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Abstract: Targeted at emergency plans for rainstorm and waterlogging disasters in subway station
projects, this work proposes a group decision-making method that uses linguistic intuitionistic fuzzy
sets, structural entropy weights, and TOPSIS. An evaluation index system of emergency plans was
constructed based on four aspects, namely a scientific basis, completeness, operability, and flexibility.
A linguistic interval intuitionistic fuzzy set approach was then used to qualitatively present the
decision-makers' understanding of, attitudes about, and preferences for emergency plans. The
uncertainty was comprehensively and intuitively represented by the dimensions of the degrees of
membership and non-membership. The structural entropy weight method was applied and improved
to fully reflect the influences of experts with different characteristics on the index weights. Finally, the
TOPSIS method, with a background context of linguistic interval intuitionistic fuzzy sets, was applied.
The calculation results of benchmark and verification case highlight the rationality and scientificity of
the method proposed in this paper. The emergency decisions regarding waterlogging in 2018 for the
Huilong Road West Station Project of Chengdu Metro Line 11 in China were selected as a case study.
The case study demonstrates that operability is the most critical of the four primary indicators, and that
flexible response to changes in the emergency response level is the most important of the secondary
indicators. The uncertainty analysis of data revealed that with the increase of uncertainty, the difference
between each scheme and the ideal solution decreased. Compared with the classical TOPSIS method,
the new model proposed in this paper is robust and effective, and can be used for similar projects in
the future.
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1. Introduction

In recent years, global warming has led to more frequent rainstorms in some regions.
Developing countries with inadequate water control infrastructure, including China, suffer from
frequent flooding [1,2]. According to the 2017 China Eco-Environmental Status Bulletin issued by the
Ministry of Ecology and Environment of China, 55.15 million people were affected by waterlogging
in 2017, and 316 people died. Waterlogging disaster directly led to a loss of 214.3 billion RMB. A
construction project is necessarily an open environment, which is susceptible to the adverse effects of
the surrounding environment. Also, the construction site of a subway station project is often 20-30 m
below the surface. Rainwater will naturally converge to the construction site of a subway station project,
which may cause serious safety hazards [3].

Decision-making in an emergency plan for waterlogging disasters in subway station projects is
complex. It must be known that a waterlogging disaster is about to occur or is occurring and project
managers from multiple units (e.g., construction, design, and survey units) will be involved. The
research issue is interdisciplinary, involving civil engineering, management, mathematics, and
environmental science, requiring high-level project management practice [4].

In the practice of subway station engineering project management, personnel will expand the pre-
programmed and principled emergency plans for waterlogging disasters into multiple, highly operable,
and complete emergency plans based on specific conditions of the project. If the selected emergency
plan is not scientific and effective, emergency management cannot quickly reduce disaster losses and
resume construction activities [5,6]. Therefore, the decision-making for an emergency plan for a
waterlogging disaster in subway station projects plays an essential role in the mitigation and mediation
of waterlogging disasters.

Compared with the decision-making of routine events, the decision-making for an emergency
plan for rainstorm waterlogging disaster in subway station projects has the prominent characteristics
of short decision-making time and great decision-making pressure [7]. These characteristics reflect
rapid disaster development speed, high uncertainty, and large potential losses. Therefore, it is difficult
for decision-makers to provide accurate numerical evaluation values or probability values, which is an
important basis for assessing the possibility of accidents and making decisions [8]. In engineering
practice, decision-makers usually use language term information [9] as an evaluation value, such as
poor, average, or good.

