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Abstract

As a distributing center for passengers, the subway station directly affects the entire subway system’s safe operation. Accurate
operational subway station risk evaluation has an important significance in risk avoidance and accident emergency response.
By analyzing the application of interval type-2 fuzzy TOPSIS (IT2-FTOPSIS) method in risk evaluation, the existing
research lacks consideration of the utility function and cannot reflect the actual operational risk of the subway station. To
overcome these shortcomings, we develop an IT2-FTOPSIS approach with a utility function and utilize it to evaluate the
subway station’s operational risk. Finally, the example of Beijing Subway is selected to illustrate the developed risk evalu-
ation approach’s performance. The results show that the same event has different effects on subway station safe operation
at different times or spaces. Namely, the same event may have different risk utility values in different situations. Thus, the
developed IT2-FTOPSIS model with a utility function can improve the risk evaluation’s accuracy and reflect the subway

station’s operational risk state more reasonable than the previous method.

Keywords Interval type-2 fuzzy sets (IT2FSs) - TOPSIS - Utility function - Subway station operational risk evaluation

1 Introduction

With the continuous expansion of the subway network
in many cities in China, the subway acts as an extremely
important role in the public transport system because of
its fast speed and large transportation capacity. As a dis-
tributing center for passengers, the subway station directly
affects the entire subway system’s safe operation. Moreover,
the environment of the subway station is relatively closed.
Once there is an accident, for instance, a fire, it will cause
a huge loss of life and property. Therefore, risk evaluation
of subway stations is significant to ensure the operation risk
of the subway station. The subway station’s risk evaluation
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evaluates the subway station’s risk state at a certain time
based on the factors affecting the operation risk. The opera-
tion risk state of the subway station can be real-time dis-
played by the risk evaluation. Through risk evaluation, we
can find out risk sources and monitor the risks that exist in
the operation of the subway station, then assist the managers
of the subway station in reducing or eliminating operational
risks in a timely and targeted manner, and avoid accidents
and guarantee the safe and reliable operation of the subway
as much as possible. In recent years, subway station risk
evaluation has attracted more and more scholars’ attention
(Kyriakidis et al. 2012; Wan et al. 2015; Lu et al. 2013).

In the research on subway station operational risk evalu-
ation, some different methods have been introduced into the
subway station’s risk state classification. After analyzing
the relationship between passenger numbers and conges-
tion level, Wu and Ma (2012) applied the K-means cluster-
ing method to classify subway station passengers’ crowd-
ing degree. Qin et al. (2013) analyzed Guangzhou Metro’s
safety state by establishing a PSO-SVM based metro safety
state prediction model. Meanwhile, due to the complexity of
the subway environment and the uncertainty of evaluation
information, many scholars have introduced the fuzzy set
theory into the subway safety evaluation. Lu et al. (2011)
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put forward fuzzy signal detection theory (FSDT) methods
to evaluate the risk state of subway workers, predict the pos-
sible risks, and ensure the subway’s safe operation. Sari et al.
(2012) analyzed the urban rail transit system’s risk factors,
investigated fuzzy AHP to evaluate the risk state, and found
the most dangerous urban rail system. Actually, evaluating
the safety of subway stations is a very complex process,
including selecting and calculating the safety indicators of
the subway station, identifying the weights of the indica-
tors, and can be regarded as a typical multi-criteria decision-
making (MCDM) problem. Considering the uncertainty of
the risk information on subway station, the fuzzy TOPSIS
method is sort by detecting the distance between the evalu-
ation object and the positive ideal solution and the negative
solution, which is suitable to solve such cases.

The fuzzy TOPSIS method has been widely applied
in many fields, such as service quality, road traffic safety,
and project selection. Awasthi et al. (2011) studied a fuzzy
TOPSIS method to evaluate the service quality of Montreal
Subway system. Besides, Bao et al. (2012) analyzed road
traffic safety in many European countries by the improved
hierarchical fuzzy TOPSIS method. Mahmoudi et al. (2020)
constructed the TOPSIS based framework of project selec-
tion. In the framework, principal component analysis and
the K-means clustering method were applied to extract the
project features and cluster the projects, and the TOPSIS
method was used to find out the best projects. Sattarpour
et al. (2018) obtained the best placement strategy of allo-
cating the remote terminal units and distributed generations
by the GA-TOPSIS method. Considering the hesitance and
uncertainty information in industrial firms’ carbon perfor-
mance evaluation problem, Peng et al. (2019) developed
an IVHF-TOPSIS method to measure firms’ separations.
Karaaslan and Hunu (2020) discussed some distance meas-
ures’ properties of type-2 single-valued neutrosophic sets
and introduced a type-2 single-valued neutrosophic TOPSIS
method.

Furthermore, to represent the uncertain evaluation
information more accurately, the TOPSIS method has
been extended to an interval type-2 fuzzy environment.
Chen and Lee (2010a) proposed a TOPSIS method based
on interval type-2 fuzzy sets (IT2FSs) to deal with fuzzy
MCDM problems. Kilic and Kaya (2015) developed a
decision-making model based on IT2FSs to select invest-
ment projects. Celik et al. (2013) combined IT2-FTOPSIS
and GRA to evaluate Istanbul’s public transport passen-
ger satisfaction. Wu et al. (2018) extracted the evaluation
information by social network analysis and used the inter-
val type-2 fuzzy TOPSIS (IT2-FTOPSIS) method to select
the most valued restaurant. Celik and Akyuz (2018) chose
the appropriate ship loader type for handling bulk mate-
rials by the interval type-2 fuzzy AHP-TOPSIS method
to reduce the shipping service cost. Deveci et al. (2018)
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selected the car-sharing stations by the interval type-2
WASPAS-TOPSIS method and made service providers
expand their market. In terms of the subway station, the
IT2-FTOPSIS-based subway station evaluation method
can often achieve better results because of its complexity.
Mei and Xie (2019) constructed a metro station evacu-
ation strategy selection model using the IT2-FTOPSIS
method, helping the passengers escape the subway station
in case of emergency. Qin et al. (2015) investigated an
IT2-FTOPSIS method to assess the risk status of Beijing
Metro. The existing research has focused on combining
TOPSIS and other MCDM methods and applying the IT2-
FTOPSIS method.

