largerweight should be given tomake itmore fully differentiated. For the indexes
with less difference, the weights should be given less to weaken their effect. Therefore,
the coefficient of variation reflecting the degree of dispersion between data is considered
as the weight in this paper.
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The calculation method of the variation coefficient corresponding to the index is as
follows.

CV = σ(x)

E(x)
(13)

E(x) = 1

m

m∑
i=1

xi (14)

σ(x) =
√√√√ 1

m

m∑
i=1

[xi − E(x)]2 (15)

where, CV—Coefficient of variation corresponding to the index;
σ (x)—population standard deviation of all date index values;
E(x)—Average of the index values for all dates;
xi—Index value of the ith date;
m—Dates Number to be clustered.
It can be seen from the above formulas (13) – (15) that the greater the degree of

dispersion (difference) between the date index values, the greater the coefficient of
variation, and correspondingly, the index will also be given a greater weight. On the
contrary, the index with a smaller degree of value dispersion is given a smaller weight.
It is worth pointing out that if all the dates have the same value for a certain index, then
since its standard deviation (x) is 0, the corresponding coefficient of variation will also
be 0. In other words, the weight of this index is 0, so it has no effect in clustering analysis
and will be abandoned. That’s the extreme case of weights.

Based on the above discussion on weight, it can be seen that, using coefficient of
variation as weight, different weights can be assigned to different indexes according
to the dispersion degree of different date index values. In this way, the importance of
different indexes can be reflected, and the result of cluster analysis will be improved
compared with the time when weights are not used.

3 Cluster Analysis Model Establish of Traffic Congestion State

After the discussion of different methods in four parts of clustering analysis, clustering
analysis algorithm, clustering index selection, clustering category determination and
weight determination, the following three clustering analysismodels of traffic congestion
state are determined in this paper (Table 7).

ModelBasedonHierarchicalClusteringandGeometricAnalysis ofExponential
Curves (Model I). In this model, hierarchical clustering method is used in clustering
algorithm, and eight traditional indexes based on geometric shapes of traffic index curves
are used in index selection. In addition, the model does not consider the determination of
clustering category and weight analysis, but directly determines the clustering category
artificially without considering the weight. The model is characterized by simple and
direct methods, but the subjectivity is too large in the process of model construction.

Model Based on K-Means ClusteringMethod and Geometric Analysis of Expo-
nential Curve (Model II).Based on the clustering analysis algorithm, this model selects
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the K-means clustering method with iteration as the basic feature. The selection of clus-
tering index is still based on the geometric shape of traffic index curve. However, consid-
ering the potential redundancy and excessive correlation between traditional indexes in
model I, the number of indexes was reduced to four. In addition, compared with model
I, the model determines the clustering category using the highest Silhouette measure,
but does not consider the weight between the indexes.

Model Based on K-Means Clustering Method and Characteristics of Exponen-
tial Continuous Time Variation (Model III). In terms of the selection of clustering
indexes, this model considers the time-varying condition of traffic index throughout the
day, which is more comprehensive than the indexes based on geometric shapes of traffic
index in model I and II. At the same time, the model also considers the weight of each
index and gives full play to the function of each index.

Among the three clustering analysis models, model I is the same as the model used
in Wen’s research. The other two models are new models proposed after the analysis
and discussion of the four parts mentioned above. In the following research direction,
indexes will be selected to evaluate these three clustering analysis models, and the best
one will be selected as the final clustering analysis model of traffic congestion state.

4 Conclusion

For traffic congestion, different types of traffic (such as expressways, urban mainlines,
and even rural roads) may have different characteristics. Based on the analysis of traf-
fic congestion index and traffic index curve, this paper explores the cluster analysis
model of traffic congestion state in four parts, cluster analysis algorithm, cluster index
selection, cluster number determination and index weight. After detailed analysis of the
different methods contained in each section, three clustering analysis models are finally
concluded: Model I, Model II, and Model III. These three clustering analysis models
lay a foundation for the following model comparison and clustering analysis of raffic
congestion State.
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Abstract. Aiming at the problem of full quantitative analysis of railway acci-
dent causes, an improved HFACS model is proposed. Firstly, based on the orig-
inal HFACS model, an improved HFACS model for railway industry was con-
structed Secondly, based on the improved model and association rule algorithm,
the causative factors of 504 railway accidents from 2008 to 2009 collected by a
railway bureau were comprehensively quantified, the association rule base of acci-
dent causative factors was mined, and the data of accident causative factors were
visualized. The results show that the four main causes of railway accidents include
irregularities, inadequate safety inspection, inadequate awareness of safety respon-
sibility and inadequate education of safety responsibility. Based on the improved
HFACS causative correlation analysis method, the importance of technical factors
can be enhanced. Finally, the author puts forward some solutions to the lack of
safety responsibility consciousness of the key accident factors.

Keywords: Railway Accident · Improved HFACS Model · Causation Factors ·
Apriori Algorithm

The advantage of association rules lies in the visualization of association rules after
mining the causative association rules of railway accidents. The close relationship among
the causative factors of railway accidents can be shownmore intuitively through images,
and then further solutions can be proposed. In order tomake the image easy to analyze, the
first 20 strong association rules are visualized in this paper. Figure 2 shows a visualization
of the top 20 strong association rules sorted by support.

