sustainability
Article

An Innovative Approach to Determining High-Risk
Nodes in a Complex Urban Rail Transit Station:
A Perspective of Promoting Urban Sustainability
Hui Xu 1, *, Liudan Jiao 2, *, Shulin Chen 3 , Milan Deng 3 and Ningxin Shen 1
1
2
3

*

School of Economics and Management, Chongqing University of Posts and Telecommunications,
Chongqing 400065, China; shenningxin751@163.com
School of Economics and Management, Chongqing Jiaotong University, Chongqing 400074, China
School of Construction Management and Real Estate, Chongqing University, Chongqing 400045, China;
jimmy.chen517@163.com (S.C.); dml1029@126.com (M.D.)
Correspondence: xuhui@cqupt.edu.cn (H.X.); jld0617@126.com (L.J.); Tel.: +86-23-62461439 (H.X.);
+86-23-62789004 (L.J.)

Received: 17 June 2018; Accepted: 11 July 2018; Published: 13 July 2018




Abstract:
Public safety presents high importance in urban sustainable development.
Transportation safety is a significant section in public safety. Over the last couple of decades,
as a sustainable means of public transportation, urban rail transit presents a rapid development in
China. Increasing initiatives and practices have been engaged with views to facilitating people’s
travel and intensive utilizing land resources. Echoing this, rail transit stations with multi-floor
structure have been built and show structure complexity. Due to this complexity, there is a need to
focus on risk management for the stations to guarantee operation safety. Accordingly, this research
introduces an innovative approach to identify high-risk nodes in the complex rail transit stations.
The high-risk nodes are determined according to two aspects, which are the key nodes of the station
and presenting large passenger volumes. Complex network analysis and field investigation were
adopted in this study. The Lianglukou rail transit station in Chongqing, China was selected for case
study. The research results in this study indicate that (1) in platform floors, stairs/escalators are
almost high-risk nodes; (2) columns and metal fences that have been determined as high-risk nodes
are located near stairs/escalators; (3) in concourse floor, the determined high-risk nodes present
relative high degree centrality and low betweenness centrality compared with nodes in platform
floor. The obtained high-risk nodes are helpful for the management firms to develop risk mitigation
measures and re-allocate their resources to create a safe environment for passengers in the stations.
The guarantee for the rail transit station operation safety plays an important role in enhancing
urban sustainability.
Keywords: urban sustainability; high-risk nodes; complex rail transit station; complex network
analysis; passenger volume statistics