However, the existing IT2-FTOPSIS method lacks con-
sideration of the utility values, especially applying the sub-
way station risk evaluation problem. The utility function
reflects the relationship between the risk utility value and
the original risk value (Zhang et al. 2020). The subway sta-
tion has different operation characteristics in a different time
or space, and the same event may have different risk utility
values. For instance, elevator failures occurring in the morn-
ing or evening peak hours have a different impact on subway
station operational safety than during other times. At the
morning or evening peak hours, the elevator failure has a
more serious effect on the subway station’s safety. Namely,
the elevator failure may have a different risk utility value in
the morning or evening peak hours or other times. Similarly,
the elevator failure occurring in different subway stations
may have a different utility value on the subway station’s
safety. To overcome this drawback, we introduce the utility
function to reflect the subway station’s actual risk value in a
different time or different space, develop an IT2-FTOPSIS
approach with a utility function, and apply it to the subway
station risk evaluation.

The contributions of our work are as follows. Firstly, the
subway station risk evaluation framework considering the
risk utility in different time or space is put forward. It can
more accurately express the station operation risk in dif-
ferent time or space, which provide a theoretical basis for
station safety management. Secondly, a novel IT2-FTOPSIS
method with utility function is developed, which enriches
the IT2-FTOPSIS method. Thirdly, IT2FSs with alpha-cut
express the uncertainty of subway operational risk more
accurately.

The structure of our work is shown as follows: Sect. 2
introduces some basic concepts of IT2FSs and fuzzy TOP-
SIS approach based on a-level sets; Sect. 3 develops an IT2-
FTOPSIS approach with utility function for subway station
risk evaluation; Sect. 4 introduces time risk utility function
and space risk utility function of the subway station and
gives risk evaluation examples of Beijing Subway to illus-
trate the performance of the developed method; Sect. 5 gives
a conclusion of our work.
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2 Preliminary
2.1 Some basic concepts of IT2FSs

Compared with type-1 fuzzy sets, IT2FSs provide a more
accurate tool to express uncertain information. Therefore,
IT2FSs are widely used to solve the MCDM problem with
many uncertain information (Chakravarty and Dash 2012;
Wagner and Hagras 2010). Then, we introduce some basic
concepts of IT2FSs.

Definition 1 (Mendel et al. 2006). Suppose that Aisa type-2
fuzzy set (T2FS) in the universe of discourse X, the T2FS
Ais represented as

A = {(x, ), w3 (v, w)|Vx € X,Vu € J, C [0, 1]} (1)

where 0 < p5(x,u) < 1.

If the universe is continuous, Eq. (1) is also represented as

% _ / / 3 (e 0) /(). T, € [0,1] 2)
x€X Juel,

where [ represents the union of the sets. If the universe is
discrete, / can be used instead of ).

Definition 2 (Chen and Lee 2010b). Suppose that Aisa
type-2 fuzzy set in the universe of discourse X, the type-2
fuzzy set A can be represented by a membership function ;.
If all yi5(x, u) = 1, then A is an IT2FS, can be expressed as

G = / / 1/Gew).J, C [0, 1] 3)
xeX Juel,

Definition 3 (Chen and Lee 2010b). The footprint of uncer-
tainty (FOU) of IT2FS is the set of all elements and values
of the main membership function.

FOU(A) = UJX ={xy :yeJ =

xeX

[AU(X),AL(X)]} 4)

Definition 4 (Chen and Lee 2010b). The upper membership
function (UMF) p3(x) or the lower membership function
(LMF) Hs (x) of IT2FS A is a type-1 membership function.
The UMF 5 (x) is the union of all the largest membership
values, and the LMF Ez(x) is the union of all the smallest

membership values.

Throughout this paper, we use the triangular inter-
val type-2 fuzzy numbers (IT2FNs) to represent
IT2FSs The triangular ITZFN A can be expressed as

=AY, AL = (a¥,a¥,alwY), (@}, a}, ak:wh)), as shown
in Flg 1.

H(x)
A
wY
Y (%)
WL
A" (x)
a &  ad e x
Fig. 1 An example of the triangle IT2FN
Suppose that 4, = AY, AL = (@Y, dY,. a%wY), (ak, akwhy)
andA2 - (AUvAL) - ((a21’ 22° 6123 sWU) (a21’ éza 6123 ,WL))are

two triangular IT2FSs. The operatlonal laws are as following
(Chen et al. 2012).

A +A, =AY, AhH @ (AY,AD)
U U U U U U. i U U
L =((a}; + a5, 4y, + ayy, a5 + ay; min(wy, wy)).,
L L L L L L. - L L
(a7, + aj,,ay, + a5, ayy + ays; min(wy, wy)))

A ®A, =@AY,Ah @ AV, AL

2. =(dY Xagl,a xazz,a xa23,m1n(w1,w2 ))»
L
(ay, >~<a 1’012 x ak 2,a13 Xazg,mln(wl,w )))
kA, = k(AU,AL) = ((kLX all,k X alz,k X a13,wU),
3. (anll,anlz,anB,w ) ,
k> 0.