1 Introduction

At present, with the rapid development of China’s railway industry, more and more
attention is paid to ‘the occurrence of railway accidents. The occurrence of railway
accidents has caused serious economic losses, casualties and so on, so it is urgent to
analyze the railway accidents and draw lessons from them. The frequent occurrence
of railway accidents seriously affects the competitiveness of China in the international
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railway. Therefore, the prevention of railway accidents is imperative. HFACS (Human
FactorsAnalysis andClassification System), proposed byWiegmann et al., is an accident
cause model for safety accidents in aviation field. The model analyzes the failure factors
at the four levels of unsafe behavior, preconditions of unsafe behavior, supervision of
unsafe behavior and organizational influence in detail. Therefore, this model is not only
applied in the aviation field, but also in the navigation industry, medical industry, coal
mining industry and railway industry.

In the field of railway industry, Australian scholar Lisa Punzet et al. used HFACS
applicable to the railway industry to analyze the investigation report (N= 35) of SPADS
by the Australian Railway Fredding Organization to check the human factors involved
in the incident and determine the future trend. British scholar Madigan Ruth et al. used
HFACSmodel to understand the relationship between active factors and potential factors
of railway safety accidents, as well as specific causal paths. In China, Zhan Qingjian
applied the HFACS model to the analysis of railway accidents in China and identified
the main causes of accidents. Chen Ruiwei uses HFACS model to conduct qualitative
analysis on the hazard sources of high-speed railway traffic dispatching system from
three perspectives of “man-machine-loop”. Because the traditional HFACS model is not
fully applicable to the railway industry, and the research on the HFACS model in the
railway field is not in-depth at home and abroad. Therefore, an improved HFACS model
suitable for railway field is proposed.

2 Improvement of HFACS Model

Because the railway accident is caused by the interaction of human, machine, environ-
ment, management and other factors. However, the traditional HFACS mainly analyzes
the causes of accidents from the human aspect, without taking into account other impor-
tant accident drivers, such as technical aspects: equipment ineffectiveness, equipment
design defects and so on, which have a great impact on the occurrence of railway acci-
dents. As a result, the traditional HFACS model is designed for accidents in the aviation
field, but is not applicable to the railway field in some aspects. Therefore, it is necessary
to improve the traditional HFACS.

After the statistics and analysis of 504 railway accidents, the traditional HFACS
was improved. The improved HFACS is used to analyze the leading factors of railway
accidents from four levels: unsafe behavior, premise of unsafe behavior, dereliction
of duty by relevant railway departments, and organizational influence. The premise of
unsafe behavior is again divided into human factors, technical factors, environmental
factors. Raising the technical environment of the original environmental factors to a
level reflects the importance of technical factors. The dereliction of duty by relevant
railway departments has replaced unsafe supervision, which further reflects the intensity
of railway management and control. In terms of organizational influence, it is further
divided into three aspects: professional training, working conditions, and information
communication. Figure 1 shows the improved HFACS model.
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Fig. 1. Improved HFACS model

3 Correlation Analysis of Causative Factors of Railway Accidents
Based on Improved HFACS

3.1 Relationship Between Causative Factors of Railway Accidents
And Association Rules

The railway system is a comprehensive system composed of many links. The accidents
are often caused by the interaction of some links. The occurrence of accidents includes
a variety of factors, some of which are closely related, and when problems occur in
some factors, the chain reaction will lead to problems in other factors, which will lead
to the occurrence of a specific accident. Therefore, the association rules can be applied
to the analysis of the causative factors of railway accidents, and the correlation between
the causative factors of relevant accidents can be mined out. Through the visualization
of association rules, the relationship between the causes of railway accidents can be
visually displayed, and the key factors leading to railway accidents can be found out.

3.2 Association Rules

Association rules are a method to mine the relationship between variables in a data set.
Related definitions of association rules are as follows:

Definition 1: Item and itemset.
Assume that D is the data set of railway accidents, that is, the transaction set; I is the set
of all the cause factors of railway accidents in D, that is, the itemset; T is all the cause
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factors of a certain railway accident. One or more items in each transaction are included
in itemset I, namely T ∈ I.

The expression form of association rules is A = > B, where A and B are both
contained in I, and A ∩ B = Ø, A is the Antecedent, and B is the Consequent.

Definition 2: Support and confidence
Usually, support and confidence are used as the measurement standards of association
rules. For itemset A, if Count (A) is equal to all transaction sets containing itemset A;
at this time, the support of A is:

Support(A) = Count(A)

|D| (1)

Similarly, A = > B’s support for the number of transaction contains both A and B
Count (A, B) divided by the total number of transactions |D|.

Support(A ⇒ B) = Count(A,B)

|D| (2)

At this moment, the support indicates the probability that the item set A and B appear
together. For the association rule A = > B, the confidence level Conf(A = > B) refers
to the ratio of the itemset containing A and B to the containing item set A in the total
transaction set D.