1. Introduction
Public safety is necessary in achieving sustainable development, which has been considered
to be an significant indicator in urban sustainability evaluation [1,2]. Transportation safety is an
indispensable section in public safety [3–9]. In recent years, the size of cities in China have been
expanding rapidly with the growth of urbanization, which leads to a large amount of transportation
requirements [10]. Qualified with advantages of high speed, low pollution, large transportation,
low energy consumption, and comfort, urban rail transit, including metro and light rail, is in conformity
with the principle of sustainable development, and provides a variety of environmental, economic and
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social benefits, which are particularly applicable for urban transportation [11]. So far, over 200 cities all
over the world have been operating metros. Also, in China, the urban rail transit developed in a high
speed and became a main component of urban public transport [12]. At present, 43 Chinese cities in
total have obtained official approval to construct urban rail transit, and more than 9000 km of transit
is in planning [13]. More and more cities in China enter the “rail transit era”. Aiming at facilitating
people’s lives and intensively utilizing land resources, many newly built rail transit stations in China
demonstrate obvious features of multi-floor structure integration in three-dimensional space and
crowded people on each floor. Various components and relationships among the components exist in
the station. Thus, the station shows complexities and could be recognized as a complex system [14,15].
In this paper, the stations are titled as “complex rail transit stations” (CRTSs). The CRTSs facilitate
people’s traffic transfer. However, the CRTSs are also subject to various kinds of potential risks
during operation due to their complex structures, crowding of people, and their openness [12,14].
The potential risk events include fire, explosion, and terrorist attacks, etc. [16]. The secure and stable
operation of the CRTSs presents high significance in urban sustainable development. Nevertheless,
according to the investigations in the rail transit stations, including Xizhimen Station in Beijing,
Lianglukou Station in Chongqing, security guards are randomly moving in the station [17,18].
Some nodes, including passenger aggregation nodes and passengers’ transfer nodes, need specific
security protection. For example, arranging security guards with equipment around the nodes could
decrease the occurrence possibility of emergency events, such as terrorist attacks, fire, etc. Therefore,
it is meaningful to study the high-risk nodes of CRTSs, which could be referred to in the management.
Until now, considerable efforts have been devoted by the researchers in order to guarantee the
safety of the rail transit stations. The vulnerability of the urban rail transit has been previously
emphasized [19]. Song et al. [3] emphasized that the safe operation of the rail transit could promote
sustainable development of cities, and explored the rail transit system vulnerability factors based on the
integrated method of AHP (analytic hierarchy process) and ISM (interpretative structural modeling).
Regarding the large subway system as complex networks, Angeloudis and Fisk [20] stated that the
high connectivity but low maximum vertex degree of the networks shape robustness to random attack.
It indicated that the urban rail transit network is vulnerable to the node-based attacks, especially the
highest betweenness node-based attacks, even though it is rather robust to random attacks [21,22].
Bruyelle et al. [23] and Qian and Lin [24] conducted research on the occurrences of terrorist attacks
against rail-based vehicles. The critical systems were identified, and the design improvements of the
metro coaches were proposed to guarantee security [20,25]. The assessment for the vulnerable nodes
within the rail transit station showed a high level of necessity. Many counter-measures were formulated
to increase the resilience to risk events [24,26,27]. Infrastructure operation safety was emphasized
and complex network was considered to be a useful instrument for the studies [23,25,28]. In the field
of urban rail transit network, some valuable results have been obtained. Latora and Marchioris [29]
discussed the small-world characteristics of the Bostosn subway network and provided precious
insights on the general features of real transportation networks. Lee et al. [30] focused on the statistical
properties and topological consequences of the Metropolitan Seoul Subway system. The passenger flow
weight distribution of the station was calculated. During operation time, the passengers showed high
density in the station and the occupant safety in emergencies presented high importance [31,32].
The capacity of the exits was measured by video recording and on-site observations, and then
the dynamic features of the emergency evacuation process at each time-step were calculated [33].
Precursors of the emergencies in the rail transit stations were identified and analyzed. Kyriakidis,
Hirsch, and Majumdar [34] analyzed 27 accidents precursors in six categories and developed a model
to assess safety maturity of the metro railway. In addition, the relationships exploration showed that a
positive correlation exists between injuries and precursors.
Legislation requirements for transportation and emissions limits have also been issued for the
safe operation of rail transit stations. In China, laws and regulations in national level and municipal
level that rail transit must comply with for safe operation have been formulated. These include the
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Emergency Plan for the Disposal of Urban Subway Accidents, issued by the Ministry of Emergency
Management of China [35], Regulations on Operation and Management of Urban Rail Transit issued
by the Ministry of Transport of China [36], and Instructions on Ensuring Safe Operation of Urban
Rail Transit issued by the General Office of the State Council of China [37], etc. Regulations in
municipal level have also been formulated, such as the Emergency Plan for the Disposal of Rail
Transit Operation Accidents in Shanghai [38], and the Emergency Plan for the Disposal of Rail
Transit Emergency Events in Chongqing [39], etc. In addition, regulations or laws for transportation
safety have also been established in other countries, such as the United States [4], Nigeria [40],
etc. Thus, safe operation of the rail transit has been emphasized in legislation and regulations.
In addition, emissions limits standards have also been issued for various transportation subsectors,
including light-duty vehicles, heavy-duty vehicles (buses and trucks), rail, aviation, marine, agriculture,
and off-road [41]. For instance, in California, SB375 is the first regulation to focus on travel demand’s
contribution to aggressive greenhouse gas emissions [41]. In China, the emissions limits standards for
vehicles with fuel consumption, such as heavy-duty vehicles and motorcycle, have been issued by the
Ministry of Ecology and Environment [42]. For rail transit, some emissions limits standards have been
formulated for the construction stage. This includes the Environmental Vibration and Noise Emission
Control in the Construction of Urban Rail Transit [43]. In the operation stage, urban rail transit is
recognized as a sustainable transportation mode due to low pollution and low energy consumption.
Cities with high-density neighborhoods developed around passenger rail transit systems are the
most sustainable model for urban areas [44]. Thus, as an important section for the urban sustainable
development, the influence of rail transit impacting on environment are continuously being considered
at every stage, and the considerations are helpful for preventing the social security events, such as
mass incidents.
According to the review of the existing studies, it can be seen that rail transit station risk
prevention is a hot research topic. From macro to micro, studies have been conducted from various
angles, including rail transit vulnerability, networks, passengers, precursors of the emergencies,
legislation requirements, emissions limits, etc. Nevertheless, the high-risk nodes in the micro spaces
of CRTSs still have fewer research achievements. Aiming at the absences, this research focuses on
the determination for risk nodes within CRTSs through an innovative approach, which is are the
combined studies in two aspects. Firstly, considering the station architectural structure and passenger
flow features, the complex networks of the nodes in every floor of CRTSs are established and the
key nodes are identified. Secondly, on-site passenger volumes of every node in the station are
recorded. The temporal and spatial characteristics of passenger volumes in the station are analyzed.
The high-risk node determination is based on the key node identification and passenger volume
statistics. The research on the high-risk nodes relies on network analysis to identify relationships
between nodes and discusses the factors responsible for the main concentrations of passengers, which is
the first innovative feature of the approach. Besides, the consideration for the passenger aggregation
nodes through passenger volumes analysis is another innovative feature. In this study, the Lianglukou
rail transit station in Chongqing, China, was selected as the study case.
2. Materials and Methods
Field investigation and complex network analysis were employed in this study for passenger
volume statistics and key nodes identification. Field investigation has been recognized as a useful
method in many studies for field data collection [45–47]. Thus, in this study, field investigation
was firstly implemented to clarify the structure of the station, to obtain the passenger flow features,
passenger aggregation nodes in every floor, and the corresponding passenger volumes. Secondly,
the complex networks of every floor were established and the key nodes were identified through
complex network analysis. The complex network analysis presents two advantages. On the one
hand, the utilization of this method was based on the contents obtained from the field investigation,
including the structure of the station, the passenger aggregation nodes in every floor, and passenger
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flow features in the station. Thus, the implementation of this method was based on the objective
information of the station. On the other hand, the connection and interaction abilities of the nodes were
judged through centrality analysis for the nodes, and the centrality was sorted according to the degree
centrality and betweenness centrality calculation results. Therefore, the judgement for the connection
and interaction abilities was in accordance with accurate mathematical calculation. Some other
methods have also been adopted in the analysis of passenger flow features and key nodes determination
in indoor environment, mainly including field observation [45], video observation [48], interview [49],
social force model [50], and cellular automata (CA) model [51], etc. These methods were useful for the
studies. However, defects were presented as compared with complex networks and their inapplicability
was shown for this study. The utilization of the methods of field observation, video observation,
and interview are based on subjective judgment, and then the description for the passenger flow
features and relationships among different nodes is generally based on qualitative analysis [52,53].
The above illustration for the complex network emphasizes two advantages, which are objective
information and accurate mathematical calculation. Thus, compared with subjective judgment and
qualitative analysis of the previous three methods, complex network analysis presents more objective
qualities and accuracy. Besides, the methods social force model and cellular automata (CA) model were
initially applied in the field of evacuation [50,54]. Even though some modifications have been made
for behavior analyzation usage in daily operation [50,51], the accurate relationship of the nodes in the
constrained space cannot be clearly demonstrated, and further the key nodes could not be determined
with accurate data support as complex network analysis does. Therefore, complex network analysis
was been chosen to identify nodes with strong connection and interaction abilities in this study.
The study sites and the employment of the two methods are introduced as follows.
2.1. Study Sites
The Chongqing Lianglukou rail transit station was selected as the study case. The Chongqing
rail transit developed quickly over recent years. Until December 2017, a total of six lines were in
operation, incorporating 155 stations and 13 transfer stations. The operation mileage reached 264.3 km
and ranked first in midwest China [55]. In the 13 transfer stations, the Lianglukou rail transit station is
the transfer station of Line 1 and Line 3. Due to the multi-floor complex structure of the Lianglukou
station, it was selected as the study case. Besides, another important reason for the selection was that
extreme large volumes of transfer passengers are present in the station due to some distinctive stations
occupying Line 1 and Line 3, including five commercial centers (CC1–CC5), three railway stations
(RS1–RS3), and the airport of Chongqing, as shown in Figure 1. According to the statistics, the average
daily transfer passenger volume is nearly 170,000. The extremely large transfer passenger volumes
result in a much higher density of passengers in the constrained space of the station [56]. The safe
operation of the station deserves much attention.
2.2. Field Investigation in the Lianglukou Rail Transit Station
Field investigations have been conducted seven times in the Lianglukou station, as shown in
Table 1. The structure of the station, passenger flow features, and the passenger volume data were
investigated during field investigation.
Table 1. Time periods classification on weekday and weekend.
Date

