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ABSTRACT Rail transit (RT) has been favored by passengers because it effectively alleviates the problems
of dense population, housing shortages, small natural areas, and serious air pollution in urban centers.
In this paper, we propose a framework that combines statistical analysis, fuzzy theory, and the technique
for order preference by similarity to an ideal solution (TOPSIS) to evaluate the service quality of RT. First,
the passenger perception of service quality is modeled as trapezoidal fuzzy numbers from the fuzzy theory,
which solves the uncertainty problem of passenger perception that how factors affect service quality. Next,
a case study that evaluates the service quality of the Beijingmetro system is proposed using the fuzzy TOPSIS
method. During the evaluation process, 8011 surveys are collected from 16 metro lines operated by Beijing
Metro Operating Company Ltd. The evaluation results show that transfers, in-vehicle experience, and ticket
purchases or recharges are the three factors that passengers find most unsatisfactory about metro travel
and that need to be greatly improved in the future construction and management of metros. Furthermore,
we analyze the stableness of the fuzzy TOPSIS method by the ranking change of service quality for a
line from different comparison sets of metro lines. Finally, we provide suggestions and guidance for the
optimization of RT infrastructure and investment.

INDEX TERMS Rail transit, fuzzy theory, TOPSIS, service quality.

I. INTRODUCTION
Along with increasingly crowded metros, how to improve the
service quality (SQ) has received more and more attention.
To improve the SQ, operation optimization has got increas-
ingly attention to by ChinaMetros [1] and other countries [2].
In these optimization studies, SQ evaluation has been applied
to address bottlenecks efficiently. The construction of new
lines has also been proposed to ease traffic congestion
and improve the SQ of the entire metro system. Herein,
the SQ evaluation is employed to guide metro construction,
promote infrastructure optimization, and improve passenger
satisfaction [3], [4]. Therefore, it is critical to conduct the

The associate editor coordinating the review of this manuscript and
approving it for publication was Muhammad Imran Tariq.

SQ evaluation and identify the main factors affecting the SQ
to improve the SQ of rail transit (RT) systems.

There are many factors that affect the SQ of RT systems.
For example, Aydin et al. [5] developed the criteria including
train comfort, ticketing, information systems, accessibility,
safety, station comfort, fare, and time to analyze the SQ of
Istanbul RT systems. Eboli et al. [6] considered seven indi-
cators (i.e., safety, cleanliness, comfort, service, information,
crew, and other) to evaluate the SQ of railways. Shen et al. [7]
proposed fifty service attributes from nine service dimensions
(e.g., direction, guidance, cleanliness, comfort, and conve-
nience) to evaluate the satisfaction with RT systems. Kim
et al. [8] evaluated the SQ of transfer facilities in urban
RT from the following five categories: information, mobil-
ity, comfort, convenience, and security. Miranda et al. [9]
proposed a SERVQUAL extension with a specific dimension
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(e.g., comfort, connectivity, and convenience) to examine the
customer satisfaction with the railway system. It is concluded
that service characteristics, such as punctuality, regularity,
frequency, and cleanliness, has the highest positive impact
on the SQ. Based on the above studies and the intrinsic
congested characteristics of Beijing metro [10], the following
eight factors are considered in the SQ evaluation: access
(egress), security check, ticket purchases or recharges, card
swiping, waiting for boarding, in-vehicle experience, and
other extended services.

Measuring the passengers’ perceptions of influencing fac-
tors is also a critical task in SQ evaluations, and previous stud-
ies have made many contributions. Eboli and Mazzulla [11]
established a structural equation model to explore the rela-
tionship between global satisfaction and passenger perception
attributes. de Oña et al. [12] proposed the structural equation
method to mine the latent factors that describe bus SQ hidden
under 12 attributes. Díez-Mesa et al. [13] developed a hybrid
method that combines Bayesian networkwith structural equa-
tion model to measure the SQ of the Seville Metro Light Rail
Service. However, the aforementioned methods have some
limitations. For example, structural equation models require
that the initial structure be known, and that each variable in
the hypothetical model be concretized and quantified [14].
Moreover, structural equation models may produce some
unexplained results and require a large sample size [15].