2.2 Fuzzy TOPSIS method based on a-level sets

TOPSIS is a sort method for approaching the ideal solution,
which was first developed by Hwang and Yoon. The main
idea is to establish the initial decision matrix firstly, then
find out the positive ideal solution (PIS) and the negative
ideal solution (NIS) in the limited alternatives, calculate
the distance between each evaluation object and PIS or NIS
separately, and obtain the relative closeness between each
evaluation object and the PIS, and finally rank them by the
relative closeness. In recent years, the TOPSIS method pro-
vides a suitable tool to handle with MCDM problem and has
been widely used (Lourenzutti and Krohling 2016; Ishizaka
and Siraj 2018; Zhang et al. 2019).
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However, due to the complex and changeable decision-mak-
ing environment, different -makers may have different experi-
ences, knowledge, and preferences for the same problem. It
is difficult to quantify some criteria that reflect the impact of
society and the environment. For the above-mentioned rea-
sons, the information of criteria values is often incomplete,
and it is difficult to describe the quantitative criteria with a
crisp number. With the extension of fuzzy set theory (Zadeh
1965; Liang and Mendel 2000), various forms of fuzzy num-
bers are often put forward to represent the values of criteria in
the MCDM problem. In the past decade, a lot of research has
extended the classical TOPSIS method into the fuzzy environ-
ment and put forward many fuzzy TOPSIS methods (Amiri
2010; Biiyiikozkan and Cif¢i 2012).

According to Zedeh’s decomposition theorem (Zimmer-
mann 2011), if Aisa fuzzy set in the universe U, Aa is a-level
setof A, a € [0, 1], then

A= U aA
a€g[0,1]

« &)

The steps of the fuzzy TOPSIS method based on a-level
sets are as follows.

Step 1: construct the fuzzy decision matrix

Suppose that a MCDM problem has n alternatives,
B,,....,B, and m criteria, E|, ..., E,,. The decision matrix
Z;; = (Z;)pm and the fuzzy weight § = [5,,5,, ... 5, ] are shown
as:

J

211 212 Zim
Z=| ®
201 Zunee Zum
m
S =1[51,5p .0 5,1, 5, =1 7

1

Step 2: normalize the fuzzy decision matrix.

If yl.j = (aij, bij, dl-j)(i =1,..n,j=1,..,m)is a triangular
fuzzy number, the standardization process is accomplished
by the following formula

(% b o g madieO
I = T 1= 1,..ny €42, j_miax W € 5%
/A R

®)
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a a Clj
7= <-— L —>,i= l.njeQ,

, a; =minay € Q.
d bl-j i 7 i

®

,
Step 3: identify the PIS and the NIS.

The normalized value L is between 0 and 1, and the PIS and
NIS are defined as follows.

0" = {zf,...20} = {(maxcy|j € Q), (minay|j € Q,)}
j J
(10)
0™ =1{z,....,7,} = {(minxclj € ), (mjaxaij[j €Q)}
J ’

)

Step 4: calculate the relative closeness of each alternative.

(e = (5 Y], (), = [(5)5, (5;)Y 1 are a-level sets of
1S5 the formula for calculating the relative closeness of the
alternatives(Wang and Elhag 2006) are as follows.

m

2 (k= 1)

J=1

(RC)L = Min Ji=1..n
m m

\/El (5@ = 1702 + 4] B G =17

L N/
s.t. (Sj)a <s; < (‘sj)a J=1l..m

)l <ty <@plj=1...m

a ==

S g = 1P
(RC)! = Max - i=1,.n

\/2 (s, — 17> + \/jzl (5(@p)y = 1))?

=

L U _
s.t. (Sj)a <s; < (Sj)a J=1..,m

k<t <@pYj=1l.om

a ==

13)
According to the extension principle (Zimmermann 2011),
the relative closeness RC; of each alternative can be defined as

RC; = Ua[(RC)E, (RCHY],0 <a < 1 (14)

Step 5: Defuzzify each alternative’s fuzzy relative closeness
and rank the alternative by sorting the RC; value.

The defuzzified value of RC; is defined as

N/ (RChH, + (RCF)
w_ 1 Z i’ i’ o
RCi = N (f), 1= 1,...,n (15)

=
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3 IT2-FTOPSIS approach with utility
function for subway station risk
evaluation

In this section, we develop an IT2-FTOPSIS approach with
a utility function for subway station risk evaluation, and the
flowchart of the developed IT2-FTOPSIS approach is shown
in Fig. 2. The main idea of the approach is as follows. Firstly,
construct the subway station risk evaluation matrix. Secondly,
calculate the utility risk value of each risk criterion of each
subway station and normalize the risk evaluation matrix.
Thirdly, identify the PIS and NIS from the normalized risk
evaluation matrix. Fourthly, obtain each subway station’s rela-
tive closeness by calculating the distance between the subway
station and the PIS or NIS. Finally, calculate the risk value of
each subway station by defuzzifying the relative closeness.

Fig.2 Flowchart of the devel-
oped IT2-FTOPSIS approach

for subway station risk evalu-

. Passenger flow
ation ssenger flo

The IT2-FTOPSIS approach with a utility function for subway
station risk evaluation is presented as follows.

Step 1: Construct the subway station risk evaluation matrix
Y = {5}1‘/ }nxm'

Suppose that the subway station risk evaluation approach
has n subway stations at the same time or n periods in the same
subway station, and m criteria. The subway station risk evalu-
ation matrix ¥ = {):’i/‘} i=1,2,..,mj=1,2,..,ncanbe

nxXm?
represented by
)j’n )i’lz )?lm
f/: Y21 Y22 - Yom (16)
j:)nl ):)nZ ):/nm
_______________________ 1

Input information

Equipment

Management

I

. I
Environment |

I

Accident I

Risk evaluation process of the developed IT2-FTOPSIS approach

Construct the risk evaluation matrix Y of subway stations

'

Calculate the risk utility value x; of each index and ensure the weight wi of the
indexes by representing by IT2Fss

v

Normalize the subway station risk evaluation matrix X

Identify the PIS A" and NIS 4" from the risk evaluation matrix

'