Time

Investigation Contents

5 May 2017
8 May 2017
15 May 2017
22 May 2017
5 June 2017–9 June 2017
3 June 2017–4 June 2017
10 June 2017–11 June 2017

10:00–16:00
13:00–16:00
13:00–16:00
13:00–16:00
7:30–18:30
10:10–20:10
10:10–20:10

Structure of the station
Structure and passenger aggregation nodes of B3 Floor
Structure and passenger aggregation nodes of B4 Floor
Structure and passenger aggregation nodes of B5 Floor
Passenger volume statistics for the floors of B3, B4, and B5
Passenger volume statistics for the floors of B3, B4, and B5
Passenger volume statistics for the floors of B3, B4, and B5
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Figure 1.

Figure 1. The distinctive stations connect to the Lianglukou station.

There are four floors in the Lianglukou station, which are floors B2, B3, B4, and B5. According to
investigations, passenger volumes are mainly concentrated on the floors of B3, B4, and B5, while only
a small number of passengers are present on the B2 floor during daily operation. Thus, this study
mainly focused on the floors of B3, B4, B5. The B3 floor is the concourse floor and includes four exits,
which are Exit 5, Exit 6, Exit 7, and the unified Exit 1–4 (the independent Exit 1, Exit 2A, Exit 2B, Exit 3,
and Exit 4 are in the B2 floor). The B4 floor is the platform floor of Line 1, including 24 screen doors in
each side and thus a total of 48 screen doors on this floor. The B5 floor is the platform floor of Line 3.
Sixteen screen doors are present on each side and thus a total of 32 screen doors are present on the
1
B5 floor. The B3 floor, B4 floor, and B5 floor connect
with each other through five stairs/escalators.
The Lianglukou station map is shown in Figure 2.

Figure 2.

Figure 2. The Lianglukou station map.
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Through detailed field investigations, the layout plans of each floor were drawn. The screen doors,
stairs/escalators, metal fences, and the columns are passenger aggregation nodes and were coded
in the layout plans. For example, the screen doors in the left side of B5 floor were coded as B5–LD1,
B5–LD2 . . . , and the stairs/escalators, the metal fences, the columns in B5 floor were coded as B5–Sxx,
B5–Fxx, and B5–Cxx, respectively. The layout plan of B5 floor is shown in Figure 3. The layout plans of
the B3 floor and B4 floor are shown in Figures A1 and A2. Besides, the dimensional data of the three
floors, including length, width, and area, were measured and are shown in Table 2. (Appendix A).
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Table 2. The dime nsional data of the thre e laye rs of Lianglukou Station.
2

Floor
B3
B4
B5

Length (m)

Floor
B3
B4
B5

Length (m)
103.8
103.8
96
96
107.4
107.4

Width (m)

Width (m) Area (m 2)
15
15
1557
12
12
1152
12
12
1288.8

Area (m )
1557
1152
1288.8

Figure 3. The layout plan of the B5 floor.