Multi criteria decision making (MCDM) methods have
been an alternative way to address the above limitations.
MCDM has been one of the best methods to solve the
decision-making problem with multiple attributes [16]–[19].
MCDM methods have been also successfully applied to
model passenger perception by considering different factors
to evaluate the SQ of RT [20]–[24]. Further, there are
many tools to implement MCDM: data envelopment analysis
(DEA), the analytic hierarchy process (AHP), and the tech-
nique for order preference by similarity to an ideal solution
(TOPSIS) [25]. Lee and Kim [20] developed an DEA-based
overall SQ measure method, with benchmarking carried out
by using SERVQUAL to measure the SQ. Based on the
type-2 fuzzy set, [21] improved the passenger satisfaction
in public transit service by combining GRA with TOPSIS.
Nassereddine and Eskandari [22] proposed a hybrid MCDM
method (i.e., DELPHI, GAHP, and PROMETHEE) to evalu-
ate Tehran’s public transit system and improve the customer
satisfaction. Balci et al. [23] proposed seven main criteria to
select dry bulk terminal, where six criteria are determined
by the fuzzy AHP. However, evaluation SQ by a single
MCDM will inevitably lead to incomplete and inaccurate
evaluations [24]. The above studies should combine with
other methods to achieve more reliable and realistic results.
Hence, an integrated MCDM model that combines statistical
analysis, fuzzy theory, and TOPSIS is proposed to evaluate
the SQ of RT systems.

The primary goal of this paper is to evaluate SQ, identify
weak service factors, and offer suggestions for RT managers.
First, we collect a large amount of data about passenger

satisfaction with eight factors affecting SQ from a satisfaction
survey. The survey is conducted at stations that cover 40%
of the Beijing metro stations by online and offline. Second,
the passenger perception of SQ are modeled as trapezoidal
fuzzy numbers from the fuzzy theory, which solves the uncer-
tainty problem of passenger perception on factors affecting
SQ. Next, a case study that evaluates the SQ of RT systems
is illustrated by the proposed method. Then, the stableness of
the proposed method is discussed, and it can be applied to
the SQ evaluation of RT systems in any scenario in which RT
lines increase or decrease in the future. Finally, suggestions
for the optimization RT infrastructure and future investment
are given.

This paper is structured as follows: In Section II,
the methodology applied in this research are introduced.
The study area and survey data analysis are described in
Section III. In Section IV, a case study of the SQ evaluation of
a rail transit system is developed, and the stableness analysis
of the method is discussed. The conclusions are presented at
the end.

II. METHODOLOGY
A. TRAPEZOIDAL FUZZY NUMBERS
Because fuzziness can describe uncertain and unclear
concepts, fuzzy theory has been applied to solve various
transportation problems along with other methods. For exam-
ple, Tsai and Lu [26] combined the fuzzy algorithm with the
generalized Choquet integral to evaluate service quality. The
definition of ambiguity is as follows:

The fuzzy set on a given universe U means that for any
x ∈ U , there is a corresponding number of u(x) ∈ [0, 1].
Herein, u(x) is called the membership degree of x to U , and
u is called the membership function of x.
If A = (a, b, c, d), then A is called a trapezoidal fuzzy

number. The membership function is:

uA(x) =



x − a
b− a

, x ∈ [a, b]

1, x ∈ [b, c]
x − c
d − c

, x ∈ [c, d]

0, other

(1)

Given any two sets of fuzzy numbers M = (m1,m2,m3,m4)
and N = (n1, n2, n3, n4), and the operation rules are as
follows [27], [28]:

M + N = (m1 + n1,m2 + n2,m3 + n3,m4 + n4) (2)

M − N = (m1 − n4,m2 − n3,m3 − n2,m4 − n1) (3)

M × N = (m1 × n1,m2 × n2,m3 × n3,m4 × n4) (4)

k ×M = (k × n1, k × n2, k × n3, k × n4) (5)

B. SERVICE QUALITY EVALUATION METHOD
TOPSIS method is one of the comprehensive evaluation
methods for multiobjective decision-making problem [29].
The TOPSIS method eliminates the influence of different
index dimensions and processes the original data with the
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TABLE 1. Information of SQ factors.

same trend and normalization. Herein, we focus on how to
combine TOPSIS with the above Trapezoidal fuzzy numbers
(i.e., Fuzzy TOPSISmethod). More details about the TOPSIS
method can refer to [30].