In recent years, to solve the problems of systematic evaluation and decision-making under
linguistic terminology information, many researchers have tried to combine linguistic terminology set
and fuzzy set theory to form a series of fuzzy linguistic terminology sets, and have achieved good
theoretical and application results [10]. In the interval intuitionistic fuzzy set, the definition of
language term set is expanded and the corresponding calculation rules are defined, namely, the
language interval intuitionistic fuzzy set (LIVIFs) [10]. This can not only qualitatively present the
decision-makers' understanding, attitude, and preference to emergency plans with the help of
language terminology information, but also comprehensively and intuitively represent the
uncertainty of decision-makers' understanding, attitudes, and preferences from dimensions of
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membership and non-membership degree. Therefore, compared with the decision-making method of
quantitative data analysis [11,12], the decision-making method under the framework of linguistic
interval intuitionistic fuzzy sets is more suitable for decision-making problems for rainstorm
waterlogging disasters in subway station engineering.

Weight calculation is another important step in this decision-making. The commonly used weight
calculation methods can be divided into two categories: Subjective and objective. The structural
entropy weight method combines the Delphi expert investigation method, fuzzy analysis method, and
entropy weight method [13]. The basic idea is to first collect experts' ranking and selection of the
importance of indicators, then use the entropy weight method to correct the uncertainty and transform
and analyze experts' opinions [14]. The structural entropy weight method retains the advantages of the
subjective weight method with the strong explanatory power and high calculation precision of the
objective weight method. In recent years, the structural entropy weight has achieved good application
results in the field [15].

In the general structural entropy weight method, it is considered that the expert weights of all
experts are the same. But many participants are involved in the decision-making of an emergency
response plan for rainstorm and waterlogging disasters in subway station projects, and their
characteristics vary greatly [14]. Decision-making experts have different educational backgrounds,
experience (working years), knowledge level, and other characteristics, and their awareness of
decision-making problems varies. Decision-making experts from different units should also have
different expert weights and influence on the weight calculation results in varied ways [16]. From the
perspective of reducing disaster risk loss, the experts of the work unit that bears the greater risk loss
are likely eager and incentivized to reduce disaster loss, and thus should have greater expert weight.
That is, the expert weight for emergency decision-making in construction projects should not be the
same among decision-making experts and should be specifically calculated. This is influenced by the
practical needs of construction project management, and also reflects differences between the decision-
making of a construction disaster emergency plan and other emergency decisions. In this study, the
expert knowledge and the knowledge blindness of the structural entropy weight method are improved
to fully consider the characteristics of experts.

The last main component of this paper is to extend the application of the technique for order
preference by similarity to ideal solution (TOPSIS) method in linguistic interval intuitionistic fuzzy
sets. TOPSIS is a widely used, multi-scheme, decision-making method, which has the advantages of
convenient calculation and no need for preset decision-making and evaluation grades [17,18]. The
positive ideal scheme, the optimal combination of evaluation indexes in all schemes, and the negative
ideal scheme, the most unfavorable combination of evaluation indexes in all schemes, are the core
concepts in the TOPSIS method [19]. To accurately select the positive and negative ideal scheme, this
paper selects a scientific and effective sorting method for the linguistic interval intuitionistic fuzzy
numbers of each index under the background of linguistic interval intuitionistic fuzzy sets. The core
of the TOPSIS method applied to decision-making is to calculate the distance between all schemes and
ideal schemes, which is an important basis for calculating the relative closeness between each scheme
and ideal schemes. This paper presents a distance measure formula for calculating these distances in
the context of intuitionistic fuzzy sets of language intervals.

Based on the preceding analysis, this paper proposes a decision-making model of emergency
plans for rainstorm waterlogging disasters in subway station engineering based on the guidelines of
intuitionistic fuzzy sets and TOPSIS. The main contributions of this paper are as follows. (1) Decision-
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makers' understanding of, attitudes about, and preferences for emergency plans are quantitatively
presented via the use of language terminology information, and the uncertainties of decision-makers'
understanding, attitudes, and preferences are intuitively represented by the dimensions of the degrees
of membership and non-membership in terms of uncertainty. (2) In this work, the improved structural
entropy weight method is used to calculate the weights of indexes, which not only fully considers the
subjective and objective factors in the calculation of weights, but also accurately describes the
influences of experts' working units, educational backgrounds, working years, knowledge levels, and
other characteristics via the improved expert average cognitive degree and knowledge blindness. (3)
The TOPSIS method with a linguistic intuitionistic fuzzy set is extended, which effectively coordinates
the complicated relationships among multiple targets in the decision-making of emergency plans for
rainstorm waterlogging disasters in subway station projects, and overcomes the difficulties of scientific
and effective decision-making and evaluation grade presetting in emergency decision-making. The
model resolution of the TOPSIS method with a linguistic intuitionistic fuzzy set is also significantly
higher than that of the classical TOPSIS method.