Figure 3. The layout plan of the B5 floor.
In addition, on-site passenger volume statistics were conducted during field investigations. The
detailed statement for the passenger volume statistics is in Section 3.2.

In addition, on-site passenger volume statistics were conducted during field investigations.
The detailed
for the
passenger volume statistics is in Section 3.2.
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Complex Network
Construction
Complex network construction is the basis for complex network analysis. The coded facilities,
and columns, were passenger aggregation
nodes. Different nodes are connected through passenger flow movements. Thus, the passenger flows
Complex network construction is the basis for complex network analysis. The coded facilities,
shape into networks, in which the coded facilities were the nodes and the passenger flow movement
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doors,
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and
columns,
passenger
were
connecting lines. The
passenger
flow
networks
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nodes. Different
aretheory
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through
passenger
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Thus,
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passenger
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[57]. Complex
network
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in recent years
and
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topological
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[16]. It is a flow
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in which
the
facilities
were the
nodes interactions
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network with non-trivial topological features—features that often occur in graphs that model real
among nodes
were connecting lines. The passenger flow networks were constructed based on complex
systems such as social networks, computer networks, etc. [58]. The complex network was constructed
network theory
Complexofnetwork
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years and
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an innovative
through [57].
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the software
UCINET.
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that model
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systems such
NETDRAW for visualizing networks [60]. Many characteristics of the network could be analyzed
as social networks, computer networks, etc. [58]. The complex network was constructed through
through UCINET, including density, centrality, regions, egonetworks, structures holes, clusters, etc.
the employment
of thetosoftware
UCINET. UCINET
is a social
network
analysis
program
According
the field investigation
in the Lianglukou
Station,
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by Stephen
P. Borgatti,
Martin
Everett,
LintonTaking
C. Freeman
[59].asThe
programtheis 55
distributed
aggregation
nodes
on theG.
three
floors, and
respectively.
the B5 floor
an example,
passenger
aggregation
nodes areworks
shown ininTable
3.
by Analytic
Technologies.
UCINET
tandem
with freeware program called NETDRAW for

2.3. Complex
Network Construction
including screen doors, stairs/escalators, metal fences,

visualizing networks [60]. Many characteristics of the network could be analyzed through UCINET,
including density, centrality, regions, egonetworks, structures holes, clusters, etc.
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According to the field investigation in the Lianglukou Station, there were 32, 68, 55 passenger
aggregation nodes on the three floors, respectively. Taking the B5 floor as an example, the 55 passenger
aggregation nodes are shown in Table 3.
Susta ina bility 2018, 10, x; doi: FOR PEER REVIEW

Table 3. The 55 passenger aggregation nodes of B5 floor.
Table 3. The 55 passe nge r aggre gation node s of B5 floor.

No.
1
2
3
4
5
6
7
8
9
10
11
12
13
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No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Columns
Columns
B5–C1
B5–C1
B5–C2
B5–C2
B5–C3
B5–C3
B5–C4
B5–C4
B5–C5
B5–C6
B5–C5
B5–C7
B5–C6
B5–C8
B5–C7
B5–C9
B5–C8
B5–C10
B5–C9
B5–C11
B5–C10
B5–C12
B5–C11
B5–C12

Left Door
Right Door
Escalators/Stairs Metal Fences
Left Door Right Door Escalators/Stairs Metal Fences
B5–LD1
B5–RD1
B5–S1
B5–F1
B5–LD1
B5–F1 B5–F2
B5–LD2 B5–RD1
B5–RD2 B5–S1 B5–S2
B5–LD2
B5–F2 B5–F3
B5–LD3 B5–RD2
B5–RD3 B5–S2 B5–S3
B5–LD3
B5–F3 B5–F4
B5–LD4 B5–RD3
B5–RD4 B5–S3
B5–LD4
B5–F4 B5–F5
B5–LD5 B5–RD4
B5–RD5
B5–LD6 B5–RD5
B5–RD6
B5–LD5
B5–F5 B5–F6
B5–LD7 B5–RD6
B5–RD7
B5–LD6
B5–F6 B5–F7
B5–LD8 B5–RD7
B5–RD8
B5–LD7
B5–F7 B5–F8
B5–LD9
B5–RD9
B5–LD8
B5–RD8
B5–F8
B5–LD10 B5–RD9
B5–RD10
B5–LD9
B5–LD11
B5–RD11
B5–LD10
B5–RD10
B5–LD12
B5–RD12
B5–LD11
B5–RD11
B5–LD13
B5–RD13
B5–LD12
B5–LD14 B5–RD12
B5–RD14
B5–LD13
B5–LD15 B5–RD13
B5–RD15
B5–LD14
B5–LD16 B5–RD14
B5–RD16
B5–LD15
B5–RD15
B5–LD16
B5–RD16

The establishment of the complex network mainly included three steps.
(1)

(2)
(3)

The establishment of the complex network mainly included three steps.