The main idea of the Fuzzy TOPSIS method is that the
evaluation values and weights are expressed by linguistic
variables. Main steps of the Fuzzy TOPSIS method applied
to evaluate the service quality are as follows:

Step 1: Calculate the importance weight of the evaluation
factors and the trapezoidal fuzzy performance values for each
RT line with respect to each factor.

Assume F be set of factors, F = {f1, f2, . . . , fm}. The
average weighting matrix is calculated as follows:

wc = (wj)1×m = [w1
j , . . . ,w

m
j ] (6)

wc = (wci )1×m = f1f2 . . . fm/[wc1,w
c
2, . . . ,w

c
m] (7)

where wj is a trapezoidal fuzzy number calculated by

wj = (
w1
j +w

2
j +..+wkj
k ), and m and k are the number of SQ

factors and the number of passengers for each RT line,
respectively.

Also, the trapezoidal fuzzy performance values for each RT
line with respect to each factor are obtained by using Eq. (7).

Step 2: Calculate the normalized decision matrix.
Let R be the normalized fuzzy decision matrix withm rows

and n columns:

R = [rij]m×n, i = 1, . . . ,m, j = 1, . . . , n (8)

Let B and C be the sets of benefit criteria and cost criteria,
respectively, and (aij, bij, cij, dij) be a set of trapezoidal fuzzy
numbers,

rij = (
aij
d+j

,
bij
d+j

,
cij
d+j

,
dij
d+j

), j ∈ B (9)

rij = (
a−j
dij

,
a−j
cij

,
a−j
bij

,
a−j
aij

), j ∈ C (10)

d+j = max dij, j ∈ B (11)

a−j = max aij, j ∈ C (12)

Note that the above criteria can be divided into two categories:
larger-the-better (benefit) and smaller-the-better (cost).

Step 3: Calculate the weighted normalized decision
matrix.

The weighted normalized value vij is equal to the impor-
tance weight of the evaluation factors wj times the values in
the normalized decision matrix rij. That is, vij = rijwj. Thus,
the weighed normalized decision matrix is defined as

V = [vij]m×n, i = 1, . . . ,m, j = 1, . . . , n (13)

Step 4: Obtain the fuzzy positive ideal solution (A+) and
the fuzzy negative ideal solution (A−).

A+ = (v+1 , v+2 . . . , v+n ) (14)

A− = (v−1 , v−2 . . . , v−n ) (15)

Step 5:Calculate the distance of each line from the positive
and ideal solutions.

d+i =
√∑n

j=1
(vij − v

+

j )
2 (16)

d−i =
√∑n

j=1
(vij − v

−

j )
2 (17)

Step 6: Calculate the closeness coefficient (CCi) for each
line.

CCi =
d−i

d−i + d
+

i

, i = 1, . . . , n (18)

Step 7: Rank SQ for lines.
The larger the value of CCi is, the higher the preference of

the line is.

III. STUDY AREA AND DATA
A. SURVEY DESIGN AND DATA COLLECTION
Beijing Metro Operations Company Ltd. operates approxi-
mately 80% of the lines of Beijing RT system (i.e., 16 RT
lines), with a total of 261 stations. There are 1, 2, 5, 6,
7, 8, 9, 10, 13, 15, Fangshan (F), Batong (B), Changping
(C), Yizhuang (Y), Airport (A), and S1 Lines. Based on the
16 lines, a survey is investigated to evaluate the SQ of the
Beijing RT system.

The data collected from the survey can be divided into
three parts: 1) the passenger satisfaction of eight influen-
tial factors, including access (egress), security check, ticket
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TABLE 2. Questionnaire of satisfaction with card swiping link.