The remainder of this paper is organized as follows. Section 2 summarizes the research results
related to the existing research work. Section 3 focuses on the establishment of the index system and
emergency decision-making model, which are the critical explorations of this paper. In addition, the
section 3 analyzes a classic decision-making problem as a benchmark and verification case. In the
fourth section, the Huilong Road West Station of Chengdu Metro Line 11 in China is selected for a
case study. Section 5 discusses the influences of different operators on the calculation results, and
compares the results with those of the classical TOPSIS method. Section 6 presents the conclusion of
this work.

2. Related works

The research of emergency decisions about accidents attaches great importance to the reduction
of the loss caused by emergencies. In recent years, relevant scholars have obtained some in-depth
research results. After analyzing the entire process of waterlogging disasters, Wang et al. [20] proposed
an emergency decision-making model for urban rail transit systems based on the regret theory. Chen
et al. [21] put forward a disaster response program for urban waterlogging based on game theory, and
comprehensively utilized both qualitative and quantitative information on urban waterlogging disasters.
Cheong et al. [22] assessed the impacts of different cartographic representations on emergency route
planning during flood response and found that, although complex map information contains most of
the required information, it is not conducive to the rational planning of emergency routes due to the
urgency of emergency decision-making. Ren et al. [6] established an evaluation index system of
earthquake emergency plans from the perspectives of the operation mechanism, emergency response,
and emergency support, and implemented the evaluation of earthquake emergency plans via the
Hesitation Analytic Hierarchy Process (HAHP). However, most of this existing research was based on
quantitative data analysis, which is problematic for the description of the uncertainty of decision-
makers' understanding of, attitudes about, and preferences for emergency decision-making. To the best
of the authors' knowledge, research on the decision-making of emergency plan for waterlogging
disaster in subway station project has not yet been reported.

In addition, while the Analytic Hierarchy Process (AHP) method has often been used to calculate
the weights in previous related research, it is highly subjective. Liang et al. [14] used the structural
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entropy weight method, which comprehensively considers both subjective and objective factors, to
scientifically and effectively calculate the index weights of mined-out area pipelines. Liu et al. [15]
employed the structural entropy weight method to determine the weights of the safety performance
index of a fire protection system in a building, and verified the scientificity and effectiveness of this
method via comparison with the provisions of relevant laws, regulations, and design specifications.