Formulating judgment table for the relationship of each pair of nodes [61]. If the two nodes
(1) connected
Formulating
judgment
table for the
relationship
each pair of nodes
the twoisnodes
are as 1.
are
through
passenger
flow,
then theofrelationship
of the[61].
twoIf nodes
marked
connected through passenger flow, then the relationship of the two nodes is marked as 1. For
For instance, passengers who go through the escalator/stair B5–S1 may go to and gather around
instance, passengers who go through the escalator/stair B5 –S1 may go to and gather around the
the column 1 (B5–C1) and wait for the train. Then the B5–S1 node connects to the B5–C1 node
column 1 (B5–C1) and wait for the train. Then the B5–S1 node connects to the B5–C1 node and
and the
relationship of B5–S1 and B5–C1 is marked as 1. Otherwise, the relationship is marked as
the relationship of B5–S1 and B5–C1 is marked as 1. Otherwise, the relationship is marked as 0.
0. After
judgment
thenodes,
nodes,the
therelationship
relationship
judgment
is formulated.
After
judgmentfor
for all
all the
judgment
tabletable
is formulated.
Importing
the the
relationship
judgment
theUCINET
UCINET
software
calculation.
(2) Importing
relationship
judgmenttable
table into the
software
for for
calculation.
(3)
Presenting
the
complex
network
through
the
NETDRAW
program.
Presenting the complex network through the NETDRAW program.
The complex networks of each layer were constructed based on the identified passenger

The complex networks of each layer were constructed based on the identified passenger
aggregation nodes and passenger flow features. The complex network of B5 layer is shown in Figure
aggregation
nodes and passenger flow features. The complex network of B5 layer is shown in Figure 4.
4.

Figure 4. The comple x ne twork of the B5 laye r.

Figure 4. The complex network of the B5 layer.
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3. Key Nodes Identification and On-Site Passenger Volume Statistics
3.1. Key Nodes Identification through Complex Network Analysis
The analysis for the constructed complex networks was implemented for each floor. Three features
of the networks were measured, including density, degree centrality, and betweenness centrality.
Density analysis is network overall analysis, while degree centrality and betweenness centrality are
network nodes analysis [62]. The network overall analysis is the macro analysis and introduction
for the network, which is useful for obtaining knowledge of the whole network. The network nodes
analysis is the analysis for the micro nodes and is the basis for key nodes identification.
3.1.1. Density
Density of the network is the ratio of existing connections to the maximum possible connections
in a network. The density of the complex network demonstrates the connections among the passenger
aggregation nodes. In this study, the judgment for the connections is based on the passenger flow
features, which were recorded during field investigation in the station. The higher the density, the more
connections among the nodes in this floor, and the bigger movement scope of the passengers in the
floor. The densities of the three networks were obtained through the calculation of the software
UCINET, as shown in Table 4.
Table 4. The densities of each layer networks.
Layer

B3 Layer

B4 Layer

B5 Layer

Density

0.792

0.291

0.292

The B3 floor is the concourse floor, while the B4 floor and B5 floor are platform floors. The two
kinds of floors presented different passenger movement features. The density of B3 floor was 0.792,
which was a very high level of complex network density. The high density 0.792 states that passengers
in the B3 floor presented high tendency of flows from one passenger aggregation node to others.
Among the 32 nodes, the maximum possible number of connections was 32 × (32−1)/2 = 496.
Thus, the total number of the actual connections among nodes in the B3 floor was 496 × 0.792 = 392.
During daily operation, passengers in the B3 floor went through relatively more nodes and more space
than passengers in the B4 floor and the B5 floor for arrival, transfer, or departure. Thus, compared with
the B3 floor, the densities of the B4 and B5 floors were relatively lower, being 0.291 and 0.292. Getting
on or getting off the train are two main activities of passengers on these two floors. For example,
passengers getting off the train may go through screen doors and directly go to the escalator for
departure. The scopes of these two activities are small.
3.1.2. Degree Centrality
The degree centrality of the network demonstrates the ability that one node in the network directly
connects and interacts to other nodes. The higher the degree centrality is, the higher the interactive
ability of the node is, and the node is closer to the center of the network. The degree centralities of the
three networks was obtained by UCINET, among which the degree centrality of the B5 floor is shown
in Figure 5. The top five nodes in each network are shown in Table 5.
Table 5. Nodes with top five degree centralities on the three floors.
No.

B3 Floor

Degree

nDegree

B4 Floor

Degree

nDegree

B5 Floor

Degree

nDegree

1
2
3
4
5

B3–C8
B3–C10
B3–C7
B3–C9
B3–C11

31
31
30
30
30

1.000
1.000
0.968
0.968
0.968

B4–S2
B4–S3
B4–F3
B4–C2
B4–S1

52
41
32
30
29

0.766
0.612
0.478
0.448
0.433

B5–S2
B5–S1
B5–C5
B5–S3
B5–C6

39
32
31
24
23

0.722
0.593
0.574
0.444
0.426
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Table 5. Node s with top five de gre e ce ntralitie s on the thre e floors.

According
to
from B3–C7
B3–C11
No.
B3 the
Floorcalculation
Degree results,
nDegreethe
B4columns
Floor Degree
nDegreeto B5
Floor present
Degree relatively
nDegree higher
1
B3–C8
31 nodes1.000
B4–S2 of B3
52floor. 0.766
B5–S2
39 centralities
0.722
degree centralities
than other
in the scope
Especially
the degree
of the
2
B3–C10
31
1.000
B4–S3
41
0.612
B5–S1
32
0.593
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F3 plays the role of guiding passenger flow, splitting large volume of passengers. Compared with
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degree of centrality.
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Table 6. Nodes with top five betweenness centralities on the three floors.
No. B3 Floor Betweenness B4 Floor Betweenness B5 Floor Betweenness

No.