FIGURE 1. The distribution of surveyed stations in the Beijing metro system.

purchases or recharges, card swiping, waiting for boarding,
in-vehicle experience, and other extended services as shown
in Table 1; 2) the overall passenger satisfaction of the 16 RT
lines; and 3) personal characteristics, including: gender, age,
driving frequency, education, and income level. Note that
there are several questions to measure the satisfaction in
regard to the eight factors from different perspectives, includ-
ing those of staff, facilities, environment, and management,
in the first part. Subsequently, note that respondents are
requested to rate the overall satisfaction level of each fac-
tor with a 5-point Likert scale. The wording of the scale
labels vary with the content of the measurement [31]:1) For
determining the importance weights of the SQ factors, each
scale point is labeled according to its importance level: 1 =
not important, 2 = less important, 3 = medium important,
4= important, and 5= very important; 2) For calculating the
performance values of the RT lines, each scale point is labeled
according to its satisfaction level: 1= absolutely unsatisfied,
2 = unsatisfied, 3 = moderately satisfied, 4 = satisfied, and
5 = absolutely satisfied. Finally, the managers from the

Beijing Metro Operations Company Ltd. worked with us to
optimize the survey and ensure its efficiency. Some question-
naires are shown in Table 2.

The passenger satisfaction survey was conducted from
October to December 2018. The respondents were randomly
selected from waiting passengers at the platforms. To obtain
passenger satisfaction with multiple routes, we selected the
survey stations based on the following rules: 1) transfer
stations were the main consideration. 2) some no transfer
stations with large passenger flow are also considered, such
as stations near universities, near parks, near commercial,
office and tourist attractions, and suburban stations with large
passenger flows [32]. Finally, the number of surveyed stations
was approximately 40% of the total number of all stations
based on the suggestion from managers of the Mass Transit
Railway Operation Corporation LTD. The distribution of sur-
veyed stations is shown in Fig. 1.

A total of 8011 surveys were collected through online
and offline questionnaires, and at least 80% of the question-
naires were obtained face-to-face. Note that the percentage
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FIGURE 2. The percentage of sample size and daily average passenger
flow per RT line.

TABLE 3. Reliability statistics.

of sample size per RT line is according to the percentage of
daily average passenger flow per RT, as shown in Fig. 2.

B. SURVEY DATA AND STATISTICAL ANALYSES
The Cronbach’s alpha coefficient test for the reliability of
the survey data is shown in Table 3, and the significant
value of 0.934 proves the reliability of the survey data [33].
Further, 4328 males and 3683 females participated in the
survey as shown in Table 4, which was statistically repre-
sentative compared to the number of males and females (i.e.,
11.134 million males and 10.571 million females) in Beijing
in 2015 [34].

Next, the socioeconomic characteristics of metro passen-
gers is studied in details as shown in Table 4. First, the age
attribute is investigated. People aged 18-30 years travel by
metro, accounting for 50.967% of all travel groups, followed
by people aged 31-44 years; the percentage of people over
45 who choose to travel by metro is less than 15%. It is worth
noting that young and middle-aged people are the main group
that participates in work and entertainment activities, and
young adults travel much more frequently by metro and other
means of transportation than the elderly [35]. The survey
also takes into account the educational level, which is also
related to occupation and income level [36]. More than 80%
of people with higher education choose to travel by metro,
which may be related to the higher education level of Beijing
as a whole. Meanwhile, the survey finds that people with a
monthly income of 5001-15,000U are the main component
of metro passengers, while low-income groups choose Metro
travel only a small proportion of the time. This result is
in line with the findings of [37], who showed that lower
income groups seem to be more enthusiastic about bus travel
to reduce travel costs.

Trip characteristics of metro passengers is also investigated
as shown in Table 5. Table 5 shows that the number of people

TABLE 4. Socioeconomic characteristics of metro passengers.

TABLE 5. Trip characteristics of metro users.

who take the metro for more than five trips weekly is the
highest, and the percentage of people who take the subway
for more than two trips weekly accounts for approximately
80% of the total. Indeed, RT is a preferred way for people
to travel, and it is the main transfer mode for a combination of
travel plans [27]. Additionally, we find that 62.1% of people
travel during peak hours. The best explanation is that people
travel for work and are time-bound [38].

IV. CASE STUDY
In this section, we first explain the calculation process of the
proposed fuzzy TOPSIS method to evaluate the SQ of the
Beijing Rail Transit System. Later, the results are given, and
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FIGURE 3. RT line performance changes with respect to each factor.

TABLE 6. Language terms of importance of SQ factor and performance value of RT lines.

TABLE 7. Rating of users for SQ factors.

the proposed suggestions are made. Last, the stableness of the
fuzzy TOPSIS method is discussed.