Set different o levels, and calculate the corresponding o.-level sets of xi

v

Calculate the fuzzy relative closeness RCi for each o level

v

Defuzzify the relative closeness RC " of each subway station risk value

|
|
|
|
|
|
i
|
! |
|
|
|
|
|
|
|
|
|
|
|

Output information

Risk values and risk state of subway stations
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In the subway station risk evaluation approach, the risk
evaluation indexes utilize the index system and calculating
methods of risk value of each index by Qin et al. (2015)
and are shown in Fig. 3. The risk evaluation index system
is established from people, equipment, environment, man-
agement and accident. Passengers are the most important
and flexible factor that affects the risk, and the indexes
1,—14 are the capacity of some important conflict points,
such as auto fare collection (AFC). The indexes I,—1,, are
considered from several important types of equipment.
The environment significantly affect the operational
safety of the subway station; the indexes select from tem-
perature, humidity, PM2.5, PM10, and CO,. Meanwhile,

Fig.3 The framework of sub-
way station risk evaluation by
Qin et al. (2015)

Subway station risk W

evaluation )
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safety management and emergency evacuation capacity are
important risk factors. Based on operational experience,
the occurrence of accidents is somewhat influenced by his-
torical accidents. Thus, we take historical accidents into
account. The risk value of each index can be expressed as
a crisp number.

Step 2: Calculate the risk utility value )zcl.j of each index

and ensure the weight @, of the indexes by representing
by IT2FSs.

In the process of subway station risk evaluation, there
has different risk utility value in different periods of the

Passenger flow B,

Entrance AFC capacity index I,

Exit AFC capacity index I,

Platform congestion degree I3

Passageway congestion degree I5

Escalator congestion degree I

\,

C D)
C )
C )
( Stairs congestion degree I )
C )
C )

N,
-

Equipment B,

Risk index of escalator system I,

Risk index of drainage system Ig

Risk index of FAS system Iy

Risk index of lighting system I,

Risk index of air conditioning system I,

C )
C )
C )
C Risk index of screen door system 719 )
C )
< )

Environment B;

Temperature index 1,3

Humidity index 14

PM10 index I

CO; content index 117

C D)
C D)
( PM2.5 index I )
C )
C )

Management B,

C Risk index of safety management /13 )

\ (Risk index of emergency evacuation capacity I, )
N, ‘I

’” AN

Accident Bs

Number of accidents index I,

Casualties index I5;

NN %

N

Economic loss index 1,

aYaYe
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same subway station or in different subway stations under
the same period. For example, elevator failure has dif-
ferent risk utility values to the operational safety of the
subway station in a different period or different space. At
the morning peak hours, the elevator failure has more seri-
ous on the safety of the subway station. And the elevator
failure happens in the subway stations with different node
degrees. It will cause somewhat impacts on operational
safety. Therefore, the risk evaluation matrix with utility
function is presented as

= = =z =f(B) =f(B) =f(p)
Tt K AT/ _
)?:M(f/) | T Ko Ko [ 2 yg1 2 Y | = (f/)ﬂﬁ)
Yo X o X b | TP IDHD
(17)
where f(f) is the risk utility parameter.
And the weights of the indexes are
W: [5)1,5)2,...,5)m]T (18)

where, i is the i-th period in the same subway station or i-th
subway station in the same period, j is the j-th index, W is
the weight of the risk indexes.
Step 3: Normalize the subway station risk evaluation
matrix X.

The normalized risk evaluation matrix method is shown
as Eqgs. (19, 20).

L bL CL aU bU CU

z gy gy Ty . .
X = ((c_*’ g c_*)’ (c_*’ p c_*))’l =12,..njeQ,
VAR A VA A

- .
s.1. ¢; = mlax Cjp»J € Q.

19
a; a;, a; a; 4a; a;
==L L Iy (L L Lyi= 1
%= (o g g ph = L2 €Q
/A gy
s.t.a;=minag,j € Q.
(20)

Step 4: Identify the PIS A* and NIS A~ from the risk
evaluation matrix.

The PIS and NIS can be defined as
AT ={x], .. x0) = {(m?xcyv € QC),(mjinal-j[j eQ)}
21
A" ={x],..x ) = {(mjina,-jlj € Qb),(rg]alx c;li € )}
(22)

Step 5: Set different a levels, and calculate the corre-
sponding a-level sets of):clj,i =1,2,...,n5=1,2,...,m.
Step 6: Calculate the fuzzy relative closeness RC; by
Egs. (23)—(26) for each a level. The UMF and the LMF
of the risk value represented by IT2FSs are defined as
follows.

,; (@,(()y = x)?

(RCY)Y), = max

_,; (@((x)g =) + El @), = x))?

st. (WD <o, <(wpDY.j=1.2,...m

(23)

T @G, — 7

(RCHY), = min

5 (@,(()g = X7)P + /; (@,((h), = x )2

st (D <o, < (wphY,j=1,2,...m
(24)

T (@), -2

J=1

((RCHY), = max
\/, ; (@(())e =X + \/El (@,(((x}))o = x)))?
st (WM <@ < (wphYj=1.2,.m

(25)

Y (@), — xH)?

J=1

((RCH"), = min
\/El (@) = x))% + El (@,((())y = x1))?

st (W)ME <o, <(wWphHY.j=1.2,...m

a — 7] =
(26)
where [(wpY], = (W)L (wpHTT
(W), = [((wé)L)s, ((wpH)Y] are the UMF and LMF of the
weight vector W.
Step 7: Defuzzify the relative closeness RC? of each
subway station risk value.

The risk value calculated by Step 6 is an interval, and
the interval needs to be defuzzified according to the fol-
lowing formula.

1 & (RCh, +(RCY),

RC! = N;( > Yk=1,2,..,N 7

@ Springer



4856

Z.Zhang et al.