Confident(A ⇒ B) = Support(A ⇒ B)

Support(A)
(3)

Confidence indicates the probability of including B under the premise of including
A.

Definition 3: Lift Since the confidence only considers the support of the antecedents
of the rules and does not consider the support of the Consequents of the rules, there
will be misleading association rules. Therefore, lift is introduced to remove misleading
association rules.

Lift is the ratio of the probability of including B if including A to the probability of
occurrence of B in transaction set D.

Lift(A ⇒ B) = P(B|A)
P(P)

= Confident(A ⇒ B)

Support(B)
(4)

If Lift> 1, A and B are positively correlated; If Lift< 1, then A and B are negatively
associated and these negative association rules are removed. The higher lift, the greater
the influence of A and B.

Definition 4: Frequent itemsets
The minimum support, namely Min-sup, is the measurement standard set by the user.
If the support of A itemsets is not less than the minimum support, then A itemsets are
called frequent itemsets. If B itemsets are contained in A itemsets and A itemsets are
frequent itemsets, then B itemsets are frequent itemsets; if B itemsets are included in A
itemsets and B itemsets are not frequent itemsets, then A itemsets not frequent itemsets.
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3.3 Apriori Algorithm

Apriori algorithm is a common algorithm for association rules. The mining steps of the
algorithm are divided into two parts: finding out all frequent itemsets and generating
association rules. The specific process of the algorithm: (1) Find out all frequent item
sets: it is an iterative method of searching for exclusion layer by layer to find out all
frequent item sets. There are two steps: first, the transaction set is scanned to determine
the occurrence times of item sets containing the same element, and the itemsets that do
not satisfyMin-sup are removed. Second, iterate until nomaximum itemsets appears. For
example, in the K step, the K-1 item set obtained in the K-1 step generates the candidate
k-frequent set. The transaction set is scanned to determine whether the support degree
of the candidate itemsets K-1 is greater than Min-sup, and the itemsets less than the
minimum support is removed to find the k-frequent itemsets. The above is the connection
step and pruning step.

(2) Generate association rules: the frequent itemsets mined in the previous step is
used to set theminimum confidenceMin-conf tomine association rules. The pseudocode
of frequent itemsets found by Apriori algorithm is shown in Table 1.

Table 1. The pseudocode of frequent itemsets found by Apriori algorithm

Input:transaction set D, minimum support Min-sup

1 L1 = find_frequent_1_itemsets(D)

2 For(k = 2;Lk.1! = ∅;k + +){

3 Ck = Apriori_gen(Lk-1)

4 For each transction t ∈ D{

5 Ct = subset(Ck,t)

6 For each candidate c ∈ Ct

7 c.count + +
8 }

9 LK = {c = C|c.count ≥ Min_sup

10 }

11 Return L = UkLk

CK is the set of candidate item sets of length k, and LK is the set of frequent itemsets
of length k.

3.4 Case Analysis

3.4.1 Establish the Database of Railway Accident Causing Factors

Based on the improved HFACS model in this paper, 504 railway accidents from 2008
to 2009 were coded and analyzed. Taking “Guangzhou East Railway Station D725 train
for preparing to enter the general C category accident of trains” as an example to classify
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and code the causes of the accident. It can be determined that this causal factor is coded
as “1”; otherwise, it is “0”. Table 2 shows the classification and coding of the case report
of Guangzhou East Railway Station D725 train for preparing to enter the general C
category accident of trains”.

Table 2. The classification and coding of the case report of Guangzhou East Railway Station
D725 train for preparing to enter the general C category accident of trains”

Improve the classification of HFACS causative factors Coding

Inadequate safety training X1 1

Insufficient business skills X2 1

Irregular working hours X3 0

Irregular workplace X4 0

Excessive job requirements X5 0

Wrong instruction/execution error X6 0

Communication failure X7 1

Insufficient education of safety responsibility T8 1

Inadequate safety inspection T9 1

Lack of rules and regulations T10 0

Unclear division of job responsibilities T11 0

The lack of safety responsibility consciousnessR12 1

Poor health R13 0

Insecurity R14 0

Insufficient capacity of operatorsR15 1

Equipment design defectsR16 0

Equipment ineffectivenessR17 0

Underutilization of equipmentR18 0

Bad weatherR19 0

Foreign object invasionR20 0

IrregularitiesO21 1

Improper operationO22 1

As can be seen from Table 1, this case can be represented by a Boolean matrix of 1
× 22 dimensions, as shown in Formula (5):

[
1 1 0 0 0 0 1 1 1 1 0 0 1 0 0 0 0 0 1 1

]
(5)

Similarly, a 1 × 22-dimensional matrix of 504 cases of all railway accidents can be
obtained. Finally, all the Boolean matrices of 1 × 22 dimensions are combined into a
Boolean matrix of 504 rows × 22 columns, namely the railway accident data set RA-D,
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as shown in Formula (6):

RA − D =
⎡

⎣
X1,1L R1,12 L O1,22

MO M O M
X504,1L R504,12L O504,22

⎤

⎦ (6)

This data set clearly represents the causative factors of each railway accident, which
provides a basis for mining association rules later.