A. APPLICATION OF FUZZY TOPSIS
The two sets of ambiguities involved in this study are shown
in Table 6. The data obtained from the above survey are
shown in Table 7. Each set of ambiguities has five linguistic
variables, but the fuzzy trapezoidal numbers are different
([27], [26]). The largest set of fuzzy numbers and the smallest
set of fuzzy numbers are regarded as the positive and negative
ideal solutions, respectively, and are v+j = (1, 1, 1, 1) and
v−j = (0, 0, 0, 0), j = 1, 2, . . . , n.
First, the fuzzy weight of each SQ factor is obtained from

Eq. (7) as shown in Table 8, where the top three service
quality factors are SQ4-card swiping, SQ3-Ticket purchases
or recharges, and SQ5-waiting for boarding. In fact, the dif-
ferences of the fuzzy values between each factor are small,

but the passengers pay more attention to the above three
factors than the other factors. Furthermore, the trapezoidal
fuzzy performance values for each RT line with respect to
each factor are calculated using Eq. (7). The results are shown
in Appendix A.

Next, the normalized decision matrix is obtained based on
Eq. (8) shown inAppendix B. Theweighted normalized fuzzy
decision matrix for evaluating SQ level is obtained shown
in Appendix C. Then, the Euclidean distance between the
objective value and the ideal solution is calculated by Eq. (16)
and Eq. (17), as shown in Table 9. Finally, the SQ ranking for
the lines is given base on the closeness coefficient of each RT
line calculated by Eq. (18) as shown in Table 10.

B. RESULTS AND DISCUSSION
Based on the above fuzzy TOPSIS method, the results are
calculated shown in Fig. 3. We can intuitively see the ranking
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TABLE 8. Fuzzy weights of SQ factors.

TABLE 9. Positive and negative ideal solutions for each RT line.

TABLE 10. Closeness coefficients for each RT line.

of each RT line: 1) Fangshan Line (i.e., green pillars) is
considered to be the best RT line, with a CC value of 0.749,
and Lines 7 (i.e., light blue pillars) and 8 (i.e., orange pillars)
are the other two top RT lines; 2) Changping Line (i.e.,
purple pillars) and Line 13 (i.e., dark red pillars) are the two
lowest ranked lines, with CC values of 0.704 and 0.716; and
3) S1 Line (i.e., light green pillars) and Line 1 (i.e., blue
pillars) are ranked the third and fourth worst RT lines, with
CC values of 0.719 and 0.725, respectively.

Specifically, the ranking of Fangshan Line, Line 7, Line 8,
Changping Line, Line 13, and S1 Line in the RT network is
shown in Fig. 4 (a), (b), (c), (d), (e), and (f), respectively. Note
that the nearer the ranking of trapezoidal fuzzy performance
values of each RT line respect to each factor is to the origin
of coordinates in Fig. 4, indicating that the RT line is a better
line; otherwise the opposite is true. For example, Fangshan
line is a better RT line because its ranking of trapezoidal
fuzzy performance values respect to each factor is all close to
the origin of coordinates, while Changping line is opposite.
The discussion of the ranking of the RT lines is given as
follow:

1) RT lines with better CC values. The Fangshan Line is
the best RT Line, which can be attributed to the fact that
the extension line of the Fangshan Line was opened at the
end of 2019 and transferred to Line 10. At the same time,
it responds to the voice of the public and meets their expecta-
tions [39]. Second, the Fangshan Line is the first metro train
with a speed of 100 km/h in China. It is also the first metro

line with air conditioning and a refrigeration group control
system.

For Line 7, the opening and diversion of Line 7 allevi-
ates the passenger flow of Line 1 and the Batong Line and
improves the evacuation capacity and efficiency of the
Beijing West Railway Station. Additionally, Line 8 is known
as the Olympic Line, which is popular with passengers
because of its unique humanistic construction concept.