Table 1 Risk rating of subway station (Qin et al. 2015)

Risk rating Risk value Explanation
Level 1 [0.8,1) Very unsafe
Level 2 [0.6,0.8) Unsafe
Level 3 [0.4,0.6) Medium
Level 4 [0.2,0.4) Safe

Level 5 [0,0.2) Very safe

where k represents the k-th level, and N is the total number
of a levels.
Step 8: Calculate the risk value of the subway station
by defuzzifying the relative closeness and identify the
risk state.

RC? is the risk value of the same station at different peri-
ods or the different stations at the same time. The larger the
risk value, the greater the risk of the subway station. The risk
state is divided into five levels, shown in Table 1.

4 Case study of subway station risk
evaluation

4.1 Risk utility parameter of the subway station

Before the subway station risk evaluation, we firstly intro-
duce risk utility parameter function of the subway station.
Combined with the practical operation experience of sub-
way station, the linear mapping relationship between time
risk utility parameter and time or between space risk utility
parameter and node degree is used for risk utility parameter
function of the subway station.

fB)
12

1.0t

Time risk utility parameter

6 78 910111213141516171819 20212223 B
Time

(a) Weekday

Fig.4 The time utility function of the subway station risk evaluation
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Time risk utility parameter

4.1.1 Time risk utility parameter function

It is noted that the passenger flow at the station is differ-
ent at different periods. On weekdays, there have a morning
rush hour and an evening rush hour. At the weekend, most
passengers travel between 9:00 and 20:00. Combined with
the changing characteristics of passenger flow, the linear
mapping between time and time risk utility parameter is
shown in Fig. 4. At rush hours of weekday, the time risk
utility parameter value f () is [0.8, 1], and at flat hump
period, the time risk utility parameter value f () is [1, 1.2].
At 9:00-20:00 of weekend, f () is [0.8, 1.0], and at other
times, f(f) is [1.0, 1.2].

4.1.2 Space risk utility parameter function
It is obvious that different stations have different impor-
tance in the subway network. The important transfer sta-

tions have an important impact on the operation safety of
the whole subway network. Considering the node degree

f(f)

12

1.O[

Space risk parameter

1 2 3 4 5
Node Degree

Fig.5 The space utility function of the subway station risk evaluation

fB)

1.2

1.0+

8
6 7 8 91011121314151617181920212223 B
Time

(b) Weekend
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of the subway station, the linear mapping between node
degree and space risk utility parameter is shown in Fig. 5.
The greater the node degree of the subway station, the
more important it is.

4.2 Process of subway station risk evaluation

The subway station’s risk state is evaluated by passenger
flow, equipment, environment, management, and accident.
The evaluation system of the subway station’s risk state is
established and shown in Fig. 3. We take Beijing Subway
as examples to discuss the performance of the developed
approach.

Example 1 Different subway stations at the same time.

Fuchengmen Station, Chegongzhuang Station, and
Xizhimen Station of Beijing Subway Line 2 are selected
as the risk evaluation objects. According to the calcula-
tion method of node degree (Meng et al. 2014), the node
degrees of the three stations are 2, 4, 5, and the corre-
sponding risk utility parameters of the three stations are
1.0, 0.8, and 0.7 by the mapping relationship shown in
Fig. 5.

Take the practical risk values of Fuchengmen Station at
18:00 as an example to explain the risk evaluation process.

Step 1: Construct the risk evaluation matrix of Fucheng-
men Station. Table 2 shows the original risk values of
each index calculated by Qin et al. (2015).

Step 2: Calculate the risk utility of the risk evaluation and
identify the weights of the indexes.

The space risk utility parameter of Fuchengmen Sta-
tion is 1.0, then the risk utility values of each index
are equal to the original risk values shown in Table 2.
And the linguistic variables of the weights of subway

Table2 The calculated values of each index during 18:00 at
Fuchengmen station

Index Value Index Value Index Value
11 1.00 19 0.64 117 0.28
12 0.80 110 0.65 118 0.22
13 0.98 I11 0.69 119 0.30
14 0.95 112 0.63 120 0.20
15 0.94 113 0.75 121 1.00
16 0.87 114 0.65 122 0.40
17 0.73 115 0.57

18 0.70 116 0.65

Table 3 Linguistic variables of weights of the indexes and their cor-
responding IT2FNs (Mendel and Wu 2010)

Linguistic variables Corresponding IT2FSs

Very unimportant (VU) ((0,0,1.15;0.7),(0,0,4.61;1))
((2.79,2.31,3.71;0.7)(0.42,3.13,5.41;1))
((2.79,3.34,3.67;0.7)(1.59,3.55,6.26;1))
((6.29,6.67,7.17,0.7)(4.59,6.58,9.5;1))

((9.3,10,10;0.7)(6.37,10,10;1))

Unimportant (U)
Medium (M)
Important (I)

Very important (VI)

station risk indexes and their corresponding IT2FNs
are shown in Table 3.

The passenger flow risk, including six sub-indexes
(I,—1y) is selected as an example to calculate the relative
closeness of passenger flow risk. The relative importance
information of the indexes is given by three decision-mak-
ers: DM1, DM2, and DM3, and W, = (wj! + wf + wj)/3 is
used to aggregate the three decision-makes’ information
on the weights, as shown in Table 4.

Step 3: Normalize the Fuchengmen station risk evalua-
tion matrix. Because the maximum risk value is 1, there
is no need to normalize the risk matrix.

Step 4: Identify the PIS and NIS from the risk evalua-
tion matrix. According to Egs. (21, 22), the PIS of the
passenger flow risk is A* = {0,...,0}, and the NIS is
A =1{l1,..,1}L

Step 5: Set different o levels, and calculate the
corresponding a-level sets of ):cij. To make the
fuzzy relative closeness of each subway sta-
tion more accurate, we set up 11 a-level sets,
a=0,0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9 and 1.0.
Step 6: Calculate the fuzzy relative closeness by Egs.
(23)—(26) for each a level. The calculated relative close-
ness of the passenger flow index is shown in Fig. 6.