B3–C10Betweenness
9.407
B31Floor
2

B3–C8

9.407

B4–S2
B5–S2
B4 Floor 591.011
Betweenness
B4–S3
255.775
B5–S1

750.55
B5 Floor

Betweenness

441.847

1
B3–C10
9.407
B4–S2
591.011
B5–S2
750.55
3 B3–C11
7.957
B4–F3
164.735
B5–C5
303.6
2
B3–C8
9.407
B4–S3
255.775
B5–S1
441.847
4 B3–C13
7.418
B4–S1
225.744
3
B3–C11
7.957
B4–F3 121.867
164.735B5–S3 B5–C5
303.6
5
B3–C14
7.418
B4–C2
82.606
B5–F8
129.28
4
B3–C13
7.418
B4–S1
121.867
B5–S3
225.744
5
B3–C14
7.418
B4–C2
82.606
B5–F8
129.28
On the B3 floor, the nodes B3–C10, B3–C8 showed obvious high betweenness centrality. Due to
these two columns being located in the cross area of B3–S2, B3–S3, and B3–S4, and some nodes, such
On
the B3 floor, the nodes B3–C10, B3–C8 showed obvious high betweenness centrality. Due to
as columns B3–C7 to B3–C12, and metal fences B3–F1, B3–F2, B3–F4 were all in this area, these two
these columns
two columns
located
the crosspath
areaamong
of B3–S2,
B3–S3,
B3–S4,
some nodes,
such as
werebeing
always
in theinshortest
some
otherand
nodes
as and
“bridges”.
Thus, the
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B3–C7 to
B3–C12, of
and
fences and
B3–F1,
B3–F2,
B3–F4
were
in this area,
these two
betweenness
centralities
the metal
nodes B3–C10
B3–C8
were very
high.
Theall
betweenness
centrality
columns
were
always
in ranked
the shortest
among
some
otherarea
nodes
as “bridges”.
Thus,
betweenness
of the
node
B3–C11
third.path
The node
is in
the cross
of B3–S2,
B3–S4, and
Exitthe
7. The
node
B3–C11
is
the
intermediary
of
the
nodes
Exit
7,
B3–C7
to
B3–C12,
B3–F1,
B3–F2,
and
B3–F4.
centralities of the nodes B3–C10 and B3–C8 were very high. The betweenness centrality of the node
On thethird.
B4 floor,
the
nodes
B4–F3
high betweenness
centralities.
The twois the
B3–C11 ranked
The
node
is B4–S2,
in the B4–S3,
cross area
ofpresented
B3–S2, B3–S4,
and Exit 7. The
node B3–C11
stairs/escalators
directly
connect
to
the
B3
floor.
The
three
nodes
shaped
a
triangle,
and
large
volume
intermediary of the nodes Exit 7, B3–C7 to B3–C12, B3–F1, B3–F2, and B3–F4.
of transfer passengers were in the cross area of the nodes. The two stairs/escalators and the metal
On
the B4 floor, the nodes B4–S2, B4–S3, B4–F3 presented high betweenness centralities. The two
fence B4–F3 were connection intermediaries for other nodes, including columns B4–C3 to B4–C14,
stairs/escalators directly connect to the B3 floor. The three nodes shaped a triangle, and large volume
metal fence B4–F2, left screen doors, and right screen doors.
of transferInpassengers
were in the cross area of the nodes. The two stairs/escalators and the metal
B5 floor, the nodes B5–S2, B5–S1, and B5–C5 were three nodes with high betweenness
fencecentralities.
B4–F3 were
connection
intermediaries
for other nodes,
including
columns
B4–C3
B4–C14,
B5–S2
and B5–S1
were two stairs/escalators
connecting
to the B4
floor and
the B3tofloor,

metal fence B4–F2, left screen doors, and right screen doors.
In B5 floor, the nodes B5–S2, B5–S1, and B5–C5 were three nodes with high betweenness
centralities. B5–S2 and B5–S1 were two stairs/escalators connecting to the B4 floor and the B3
floor, respectively. Therefore, large numbers of transfer passengers may move around these two
nodes and go to other nodes, including columns B5–C1 to B5–C12, metal fences B5–F1, B5–F2, B5–F3,
B5–F4, and B5–F7. The node B5–C5 was near B5–S1 and in the path from B5–S1 to B5–S2. Also,
B5–F1 and B5–F2 were near B5–C5. Thus, the node B5–C5 is always a “bridge” for passengers to travel
to other nodes.
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respectively. Therefore, large numbers of transfer passengers may move around these two nodes and
go to other nodes, including columns B5–C1 to B5–C12, metal fences B5–F1, B5–F2, B5–F3, B5–F4, and
B5–F7. The
node B5–C5
was
near B5–S1 and in the path from B5–S1 to B5–S2. Also, B5–F1 and B5–F2
3.2. On-Site
Passenger
Volume
Statistics
were near B5–C5. Thus, the node B5–C5 is always a “bridge” for passengers to travel to other nodes.