2) RT lines with worse CC values. The Changping Line and
Line 13 are the two lowest ranked lines for the following rea-
sons. First, the Changping Line is a suburban line that merges
into Metro Line 13 at the Xierqi Station. During the morning
rush hours of the working day, a large number of passengers
enter the city from the suburbs to work, while in the evening
rush hours, people return to their suburban homes. This tide
phenomenon causes serious congestion in subway trains and
stations during rush hours, and the line is in supersaturated
operation [1]. Second, there are only two transfer stations on
the Changping Line and other lines - the Zhuxinzhuang and
Xierqi Stations - which provide a single mode of transfer for
passengers. In addition, Line 13 is on the ground, and it very
difficult to transfer to the underground Line 2 in the Xizhimen
Station. A follow-up survey of 128 passengers revealed that
the average walk time for passengers to transfer between
Line 13 and Line 2 was 9 minutes and 47 seconds, which is
too long to complain about the transfer.

For Line 1, the reason for the poor ranking is that it is lim-
ited by the old construction age and poor facility conditions,

VOLUME 7, 2019 114277



J. Li et al.: Improving SQ With the Fuzzy TOPSIS Method: A Case Study of the Beijing RT System

FIGURE 4. Ranking of the RT lines in the urban rail network.

such as small platform areas, which leads to an imbalance
between supply and demand and results in crowd congestion.
Second, Line 1 carries a large number of passengers every
day, and the capacity of the facilities (e.g., security checks,

stairs and automatic escalators) cannot meet the needs of
passengers [40].

Additionally, the S1 Line is a newly opened medium -
and low - speed maglev line, and its performance value is
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FIGURE 5. Overall passenger satisfaction and CC values of 16 RT lines.

only 0.719, which is mainly attributed to the inconvenience
of transfers.

Next, we find that the CC values of the 16 RT lines
and the change trends of the overall passenger satisfaction
obtained from the survey are similar as shown in Fig. 5. The
comparison results show that the fuzzy TOPSIS method can
effectively evaluate the SQ.

C. RALATED SUGGESTIONS
The ranking of RT lines with respect to the SQ factors is
shown in Fig. 6, and the corresponding suggestions are pro-
posed to improve the unsatisfactory SQ factors.

It is found that transfers, in-vehicle experience, and ticket
purchases or recharges are the most unsatisfactory factors
for passengers. Indeed, many researchers have also found
that these factors are the main factors restricting capacity
and affecting user satisfaction [40], [41]. Main suggestions
about transfers, in-vehicle experience, and ticket purchases
or recharges are as follows:

First, unclear signs and long transfer times in the trans-
fer process receives the most complains from passengers

according to the survey results. Specifically, Changping Line,
Yizhuang Line, Line 13, Line 2, and Line 1 show very
poor performance in transfers shown in Fig. 6. One pos-
sible improvement strategy is that station staff can isolate
transfer passengers with obvious directional flow through
removable impediments (guardrails), and use guardrails prop-
erly expand the travel corridor according to the tidal char-
acteristics of transfer passenger flow [42]. Another strat-
egy is that apply the real-time release of information and
build a station with a specific cultural culture. For exam-
ple, people-oriented transfer station has been successfully
applied in the Guangzhou metro to contribute the devel-
opment of an optimized design [43]. Moreover, managers
should improve the visualization and readability of markings
at stations. For example, the font design of signs should
fully consider the characteristics of visual impairment of the
elderly.

Second, the in-vehicle experience is an urgent factor that
needs to be improved for Changping Line, S1 Line, and
Line 1 shown in Fig. 6. Especially, carriage comfort and
crowdedness are two aspects of user feedback that need to be
improved. The first proposal is to achieve freeWIFI coverage
in the carriages and platforms to supply more entertainment,
which is already applied in the Shenzhen Metro and Wuhan
Metro of China and it works very well [44], [45]. The second
suggestion is to install a device at the waiting area on the
platform to show the actual number of passengers in each
carriage. In this way, passengers waiting outside the safety
door can choose a waiting area with a small number of
passengers, so that the passenger distribution on each carriage
is even and the congestion is reduced [46].

Finally, ticket purchases or recharges have become the pri-
mary factors for improvement of the S1 Line and Changping
Line, because of the inconvenience and slow speed of self-
service ticketing andmanual ticketing. Therefore, we propose
to increase the promotion of some passengers’ mobile devices
applications to make up for the function deficiencies of ticket

FIGURE 6. Ranking of RT lines with respect to SQ factors.
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TABLE 11. Rating of users for SQ factors of imaginary line.

storage services by utilizing Ruuby Pay, Apple Pay, Alipay,
and Tencent Ride Codes [47]. Furthermore, we find that the
demand for electronic periodic tickets is becoming more and
more prominent for some passengers. Therefore, there is also
a good way to sell electronic periodic tickets in a tourist
city, and this suggestion has been accepted and put into trial
operation in Beijing metro [48].