Similarly, the relative closeness of equipment (B,), envi-
ronment (B;), management (B,), and accident (B;) are cal-
culated respectively and shown in Figs. Se and 6b.

Table4 The normalized relative importance weights of passenger
flow index

Index DM1 DM2 DM3 Aggregated fuzzy number

I1 VI I VI
12 I I I
13 VI VI VI
14 VI VI I
I5 I VI I
16 VI I VI

((0.83,0.89,0.91;0.7),(0.58,0.89,0.98;1))
((0.63,0.67,0.72;0.7),(0.46,0.66,0.95;1))
((0.93,1,1;0.7),(0.64,1,1;1))

((0.83,0.89,0.91;0.7),(0.58,0.89,0.98;1))
((0.73,0.78,0.81;0.7),(0.52,0.77,0.97;1))
((0.83,0.89,0.91;0.7),(0.58,0.89,0.98;1))
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Fig.6 The relativeness close- 1
ness calculation process of
Fuchengmen Station

305

0
0.05 0.1

(a) Passenger flow index (b) Equipment index

1 1
S 0.5 /\ S 0.5
0 0

0.15 0.3 0.35 0.3 0.4 0.5
(¢) Environment index

1

S 0.5

0
0.24

Table 5 The relative importance weights of the five indexes (B,—B5)

Index DM1 DM2 DM3 Aggregated IT2FN

B, 1 I I
B, VI VI VI

((0.63,0.67,0.72;0.7),(0.46,0.66,0.95;1))
((0.93,1,1;0.7),(0.64,1,1;1))
((0.4.0.44.0.49:0.7)(0.22,0.44,0.71;1))
((0.73,0.78,0.81;0.7)(0.52,0.77,0.97;1))
((0.63,0.67,0.72;0.7)(0.46,0.66,0.95;1))

B, VI

—
—

And the risk value of Fuchengmen Station consists of
the relative closeness of the five indexes (B,—Bs). The rela-
tive importance weights of B,—B; are shown in Table 5. The
risk value of Fuchengmen Station represented by the relative
closeness is shown in Fig. 6f.

0.26
(d) Management index (e) Accident index

1 1
3 0.5 A 3 0.5
0 0

0.6

0.28 0.4 0.8 0.2 0.4 0.6
(f) Subway Station

Step 7: Defuzzify the relative closeness of Fuchengmen
Station risk value. The defuzzified risk value of Fucheng-
men Station is 0.3506 by Eq. (27).

Step 8: Identify the risk state of Fuchengmen Station, the
risk state is Level 4 (safe).

Similarly, the original risk value of Xizhimen Station
and Chegongzhuang Station are in Table 6, and the rela-
tive closeness in different a-level sets at the same time is
calculated as shown in Table 7 and Fig. 7. In the even-
ing rush hour, the passenger flow ranking: Xizhimen Sta-
tion > Chegongzhuang Station > Fuchengmen Station. With
the increase of passenger flow, the overall risk of the metro
station has enhanced. Therefore, the risk of Xizhimen Sta-
tion is higher than the other two stations, and the risk state
is unsafe. At this time, the managers of Xizhimen Station

Table 6 The original risk values of each index at 18:00 in Chegongogzhuang Station and Xizhimen Station

Index Risk value Index Risk value Index Risk value
Chegongzhuang Xizhimen Chegongzhuang Xizhimen Chegongzhuang Xizhimen

1, 0.24 0.79 Iy 0.69 0.86 Iy, 0.54 0.85

I, 0.15 0.77 I 0.48 0.75 Ig 0.83 0.87

I 0.33 0.78 I, 0.59 0.70 Iy 0.90 0.92

1 0.22 0.73 1, 0.72 0.79 Iy, 1.00 1.00

I 0.31 0.83 13 0.52 0.74 Iy, 1.00 1.00

Ig 0.19 0.78 I 0.61 0.81 I, 1.00 1.00

I 0.57 0.73 15 0.69 0.90

I 0.62 0.74 Iis 0.62 0.89
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Table 7 The fuzzy relative closeness of different subway stations in different a-level sets
o Fuchengmen station Chegongzhuang station Xizhimen station
AY AL AY Al AY AL
0 [0.2563,0.4772]  [0.3313,0.3650]  [0.5109,0.8207] [0.6441,0.6893] [0.6291,0.9111] [0.7920,0.8370]
0.1 [0.2660,0.4590]  [0.3343,0.3613]  [0.5301,0.8038] [0.6487,0.6847] [0.6531,0.9011] [0.7970,0.8331]
0.2 [0.2753,0.4420]  [0.3362,0.3586]  [0.5486,0.7863] [0.6514,0.6816] [0.6760,0.8910] [0.8001,0.8301]
0.3 [0.2845,0.4269]  [0.3380,0.3570]  [0.5662,0.7687] [0.6540,0.6785] [0.6981,0.8830] [0.8030,0.8270]
0.4 [0.2939,0.4119]  [0.3413,0.3532]  [0.5830,0.7513] [0.6581,0.6743] [0.7180,0.8741] [0.8071,0.8241]
0.5 [0.3030,0.3988]  [0.3431,0.3511]  [0.5989,0.7344] [0.6606,0.6713] [0.7371,0.8650] [0.8100,0.8211]
0.6 [0.3125,0.3858]  [0.3450,0.3489]  [0.6140,0.7180] [0.6631,0.6684] [0.7540,0.8541] [0.8130,0.8180]
0.7 [0.3214,0.3737]  [0.3466,0.3466]  [0.6280,0.7023] [0.6655,0.6655] [0.7700,0.8441] [0.8162,0.8162]
0.8 [0.3297,0.3635] - [0.6409,0.6876] - [0.7851,0.8320] -
0.9 [0.3384,0.3532] - [0.6529,0.6738] - [0.7990,0.8211] -
1 [0.3453,0.3453] - [0.6620,0.6620] - [0.8090,0.8090] -
Defuzzified Value  0.3506 0.6659 0.8042
Risk state Level 4 (Safe) Level 2 (Unsafe) Level 1 (Very unsafe)
Fig. 7 The fuzzy relative close- 1
ness of three stations at 18:00 Fuchengmen
o8|l — Chegongzhuang
—Xiizhimen
0.6
=]
0.4
0.2
0
0.2 0.4 0.6 0.8 1
Relative Closeness
Fig. 8 The risk values of the : 1
three stations in the same period OPrevious method @New method '
by the two methods 1
0.8
0.67 5 e
2 0.62 Ry
5 06 / SR e
= 0.4 035 035 L