3.4.2 Mining the Relationship Between the Factors Causing Railway Accidents
with Small Data

The Apriori algorithm is applied to the data set RA-D composed of Boolean matrices,
where each row represents an accident case and each column represents an accident
causative factor item. Through the iterative test, the minimum support is 0.03, the mini-
mum confidence is 0.1, and the minimum lift is 1. For the sake of analysis, only consider
the maximum Antecedent term to be 2. Finally, a total of 211 rules were generated
from the data set of the causes of railway accidents. Among them, 91.8% of the rules
have a support between 0.03 and 0.09. {Improper operation} = > {The lack of safety
responsibility consciousness}” has the largest support, with a value of 0.11; There is
82.6% confidence between 0.1 and 0.8, and the greater the confidence, the fewer the
rules, “{The lack of safety responsibility consciousness, Inadequate safety training} =
> {Inadequate safety inspection}” the highest confidence, the value is 1. At the same
time, 79.4% of lift were between 1 and 11. Table 3 shows the top 5 association rules of
lift.

Table 3. The top 5 association rules of lift

Aules Support Confident Lift

{Wrong instruction/execution error, Irregularities} = >

{Unclear division of job responsibilities}
0.037 0.354 13.528

{Improper operation, Communication failure} = >

{Insufficient capacity of operators}
0.055 0.461 13.006

{Inadequate safety inspection, Communication failure} =
> {Improper operation}

0.0408 0.381 12.803

{Inadequate safety inspection, Insufficient capacity of
operators} = > {Improper operation}

0.037 0.400 12.803

{Bad weather} = > {Inadequate safety inspection}

The advantage of association rules lies in the visualization of association rules after
mining the causative association rules of railway accidents. The close relationship among
the causative factors of railway accidents can be shownmore intuitively through images,
and then further solutions can be proposed. In order tomake the image easy to analyze, the
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Fig. 2. A visualization of the top 20 association rules sorted by support

first 20 strong association rules are visualized in this paper. Figure 2 shows a visualization
of the top 20 strong association rules sorted by support.

It can be seen from Fig. 2 that among these 20 rules, the four railway accidents
that cause O21 irregularities, T9 inadequate safety inspection, R12 the lack of safety
responsibility consciousness, and T8 insufficient education of safety responsibility are
in the middle of the visual image. Five rules point to irregularities, four rules point to
inadequate safety inspections, six points to the lack of safety responsibility conscious-
ness, and four points to insufficient education of safety responsibility. It shows that the
above four accident-causing factors are closely related to other accident-causing factors
and have a high degree of support, so they can be determined as the four source factors,
which basically run through all railway accident cases. When these four source factors
exist, it is very likely that unsafe behaviors, confusion and inadequacy of management,
and related unsafe psychology will occur before and during train operation, leading to
accidents. For example, The lack of safety responsibility consciousness often leads to
improper operations. The occurrence of Foreign object invasion is often accompanied by
factors such as inadequate security inspections. Therefore, taking corresponding mea-
sures for these four types of railway accidents can effectively reduce the occurrence
of railway accidents from the source and ensure the safety of railway operation. The
lack of safety responsibility consciousness, as a relatively important one of all key fac-
tors, occupies an extremely important position in the prevention and control of railway
accidents. Therefore, relevant railway departments should strengthen safety education,
improve corresponding rules and regulations, and give deep criticism to those responsi-
ble for safety. Only when safety education is implemented can the safety awareness of
all parties be improved and the occurrence of accidents can be reduced.

4 Conclusion

(1) Based on the HFACS classification of the causes of aviation safety accidents, com-
bined with the reality of the railway industry, the original HFACS model was
improved, and a newHFACSmodel conforming to the railway fieldwas established.
Raise technical factors to a relatively important position. And under the improved
HFACS classification framework, the collected 504 railway accident cases were
coded, and the railway accident data set RA-D was established.
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(2) Use Apriori algorithm of the association rules to data mine the causes of railway
accidents, and visualize part of strong association rules set. Four major factors were
discovered, which are irregularities, inadequate safety inspection, lack of safety
responsibility consciousness, and insufficient education of safety responsibility.
These four accident-cause factors are closely related to other causes of accidents,
and are the root factors of other causes. Propose corresponding improvement mea-
sures for the lack of a strong sense of safety responsibility for the key cause of the
accident.
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Abstract. In recent years, computer vision technology has developed rapidly
and has been applied in various fields. Using this method to detect baby carriage
in subway stations can provide technical support for the improvement of future
subway station facilities layout. This paper uses the baby carriage detection model
to detect the baby carriage that appears in the surveillance video of the subway
station. Due to the dense flow of people in subway stations, the frequent flow
of people, and the low pixels of the video surveillance system, there are some
difficulties in real-time detection of baby carriage. Through the collection and
production of the baby carriage data set, the training of the detection model and
the final detection verification, we can achieve real-time detection of the baby
carriage. The accuracy rate can reach more than 90% .

Keywords: Target Detection Algorithm · Subway Station · YOLOv3

1 Introduction

Target detection has been the research hotspot in the field of computer vision andmachine
learning for many years. It has also been widely used in many areas, such as transporta-
tion, medicine, geography, agronomy, etc., and has made great contributions to solving
some difficult problems in such fields. There is no doubt that target detection will play
an increasingly critical role in more fields.