To obtain the passenger volume data, field investigation for passenger volume statistics were
3.2. On-Site
Passenger Volume
conducted
on weekdays
(5 JuneStatistics
2017 to 9 June 2017) and weekends (3 June 2017 to 4 June 2017 and
10 June 2017
to 11 June
2017). Passenger
volumes
showed distinct
featuresvolume
in different
timewere
periods
To obtain
the passenger
volume data,
field investigation
for passenger
statistics
of a day.
For
instance,
the
rush
hours
on
weekdays
were
always
in
the
periods
of
7:30–9:00
conducted on weekdays (5 June 2017 to 9 June 2017) and weekends (3 June 2017 to 4 June 2017 and and
17:00–19:00.
Thus,
investigated
day was
classified
multi periods.
Indifferent
addition,
theperiods
passenger
10 June 2017
tothe
11 June
2017). Passenger
volumes
showinto
ed distinct
features in
time
of a day.
For instance,
thefeatures
rush houron
s on
weekdaysand
were
always in the
of 7:30–9:00
and
17:00–
volumes
presented
different
weekdays
weekends.
Forperiods
example,
rush hour
only
existed
19:00. Thus,
the investigated
day was
classified into
multi
periods.for
In addition,
passenger
volumes
on weekdays.
Thus,
the time period
classifications
were
different
weekdaythe
and
weekend,
as shown
presented
different features on weekdays and weekends. For example, rush hour only existed on
in Table
7.
weekdays. Thus, the time period classifications were different for weekday and weekend, as shown
in Table 7.
Table 7. Time period classification of weekdays and weekends.

Date

Table 7. Time pe riod classification
of we
e kdays and we e ke nds.
Time
Periods

Date
Weekday
7:30–9:00
10:00–10:30
Weekend
Weekday 10:10–11:10
7:30–9:00 13:10–14:10
10:00–10:30
Weekend 10:10–11:10 13:10–14:10

Time Periods
11:00–11:50
13:30–14:10
15:30–16:00
17:10–18:30
15:10–16:10 13:30–14:10
16:50–17:50 15:30–16:00
19:10–20:1017:10–18:30
11:00–11:50
15:10–16:10 16:50–17:50 19:10–20:10

During field investigation, the passenger volumes of the nodes in different time periods were
During field investigation, the passenger volumes of the nodes in different time periods were
recorded
by using photos or videos. The passenger volumes in every time period on weekday and
recorded by using photos or videos. The passenger volumes in every time period on weekday and
weekend
of
the
keykey
nodes
passengervolumes
volumes
in the
same
period
weekend
of identified
the identified
nodeswere
wereobtained.
obtained. The
The passenger
in the
same
timetime
period
showed
similar
features.
ForFor
example,
7:30–9:00and
and
17:10–18:30
in weekday
showed
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example,the
thetime
time periods
periods 7:30–9:00
17:10–18:30
in weekday
werewere
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andand
presented
continuous
flows.
Passenger
volumes
during
rush hours,
presented
continuoushigh-density
high-density passenger
passenger flow
s. Passenger
volumes
during
the the
time
periods
10:00–10:30
and
15:30–16:00
show
lower
density
compared
with
the
rush
hour.
Every
time periods 10:00–10:30 and 15:30–16:00 show lower density compared with the rush hour. Every time
time
period
lasted
to 90 min.
to the
similarfeatures
features of
flows
in every
time time
period
lasted
from
30from
min30
tomin
90 min.
DueDue
to the
similar
ofpassenger
passenger
flows
in every
period,
one
or
two
time
points
were
chosen
to
demonstrate
the
features
of
the
time
periods.
As
period, one or two time points were chosen to demonstrate the features of the time periods. As a aresult,
result, the passenger volume on the time points of 8:00, 8:30, 9:00, 10:10, 11:10, 11:40, 13:30, 15:40,
the passenger
volume on the time points of 8:00, 8:30, 9:00, 10:10, 11:10, 11:40, 13:30, 15:40, 17:30,
17:30, and 18:20 on a weekday, and the time points of 10:10, 10:30, 11:00, 13:30, 15:30, 17:30, 19:30, and
and 18:20 on a weekday, and the time points of 10:10, 10:30, 11:00, 13:30, 15:30, 17:30, 19:30, and 20:00
20:00 on a weekend are further presented in detail in line charts, as shown in Figures 7 and 8 in
on a weekend
are further presented in detail in line charts, as shown in Figures 7 and 8 in Sections 4.1
Sections 4.1 and 4.2. The obtained passenger data could be a useful reference for high-risk node
and 4.2.
The obtained passenger data could be a useful reference for high-risk node determination.
determination.
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4. Results: High-Risk Nodes Determination
The high-risk node determination was based on the results of key nodes identification and
passenger volume statistics, which means that the high-risk nodes were the nodes with strong
connection and interaction abilities, and presents features of large passenger volumes,
simultaneously.