need to take measures to reduce the risk, such as restrict-
ing passenger flow and troubleshooting equipment safety

hazards.

Fuchengmen

Chegongzhuang

Stations

.

Xizhimen

Compared with the results of the method by Qin et al.
(2015), the risk values of Xizhimen Station and Chegong-

zhuang Station are higher, and the risk evaluation results

@ Springer



4860

Z.Zhang et al.

are shown in Fig. 8. Although the three subway stations all
belong to Beijing Subway Line 2, the space risk utility is
different because of their different roles and positions in the
whole subway network. Xizhimen Station is connected with
Line 2, Line 4, Line 13, and Beijing North Railway Station.
Obviously, it plays an extremely important role in the whole
subway network. Once Xizhimen Station has an accident,
it will have a greater impact on the whole Subway Line 2.
Therefore, the space risk utility value of Xizhimen Station
may be higher than the original risk information. Chegong-
zhuang Station is a transfer station for Line 2 and Line 6.
And Fuchengmen Station is a common station on Line 2.
Suppose that the risk values of entrance AFC in the three
stations are 0.5, then the risk utility values are (0.5)*7 =0.62,
(0.5)°%=0.57, (0.5)'°=0.5. By adding the space risk utility
function, the risk utility values accurately reflect the risk
state differences of different subway stations at the same
time. In other words, the accident consequence of the same
accident in Xizhimen Station and the input of resources
needed to resume normal operation are often greater than
those of the other two stations. From the perspective of

complex network theory, the node degrees of the three sta-
tions are 5, 4, and 2, respectively. And the corresponding
risk utility parameters of the three stations are 1.0, 0.8 and
0.7. Then, the risk value ranking: Xizhimen Station > Che-
gongzhuang Station >Fuchengmen Station. Therefore, the
introduction of spatial risk utility can improve the accuracy
of subway station risk evaluation.

Example 2 The same subway station at different times.

Compared with the method by Qin et al. (2015), we select
Chegongzhuang Station as the object of risk evaluation.
Three different periods of operation data are carried out to
evaluate the risk state, as shown in Table 8. According to the
time risk utility parameter in Fig. 4, the corresponding time
risk parameters corresponding to 8:00, 9:00, and 10:00 can
be 0.8, 1.0, and 1.05, respectively.

Similarly, the relative closeness of Chegongzhuang Sta-
tion in different a-level sets at three different times are
calculated by the developed IT2-FTOPSIS approach. The
risk evaluation results are shown in Table 9 and Fig. 9. At

Table 8 The original risk values

. . ! Index Risk Value Index Risk Value Index Risk Value
of each index at different times
8:00 9:00 10:00 8:00 9:00 10:00 8:00 9:00 10:00
I, 0.88 052 025 Iy 0.88 056 0.38 15 0.86 051 0.30
I, 0.79 042 027 I 0.78 046  0.37 Iig 0.89 066 0.18
Iy 0.80 0.61 0.22 1} 0.73 036 033 I 093 075 0.27
1 0.82 050 0.16 1), 0.82 057 0.39 Iy, 1.00 1.00 1.00
I 0.85 059 0.17 15 0.77 059 0.27 1, 1.00 1.00 1.00
Ig 0.80 046 0.25 Iy 0.83 067 0.37 I, 1.00 1.00 1.00
L 0.76 040 0.39 Iis 0.91 0.74 045
I3 0.77 038 0.32 Iis 090 068 0.38
Table 9 The fuzzy relative closeness of different times in different a-level sets
a 8:00 9:00 10:00
AY AL AY AL AY AL
0 [0.6345,0.9141] [0.7931,0.8381]  [0.4763,0.7354] [0.5590,0.6060] [0.2632,0.5970] [0.3590,0.4118]
0.1 [0.6583,0.9046] [0.7978,0.8344]  [0.4889,0.7160] [0.5624,0.6005] [0.2744,0.5709]  [0.3633,0.4057]
0.2 [0.6811,0.8944] [0.8009,0.8316]  [0.5006,0.7003] [0.5649,0.5969] [0.2860,0.5451]  [0.3660,0.4018]
0.3 [0.7025,0.8867] [0.8040,0.8287]  [0.5090,0.6847] [0.5674,0.5933] [0.2977,0.5199] [0.3688,0.3979]
0.4 [0.7226,0.8783] [0.8082,0.8253]  [0.5180,0.6686] [0.5706,0.5884] [0.3095,0.4954] [0.3730,0.3923]
0.5 [0.7414,0.8688] [0.8111,0.8224]  [0.5267,0.6523] [0.5731,0.5849] [0.3215,0.4722] [0.3758,0.3886]
0.6 [0.7590,0.8589] [0.8139,0.8195]  [0.5364,0.6360] [0.5755,0.5815] [0.3336,0.4500] [0.3787,0.3850]
0.7 [0.7750,0.8484] [0.8166,0.8166]  [0.5461,0.6194] [0.5780,0.5780] [0.3448,0.4292] [0.3815,0.3815]
0.8 [0.7897,0.8374] - [0.5552,0.6037] - [0.3559,0.4100] -
0.9 [0.8029,0.8252] - [0.5653,0.5876] - [0.3676,0.3923] -
1 [0.8136,0.8136] - [0.5739,0.5739] - [0.3781,0.3781] -
Defuzzified value  0.8072 0.5856 0.3927