Target detection methods can be divided into two kinds, traditional methods and
deep learning methods. Traditional methods generally include Viola-Jones, Histogram
of Oriented Gradient (HOG), Deformable Parts Model (DPM), Non-Maximum Sup-
pression (NMS) and so on. Xinchen Xu et al. [1] analyzed the features of the human
skeleton to detect abnormal behavior event(fall) in traffic video. Xiong Zhang et al. [2]
combined the edge features of the color image with the features of HOGDepth image in
the pedestrian detection algorithm. The effect of the algorithm in the case of interfering

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023
X. Zeng et al. (Eds.): ITASC 2022, LNEE 1042, pp. 205–212, 2023.
https://doi.org/10.1007/978-981-99-2252-9_19

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-2252-9_19&domain=pdf
https://doi.org/10.1007/978-981-99-2252-9_19


206 X. Zeng et al.

factors such as illumination, noise, similar colors and obstruction is well. Dongbing
Zhang [3] proposed a vehicle target detection method according to color fusion DPM to
enhance the vehicle detection rate and reduce the false-positive rate.

Zhiqiang Hou et al. [4] used Generalized Intersection over Union (GIoU) into the
NMS algorithm in order to solve the problem of object missing and object false detection
in a single threshold NMS algorithm. However, these methods still have the advantages
of low detection efficiency and poor detection accuracy,

With the advent of the cloud computing era, target detection has changed from the
traditionalmanual feature extractionmethod to feature extraction based on convolutional
neural networks (CNNS). It can be divided into two parts: one-stage methods and two-
stage methods. The representative one-stage methods include You Only Look Once
(YOLO) and Single Shot Multibox Detector (SSD). Shitian Zhang et al. [5] modified
the YOLO structure to realize the function of recognizing and detecting the contour of
an image of the object sampled by a camera. Xiang Li et al. [6] proposed an improved
SSD that forces on the small-size target detection. The representative twostage methods
are Faster region-based convolutional network (Faster RCNN) [7] Mask R-CNN [8],
etc.

In this paper,we use theYOLOv3 structure to detect baby carriage in subway stations.
The detection result can provide some technical support for the subway station design
and planning. The rapidity of the YOLOv3 network can solve the problem of difficulty in
capturing baby carriage targets caused by excessive crowds in subway stations. The high
accuracy of the YOLOv3 network can meet the requirements of accurately identifying
baby carriage even under the low pixel conditions of the subway detection system.

2 Baby Carriage Detection Algorithm Based on YOLOv3

2.1 Development History of YOLO

Although the R-CNN series has a relatively high accuracy rate, the speed is still too low
to achieve real-time detection. Hence, the YOLO network came into being.

Different from R-CNN series’ method of selecting region proposal, the YOLO net-
work considers target detection as a regression task to solve. Thismeans that the category
probability and position coordinate value of the object are directly returned throughout
the YOLO network.

Compared with other target detection networks, YOLOv1 has the following advan-
tages: fast detection speed, high detection accuracy and strong migration ability. How-
ever, it still has some shortcomings: the bounding box is inaccurate and the small-scale
targets are always missed.

Based on the YOLOv1 network, the YOLOv2 network has some improvements. It
introduces the Anchor mechanism. The K-means clustering method is used to cluster
and calculate a better Anchor template in the training set, which dramatically improves
the recall rate of the algorithm. At the same time, it combines the fine-grained features
of the image so that the shallow features can be connected with the deep features, which
is helpful for the detection of small-scale targets.

In 2018, Redmonmade some improvements in YOLOv3 based on YOLOv2. Instead
of using the original darknet-19 network structure, darknet-53 is used in the feature



Baby Carriage Detection in Subway Stations Based on YOLOv3 207

extraction part in YOLOv3. It also uses the feature pyramid network structure to achieve
multi-scale detection. The classification method uses logistic regression to replace
softmax. The accuracy of target detection and the real-time performance can be ensured.

2.2 YOLOv3 Algorithm

The basic idea of the YOLOv3 algorithm is to divide the input image into several grid
cells. If the center coordinate of the target to be detected falls in which grid cell, the grid
cell predicts the target, and each grid cell predicts three bounding boxes. By decoding
the parameters contained in feature maps output by the network, the center coordinates
and size of the bounding box can be obtained.

2.3 Structure of the Baby Carriage Detection Algorithm

As shown in Fig. 1, the whole structure of YOLOv3 includes input, backbone feature
extraction network, feature extraction enhanced network and multi-scale output.