Sustainability 2018, 10, 2456

12 of 17

4. Results: High-Risk Nodes Determination
The high-risk node determination was based on the results of key nodes identification and
passenger volume statistics, which means that the high-risk nodes were the nodes with strong
connection and interaction abilities, and presents features of large passenger volumes, simultaneously.
4.1. High-Risk Nodes Determination (Weekday)
The line charts clearly show the passenger volumes of the different identified key nodes in various
time points. In the line chart, the higher the point, the larger passenger volume the point represents.
On the B3 floor, the passenger volumes of the nodes B3–C8 and B3–C10 were obviously higher than
the node B3–C11. Besides, the degree centrality and the betweenness centrality of the two nodes
ranked in the top two among the nodes in the B3 floor network. Thus, the nodes B3–C8 and B3–C10
were determined as high-risk nodes on the B3 floor in rail transit weekday operation. On the B4 floor,
the nodes B4–S2, B4–C2, B4–S1 showed higher passenger volumes. Also, these three nodes were
identified key nodes which rank in top five among the nodes in B4 floor network. The nodes B4–S2,
B4–C2, and B4–S1 were determined as high-risk nodes in B4 floor in rail transit weekday operation.
Besides, although the node B4–F3 presented relatively lower passenger volumes, the degree centrality
and the betweenness centrality of the node ranked third among the nodes in the B4 floor network.
B4–F3 was also determined as the high-risk node on the B4 floor, based on synthetic consideration.
On the B5 floor, the nodes B5–S1 and B5–S3 showed obviously higher passenger volumes. The two
nodes also ranked in top five among the nodes on the B5 floor network in the evaluation of centrality.
Therefore, the nodes B5–S1 and B5–S3 were determined as the high-risk nodes in B5 floor in the rail
transit weekday operation.
4.2. High-Risk Nodes Determination (Weekend)
In B3 floor, the nodes, B3–C8, B3–C10, and B3–C11, showed similar passenger volume, while the
three nodes were also the identified key nodes and ranked in top five among the nodes in the B3 floor
network. Thus, the three nodes were determined as the high-risk nodes on the B3 floor in rail transit
weekend operation. On the B4 floor, the four nodes B4–S2, B4–F3, B4–C2, and B4–S1, showed higher
passenger volumes, especially the nodes B4–S2 and B4–S1. The four nodes were all identified key
nodes and thus they were determined as the high-risk nodes for rail transit weekend operation. On the
B5 floor, the nodes B5–S2, B5–S1, and B5–S3 displayed obvious higher passenger volumes than the
node B5–C5. Therefore, the nodes B5–S2, B5–S1, and B5–S3 were determined as the high-risk nodes in
rail transit weekend operation.
The determined high-risk nodes are listed in Table 8.
Table 8. Determined high–risk nodes.
Floor

Weekday

Weekend

B3 floor
B4 floor
B5 floor

B3–C8, B3–C10
B4–S2, B4–C2, B4–S1, B4–F3
B5–S1, B5–S3

B3–C8, B3–C10, B3–C11
B4–S2, B4–C2, B4–S1, B4–F3
B5–S1, B5–S2, B5–S3

5. Discussion
Through combined utilization of field investigation and complex network analysis, a total of
18 nodes on the three floors of the station are determined as high-risk nodes in the Lianglukou station.
The determined high-risk nodes present obvious features of strong connection and interaction abilities,
due to high degree centrality and betweenness centrality. Besides, the nodes are also passenger
aggregation nodes with large passenger volumes. This innovative approach to determining high-risk
nodes could also be used for other CRTSs.
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According to the analysis for the determined high-risk nodes, three results could be summed up:
(1) In platform floors, stairs/escalators are almost high-risk nodes. For example, B4–S1, B4–S2, B5–S1,
B5–S2, and B5–S3 are determined high-risk nodes. Through field investigation, the passengers present
maximum numbers around stairs/escalators when the train arrives, and the aggregated passengers are
shaped as an arch. Also, the stairs/escalators are the core nodes of passengers’ transfer. (2) Columns
and metal fences that have been determined as high-risk nodes are located near stairs/escalators.
Such as B4–C2 and B4–F3, people who take stairs/escalators must go through these facilities. Thus,
these facilities are the nodes with strong connection and interaction abilities, and present the feature
of large passenger volumes, which are determined as high-risk nodes. (3) On the concourse floor,
the determined high-risk nodes present a relatively high degree of centrality and low betweenness
centrality compared with the platform floor. This can be concluded through horizontal comparison in
Tables 5 and 6. The determined high-risk nodes are columns located nearby stairs/escalators, exits,
and metal fences, including B3–C8, B3–C10, and B3–C11. Due to a broader field with less nodes
compared with platform floors, passengers present a lower betweenness centrality in the concourse
floor. Besides, because of fewer nodes, the nodes could connect and interact to other nodes directly,
which shows a higher degree of centrality. The obtained results could also be directly used in general
judgment for CRTSs’ high-risk nodes.
6. Conclusions
As a major component of public transportation service system, urban rail transit developed very
quickly in China over the most recent decade. Many CRTSs are always aggregated with crowded
passengers in daily operation, especially the transfer stations in the occupation of multi rail transit lines.
The public safety of CRTSs deserves much attention. In this study, through key nodes identification and
on-site passenger volumes statistics, the high-risk nodes of CRTSs were determined. The Chongqing
Lianglukou rail transit station was selected for the case study and 8(on weekday)/10(on weekend)
high-risk nodes on the three floors were obtained. On the one hand, the research results could be useful
references for the establishment of risk management strategies for rail transit management firms to
guarantee the safety of CRTSs. The high-risk nodes present high degree centralities, high betweenness
centralities, and large volume of passenger flow. Thus, security strategies could be formulated from
these three aspects. For example, strategies such as installing more metal fences around nodes
with high degree centralities to split passenger flows could be formulated. On the other hand,
the obtained high-risk nodes could be location guidelines for managers to implement security strategies,
including where to arrange more policemen, where to install more metal fences, where to place security
equipment, etc. The determined high-risk nodes are useful answers for these questions. Thus,
the research provides valuable information to implement effective strategies to guarantee the safe
operation of urban rail transit stations and ensure urban public safety, which play an important role in
enhancing urban sustainability. Based on the research results, simulation for passengers’ movement
in high-risk nodes of CRTSs under emergency conditions is another research direction and could be
further explored deeply in the rail transit station risk research.
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