D. STABLENESS ANALYSIS
The ranking of metro lines can still maintain its consistency
under different scenarios with a changing number of lines,
which is very important for the SQ evaluation. It is called the
stability of the method in this paper. Next, the stability of the
fuzzy TOPSIS method is analyzed under two scenarios [49]:
one imaginary line is added to the evaluation process, and
one line is excluded. For the inclusion scenario, the data of
an imaginary line are shown in Table 11.

For the exclusion scenario, Line 15 is excluded from the
evaluation process. In these two scenarios, the line rankings
based on the fuzzy TOPSIS method are as follows:

Reality: LF > L7 >L8 > L15 > L10 > L9 > LY > L6 >

LB > L2 > LJ >L5 > L1 > LS1 > L13 > LC
Imaginary: LF > L7 > L8 > L15 > L10 > L9 > LY >

L6 > LB > L2 > LJ > L5 > Limaginary > L1 > LS1 >

L13 >LC
Excluded: LF > L7 > L8 > L15(excluded) > L10 > L9 >

LY > L6 > LB > LJ > L2 > L5 > L1 > LS1 > L13 > LC
Based on the analysis of the above results, the following

conclusions can be reached:
1) For the inclusion scenario, when the number of metro

lines increases, the ranking order of the metro lines does not
change, which is consistent with the results obtained from the
foregoing result analysis in Section IV B.

2) For the exclusion scenario, the ranking order of other
lines is consistent with the results of the above case study,
except that the ranking order of Line 2 and the Airport Line is
reversed. However, the above situation can be explained by
the fact that when the initial data change, the calculation
results can be rounded slightly, and the closeness coefficient
of Line 2 and the Airport Line are very close; reversal may
even occur.

In short, we can safely draw the conclusion that the fuzzy
TOPSIS method can generate a stable result in the evaluation
of the SQ under the condition of a change in the number of
subway lines.

V. CONCLUSIONS
This study first conducted a face-to-face and on-line ques-
tionnaire survey regarding the 16 metro lines operated by the
Beijing Metro Operations Company Ltd. A total of 8011 sur-
veys were collected. These surveys included eight passen-
ger perceptions of service quality: access (egress), security
check, ticket purchases or recharges, card swiping, trans-
fers, waiting for boarding, in-vehicle experience and other
extended services. Second, the survey data are analyzed, and
the SQ is evaluated by combining the fuzzy theory and the
TOPSIS method. Herein, the fuzzy theory expresses human
perception with a set of trapezoidal fuzzy numbers; the
TOPSIS method normalizes the fuzzy matrix and generates
the ranking of each RT line. In addition, we discuss the
stableness of the fuzzy TOPSIS method and find that the
method is suitable for evaluating SQ under different metro
lines.

Some important results can be summarized as follows:
First, compared with other RT lines, the Fangshan Line,
Line 7 and Line 8 show better SQ performance shown
in Fig.6. In particular, half of the SQ factors of Fangshan
Line are ranked first, and the remaining factors are ranked rel-
atively highly. Second, Changping Line, Line 13, the S1 Line,
and Line 1 are the lower ranked RT lines. Based on the
feedback from passengers, transfers, in-vehicle experience,
and ticket purchases or recharges are identified as the factors
that need improvement, and we put forward some suggestions
for improvement as follows:

1) Station staff can isolate transfer passengers with
obvious directional flow through removable impediments
(guardrails), and use guardrails properly expand the travel
corridor according to the tidal characteristics of transfer pas-
senger flow [42].

2) Install a display device in the waiting area of the plat-
form to show the dynamic number of passengers in the car-
riage. In this way, the passengers waiting outside the safety
door can choose a waiting area with a small number of
passengers, so that the passenger distribution on each carriage
is even and the comfort of passengers is improved in the in-
vehicle experience [50].

3) Through the Ruuby Pay, Apple Pay, Alipay, Tencent
riding code, and other passengers’ mobile devices appli-
cations, more vigorous function of ticket services can be
developed to improve the process of ticket purchases or
recharges [47].
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