Fig. 1. Structure of the baby carriage detection algorithm

Backbone Feature Extraction Network. The backbone feature extraction network of
YOLOv3 uses the Darknet53 network structure instead of the Darknet19 of YOLOv2.
The Darknet53 is mainly composed of 1 × 1 and 3 × 3 convolutional layers. After each
convolutional layer, it contains a batch normalization layer and a Leaky relu layer to
prevent overfitting. Conv+BN+ Leaky relu is the basic convolution unit of Darknet53.
An important characteristic of Darknet53 is the use of Residual, which is easy to be
optimized. The internal residual block of Residual uses jump connections to alleviate
the problem of gradient disappearance caused by increasing depth in the deep neural
network.
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Feature Extraction Enhanced Network. This network structuremainly constructs the
Feature Pyramid Networks (FPN) to enhance feature extraction. After the input image
passes through darknet53, three feature layers will be extracted. YOLOv3 uses these
three feature layers to build the FPN. FPN can fuse the feature layers of different shapes,
which is beneficial for better features extraction.

Multi-scale Output. Using the FPN, we can obtain three enhanced feature maps, and
then the network will convolve these features respectively. The predicted output tensor
is N×N× 3× (4+ 1+ 1). Four represents the adjustment parameter of the anchor box.
The first one represents whether an object is contained in the anchor box. The second one
represents that the predicted object type is one (in this paper, it refers to a baby carriage).
Different from YOLOv2, which outputs five anchor boxes at one time, YOLOv3 obtains
three anchor boxes in three dimensions respectively, and obtains the corresponding
coordinates and confidence parameters. What’s more, YOLOv3 increases the weight
parameter. In case of existing an object, weight value will be increased, conversely, it
will be reduced. Hence, the loss energy calculation can be more accurate.

Anchor Box. YOLOv3 still uses k-means clustering to determine nine different sizes
of anchor boxes as the same as YOLOv2 do. The nine anchor boxes are divided into
three groups according to different scales. Each feature map is assigned a group when
detecting the target. The yellow boxes in Fig. 2 are anchor boxes. The red boxes are
ground truth boxes. The orange boxes are the grids where the center points of the objects
are located. It is obvious that 13 * 13 feature map is suitable for detecting large objects.
The 26 * 26 feature map is suitable for detecting medium-sized objects. The 52 * 52
feature map is suitable for detecting small objects.

Fig. 2. Comparison diagram of detection box

Bounding Box. YOLOv3 uses a method of predicting relative position directly. It pre-
dicts the relative coordinates of the center point of the bounding box, which is relative
to the upper left corner of the grid unit. The predicted output is (tx, ty, tw, th, t0). Accord-
ing to the following formula, we can get the coordinates and size of the center of the
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predicted bounding box.

bx = σ(tx) + cx
by = σ(ty) + cy

bw = pwe
tw

bh = phe
th

(1)

3 Experimental Results and Analysis

3.1 Dataset and Preprocessing

The dataset used in the experiment was self-made image dataset of baby carriage, which
is mainly collected from the Internet. There are 1273 baby carriage images in the data
set, which are divided at a ratio of 9:1, resulting in 1145 images in the training set and
128 images in the validation set. For network training, All of the images are labeled with
LabelImg——an image labeling toolkit.

3.2 Experimental Environment and Training

The experimental platform isWindows 10with Intel(R) i7-8550U andNVIDIAGeForce
MX150.The deep learning framework is TensorFlow-GPU1.13.1. The version of Python
is 3.6. The initial learning rate is set to 0.001, and the decay rate is set to 0.92. As is
shown in Fig. 3, the loss value has converged after training.

Fig. 3. Loss curve of the model
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3.3 Evaluation Indicators

To measure the performance of the model in detecting baby carriage, we selected some
evaluation indicators such as Precision, Recall, F1-Score and Average Precision (AP).

The value of Precision and Recall can be calculated by False Negatives (FN), False
Positives (FP) and True Positives (TP), as shown in formula (2) and formula (3). We use
0.5 to divide TP and FP. If the IOU between a bounding box and ground truth is higher
than 0.5, it is defined as TP. Besides, it is defined as FP. FN is the situation that the actual
object is missed by detection.

Precision = TP

TP + FP
(2)

Recall = TP

TP + FN
(3)

F1-Score is also known as balanced F1-Score, defined as the harmonic average of
Precision and Recall. The F1-Score combines the results of Precision and Recall. The
value of F1-Score ranges from zero to one. One represents the best output of the model,
and zero represents the worst output of the model. Its specific calculation method is like
formula (4).

F1 = 2 ∗ Precision ∗ Recall

Precision + Recall
(4)

AP is the graphic area enclosed by the PR curve and the X-axis. The definition of
AP is shown in formula (5), P is Precision, R is Recall and P(R) is PRC.

AP =
∫ 1

0
P(R)dR (5)

The specific values of each evaluation indicators of this experiment are shown in
Table 1. Figure 4 shows the curve of each indicator. It can be seen that all indicators are
above 95%, which proves that the network has a good effect on baby carriage detection.

Table 1. Table of experimental indicators value

indicators value

Precision 96.88%

Recall 97.48%

F1-score 0.97

AP 99.70%
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Fig. 4. Indicators curve of experiment

3.4 Detection Result Display

In order to verify the effect of detection model, we intercepted a video which is from
Hongqiao railway station of Shanghai Metro Line 17. Figure 5 shows the results of
detecting baby carriages in the subway station scene. It can be seen that the model
can almost accurately detect the baby carriage that appears in the monitoring, and it
can almost guarantee the accuracy and robustness of the detection. The accuracy of the
overall detection results can reach an average of more than 90%.