Risk state

Level 1 (very unsafe)

Level 3 (medium)

Level 4 (safe)
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Fig.9 The fuzzy relative 1
closeness of different times of ——10:00
Chegongzhuang station
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8:00, the morning rush hour, there are a lot of passengers
in Chegongzhuang Station, and the risk value is larger
than the other times. With the passing of the early peak,
the station risk is reduced. Therefore, the risk ranking:
8:00>9:00> 10:00.

Figure 10 shows the differences between the devel-
oped IT2-FTOPSIS method and the method in Qin et al.
(2015). We can see that there is no significant difference
in the risk values between the two methods at 9:00, but
there are some significant differences in the risk values
at 8:00 and 10:00. Combined with the operation state of
the subway station, it is found that 8:00 is the morning
rush period of the subway station. The sudden failure of
the power supply system in Line 2 causes the train to be
delayed, and a large number of passengers are stranded
on the platform, which brings tremendous pressure to the
equipment and management of the station. Considering
the time factor, once an accident occurs in the subway sta-
tion at 8:00, it will have a greater impact than other times.
Therefore, the actual risk caused by the event is greater

Chegongzhuang Station

than the risk calculated by the previous method, and the
risk states by the new method and the previous method
are very unsafe (0.81, Level 1) and unsafe (0.79, Level
2). At 10:00, a series of measures have been taken to deal
with the accident, the power supply equipment has been
restored to normal, then the operation of Chegongzhuang
station has been restored to normal, the passenger flow
has also dropped significantly in the morning rush hour,
and the risk sources affecting the safety of the subway sta-
tion are in a good state, the actual risk value is less than
the risk value calculated by the previous method. The risk
states by the new method and the previous method are
safe (0.39, Level 4) and medium (0.41, Level 3). In sum-
mary, the introduction of the time risk utility function can
more accurately reflect the subway station’s safety state.

4.3 Discussion

The difference between the subway station’s risk utility val-
ues from the developed IT2-FTOPSIS method and the risk

@ Springer



4862

Z.Zhang et al.

values from the previous methods is low. The main reasons
are as follows. Firstly, the risk evaluation process involves 22
indexes. Changes in individual index values hardly change
the safety of the subway station system. For example, the
number of passengers at entrance AFC suddenly increase
and hardly change the subway station’s overall safety. Sec-
ondly, the risk utility values calculated by the time risk util-
ity parameter function or space risk utility parameter func-
tion are slightly different from the original risk values.

However, the risk states from the developed IT2-FTOP-
SIS method and the previous methods are different in some
cases. For example, the risk values of Chegongzhuang Sta-
tion calculated by the two methods are 0.79 and 0.81 at 8
o’clock, respectively. The management measures of subway
stations are different when the subway stations have different
risk states. The station managers will use flow restrictions
to reduce risk when the station is very unsafe (Risk value
is 0.81). Meanwhile, the station managers keep track of the
subway station’s safety operation when the station’s risk is
unsafe (Risk value is 0.79). Thus, the developed IT2-FTOP-
SIS method is closer to the actual operation of the subway
station according to the station mangers’ experience.

Overall, the developed IT2-FTOPSIS method evaluating
the subway station’s risk state is more reasonable than the
previous methods. The developed IT2-FTOPSIS method
considers the risk utility function, which is closer to the
practical experience. The subway station has different oper-
ation characteristics in a different time or space, and the
same event may have different risk utility values. The same
event occurring in the morning or evening peak hours has a
more serious effect on subway station operational safety than
during other times. Namely, the event may have a different
risk utility value in the morning or evening peak hours or at
other times. Similarly, the same event occurring in different
subway stations may have a different utility value on the
subway station’s safety.

5 Conclusions

In this study, a new subway station operational risk evalu-
ation framework is proposed by using an IT2-FTOPSIS
approach with a utility function. The risk factors of subway
stations are assessed by crisp numbers, and IT2FNs repre-
sent the weights of each risk factor. Furthermore, the intro-
duction of time risk utility function and space risk utility
function provides a useful tool to improve the risk accuracy
of the subway station and reflect the risk state more objec-
tively. Besides, the IT2-FTOPSIS approach based on a-level
sets is used to solve the subway station operational risk
evaluation, which improves the practicality and flexibility of
the risk evaluation approach. Finally, an example of Beijing
Subway is selected to illustrate the developed risk evaluation

@ Springer

approach’s performance. The results show that the developed
IT2-FTOPSIS approach with time risk utility function or
space risk utility function can improve the accuracy of the
risk evaluation and reflect the subway station’s operational
risk state more objectively than the previous method.

However, many aspects need to be further improved.
Firstly, considering excluding the influence of the subway
line on the risk evaluation result, the three subway sta-
tions are selected to explain the developed IT2-FTOPSIS
method’s effectiveness. We will discuss the heterogeneous
subway stations’ risk evaluation that belongs to the differ-
ent subway lines. Secondly, risk thresholds are determined
by expert subway station operation managers. Three-way
decisions provide a useful tool to calculate the risk thresh-
olds scientifically and assess subway stations’ risk status
(Liang et al. 2018; Gao et al. 2020). We will combine the
IT2-FTOPSIS with three-way decisions to improve the risk
evaluation framework of the subway station.
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