Fig. 5. Results of baby carriage detection
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4 Summary

In this paper, we used the baby carriage detection algorithm based on YOLOv3 to detect
the baby carriages appearing in the subway video surveillance system,which can achieve
the real-time detecting of the target with a high-accuracy rate. The result can powerfully
provide some technical support for the subway station design and planning. Due to the
limited number of sample sets, the accuracy of the baby carriages detection model needs
to be further improved, and further research will be conducted in the future.
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Force Analysis and Details Design of Complex
Nodes in Water Supply and Drainage Structures

Gang Wang(B)

Shanghai Municipal Engineering Design & Research Institute(Group) Co., Ltd.,
Shanghai 200092, China
wanggang@smedi.com

Abstract. There are various special structures in water supply and drainage engi-
neering. High stress usually appears in engineering design, and directly using the
high stress on the structure design may cause diseconomy. Careful analysis is
crucial in these special structures. All kinds of structure styles can be adopted,
usually using or adding strong nodes is useful, such as the beams, columns or part
frameworks in the structures with large internal force, so as to share the large force,
leading to redistributing the force. This not only avoids stress concentration, but
also avoids adding thickness or volume to the whole structure which may cause
unnecessary cost. By several engineering examples, finite element calculation is
used to analyze different treating methods. According to the comparison of these
calculation results, some special elements such as beams, columns and small thick
slabs, are found useful to redistribute the force and optimize the structural design.
The methods in this paper may provide reference for water supply and drainage
engineering, which can also inspire other engineering projects on complex nodes.

Keywords: water supply and sewerage engineering · internal force redistribution

1 Background

Water supply and drainage structures are important in water supply plants, wastewater
treatment plants and pump stations. There are various kinds of structure types, which
should firstly meet the water treatment process requirements, so the scale and depth
varies according to all kinds of conditions, which are very different from other normal
constructions. Meanwhile, the crack-controlling criterion is much stricter because of
containing water, so the force conditions should be carefully calculated in some complex
working conditions, and special structural measures should be adopted when necessary.
By some conventional examples, the special nodes are focused in this paper such as
beams, columns and walls, and then special treatments are given by the calculated force
results, which may provide reference for similar engineering projects.

2 Panel Constrained by Closed Vertical Framework

When the horizontal span excels the vertical span, and the area of a tank wall is relatively
large, this tank wall may be quite thick according to the calculated mid-span moment.
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The effect of adding thickness is probably not very good, so a closed vertical framework
is usually adopted, consequently, the internal force could be partly transferred to this
vertical framework, and then the internal force of the tank wall could be significantly
reduced, and as a result, the economy and rationality would be improved. In water supply
and drainage engineering, such problems usually appear in the gate well, such as shown
in Fig. 1. One of its walls may be tremendously large because it should connect one or
several big culverts or pipes. But if a closed vertical framework is designed together with
the tank wall, the force may be partly transferred to the framework so as to reducing the
wall force, and the thickness and reinforcement as well, which is shown in Fig. 2.

Fig. 1. Closed vertical framework in an inlet gate well.

Fig. 2. The impact of closed framwork for structure.

The force of one wall, the top plate and the base plate is quite big in this gate well.
According to the calculation results by Autodesk Robot, although the top plate force
could be treated by beams, but the internal force of the root of the wall is still big under
the outside earth pressure, which is 717 kN*m. It is not economic to use this result for
design directly. However, the root moment of this wall is significantly reduced by adding
a vertical framework, which is 420 kN*m. And consequently, this wall can be designed
as thinner plate with less reinforcement, which is much more economic.
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3 Adjacent Structure as Restraints

There are plenty of structure types in water supply and drainage structures. When the
internal force of a big plate is also very big, sometimes the treatments could be imple-
mented by using adjacent structure according to the calculation results, and the structure
members under low load could be designed much stronger, which would become the
restraint of other structure members. It can not only reduce the internal force of long
span members, but also enable the existing secondary members to play a favorable role.
All the members should be modeled and calculated together during the design, which
means the secondary members should be treated as load-bearing elements.

Three examples are taken in this paper for the analysis.
1) Part of an underground wastewater treatment plant is shown in Fig. 3. A chan-

nel is hanged outside the tank wall, which is usually only considered under its own
pressure of earth and internal water, normally the thickness of 300 mm is enough to
meet all working conditions. But in the underwater wastewater treatment plants, the
whole structure is relatively deep, which may achieve 15 ~ 30 m, so the earth pressure
could cause tremendous internal force in the main tank walls. If the internal force results
are directly used for design, the thickness would also exceeds normal structure above
the ground, which is very uneconomic. Meanwhile, the horizontal dimension of under-
ground wastewater treatment plant is also very big, it is quite difficult to design closed
vertical frameworks, so the holistic constraints cannot be easily formed, and as a result,
setting local constraints become an option. Coincidentally, the hanging channel is quite
available. If the top and bottom plate of this channel are designed thicker, then they could
become constraints to the vertical tank wall as horizontally rotated beams. In fact, if the
top, side and bottom plate can be together considered as a rotated box girder, so it can
provide bigger constraint effect, and then the internal force of the main wall could be
reduced, so as to optimize the thickness and reinforcement (Fig. 4).

the hanging channel

channel considered 

as load-bearing 

element

Fig. 3. The outside hanging channel of an undergroundwastewater treatment plant (thin and thick
channel).

By comparison of two models, when the top and bottom plate are modeled as beams,
the maximum calculated moment of the main wall is reduced from 1035 kN*m to 645
kN*m, which is almost 40%.
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Fig. 4. The comparison of thin and thick hanging channel for restraining wall force.

2)The2nd example is a rainwater storagepool. There is usual a lower pit in the storage
pool, which is used for laying submersible pumps. The lower pit cause obvious impact for
the structure force, especially on the corner of these plates. In this condition, treatments
could be designed according to the wall shapes, such as setting hidden beams, hidden
columns, or local thicker plates. All these treatments are inspired by setting stronger
nodes in the parts with relative larger force, making these special structure elements
share enough force, so as to avoid adding thickness to the whole tank wall and causing
design waste as well (Figs. 5 and 6).

3) The 3rd example is a bottom plate of a circular caisson pump tank. Non-stressed
diversion walls are designed in the preliminary design. But the area of the bottom tank
is big, when loaded by buoyancy or pure opposite ground force, the mid-span moment
is huge. Several convex bottom beams are set in the bottom plate, and then the plate is
segmented into small parts, which reduces the internal force. However, the excavation
of the earth between the caisson cutting edge and the bottom plate is very difficult,
and formwork of these bottom beams are also difficult, so finally another scheme is
adopted. In this scheme, the bottom beams are canceled, and the diversion walls are
designed stronger, meanwhile, a long deep beam is set to hold these diversion walls,
which provides a effective constraint system for the bottom plate. In the model cal-
culation, the maximum moment is controlled under 550 kN*m, which is close to the
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hidden 

column

local thick plate

hidden 

column

Fig. 5. The structure solution in the pit of a storage pool.

The stress concen-

tration is weakened

at the corner area  

Fig. 6. The force of the storage pool by adding restraining members.

preliminary design with bottom beams, but the second scheme reduces construction
difficulty significantly (Figs. 7 and 8).
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non-stressed diversion wall

bottom beams

non-stressed diversion wall

Fig. 7. The layout and section of a circular caisson pump tank.

stressed diversion wall

deep beam

Fig. 8. The raft force when using internal structure as restraints.

4 Treatments Besides the Structural Joints

Longdimension structures are usually designed inwater supply anddrainage engineering
projects. Post-cast strips, reinforcing strips, induced joints and complete joints are usually
designed to meet the requirements of tank dimension. Therein, the reinforcement is
completely separated by complete joints, so the force cannot be transferred through
the joints, but the joints still change force distribution totally, which may cause force
concentration in the corner besides the joints. The concentrated force may exceed a lot
to other places. It will cause very big thickness if the wall is designed according to
the maximum moment, which is not economic or rational. There are many treatment
measures on this situation, such as varying walls with bigger thickness in the large
force place and smaller thickness in other places, or setting hidden columns or buttress
columns, considering the wall as beam and slab structure, so the internal force could by
effectively reduced.

An intermediate pumping house of a large wastewater treatment plant is taken as an
example. As this pump house is connected with two large pools, and the total dimension
is about 150 m, so complete joints must be set. As the pumping house is laid in the
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middle of two pools, considering the two pools should be symmetric on the outside of
the joints, so the joints are set in the pumping house. And more, there should be two
joints in this pumping house in order to avoid the gate well. The final scheme of setting
joints is shown in Fig. 9.

complete joint complete joint

intermediate 

pumping house
gate well

A pool B pool

Fig. 9. The layout plan of four tanks of a wastewater treatment plant.

The force of the pumping house is affected by complete joints. Both sides of the joints
should be calculated respectively, and meanwhile, there should not be any constraints
on the joint. The left part of the joint of this pumping house is taken as an example.
According to the calculation, the force of the corner besides the joint is several times of
other places, which is 606 kN*m, and the maximum force of other places is only 225
kN*m. If the whole wall is designed according to 606 kN*m, it may be rational to use the
thickness of 800 mm, but this would cause most part of the wall exceeds the necessary
thickness a lot. During the design process, if a buttress column is set nearby the joint,
then the force will all be controlled under 300 kN*m, which only needs thickness of 500
mm, and the reinforcement can also be optimized (Fig. 10).
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Fig. 10. The comparison of two methods for treating structrue joints (with or without buttress
column)

5 Conclusion

There are various kinds of water treatment structures in water supply and drainage
engineering, which cannot be concluded by one method. As the scale and depth of these
structures increases, the calculated force usually exceeds normal results a lot. Careful
analysis is needed by using all kinds of structural measures, such as using the beam-slab
structure so as to adding constraints, and then the internal force could be redistributed,
which avoids the force concentration. In this way, part of the force is transferred to the
local constraining elements, and stronger bending capacity of beams and columns is
better used, and consequently, the whole structure is optimized.
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