Multi-attribute decision-making methods based on qualitative language term sets are more
flexible and applicable, and relevant approaches have become increasingly used in various fields [23].
Xu et al. [24] proposed a dynamic emergency decision-making method for large-group risks based on
cumulative prospect theory, and used the clustering method to cluster the preferences of decision-
making groups to determine the corresponding experts' weights. Chang et al. [25] developed a new
model based on intuitionistic fuzzy sets to solve the complexity and uncertainty in the decision-making
process. Two operators based on intuitionistic fuzzy sets were proposed, and the feasibility and
effectiveness of the model were proven via empirical research. In addition, Ferdous et al. [26] pointed
out that fuzzy sets and other soft computing methods could better characterize the uncertainty related
to expert knowledge. Grosse [27] analyzed in detail the sources of uncertainty in an emergency
management plan in Sweden, and presented an open framework of the systematic influence of
uncertainty. Zhang et al. [28] used the fuzzy multi-criteria group decision-making method (FMCGDM)
to construct a decision-making model of emergency response plans, and extended the TOPSIS method
with FMCGDM to effectively coordinate the complicated relationships between multiple targets in
emergency plan decision-making. This work provided substantial inspiration for the present research.
According to the characteristics of emergency decision-making in crisis management, Gao et al. [29]
proposed a dynamic decision-making method based on fuzzy sets of hesitation probability to overcome
the shortage of information, uncertainty, and dynamic trends. Aimed at addressing the problems of
insufficient risk identification, incomplete and inaccurate data, and the different preferences of decision-
makers, Sun and Ma [30] established a new model by combining soft set theory with classical fuzzy
rough set theory. Meng et al. [31] discussed how to use linguistic membership and linguistic non-
membership to express the qualitative preference and non-preference judgments of decision-makers. Ou
et al. [32] expressed uncertainty evaluation information in the form of linguistic intuitionistic fuzzy sets,
and presented the calculation method of the scheme distance in the TOPSIS method.

3. Methodology
3.1. Establishment of the index system

Project decision-makers often synthesize expert opinions from multiple work units and quickly
generate several emergency plans based on pre-set outlines. But pre-set emergency plans often lack
completeness and operability. The main reason is that the construction of subway station projects is a
dynamic process. Waterlogging that occurs at different times would need different construction
measures, e.g., the number of people and machinery [33]. As such, the project management staff cannot
prepare an emergency plan with strong operability and detailed content in advance. Also, plans should
have the flexibility to accommodate changing conditions of waterlogging disasters.

Based on the above analysis, this article starts from the four aspects of scientific planning,
completeness of the content, operability, and flexibility, and uses expert interviews, literature research,
and other methods to build a decision index system for emergency plans for rainstorm and
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waterlogging disasters in subway stations. The indicator system has 4 primary indicators (scientific
basis, completeness, operability, and flexibility) and 15 secondary indicators.

The uncertainty and time pressure for emergency plan decision-making make it difficult for
decision-makers to obtain accurate and complete quantitative data promptly [34]. Therefore, all
indicators in this article are qualitative indicators. Experts use the qualitative language of “extremely
poor, very poor, poor, relatively poor, average, good, relatively good, very good, and excellent” to
describe the score of each indicator. Also, all secondary indicators in Table 1 are value types, which
means the better the index comments, the higher the score, and the better the solution.

Table 1. Evaluation index system of emergency plan for waterlogging disaster.

Primary indicators Secondary Indicators

C1: Compliance with relevant regulations and policies
P1: Scientificity C2: Adaptability to the current emergency response level
C3: Scientificity of the emergency planning method

C4: Specific goals and implementers
P2: Completeness C5: A reasonable command system

C6: Full use of emergency rescue supplies and personnel

C7: Clear responsibilities of emergency rescue personnel
C8: Adequacy of emergency personnel and relief supplies

P3: Operability C9: Feasibility of increasing emergency relief supplies and personnel
C10: Rationality of the cost of implementing the emergency plan
C11: Quickness in treating the wounded

C12: Effectiveness of reducing disaster losses

C13: Flexible response to the changes in the emergency response level
P4: Flexibility C14: Flexible response to other disasters caused by waterlogging
C15: Flexible response to waterlogging spreading to other regions

3.2. Establishment of the decision-making method for waterlogging disaster in subway station project
based on the linguistic intuitionistic fuzzy set and TOPSIS

According to previous analyses, the decision-making method for waterlogging disasters in the
subway station project mainly includes three parts: LIVIFS and related operators, index weight
calculation methods based on improved structural entropy weight method, and the TOPSIS method
under linguistic interval intuitionistic fuzzy sets. In the four sub-sections below, four independent and
different symbols are used to describe the related sets and variables in each.

3.2.1. Basic concepts of LIVIFS and related operators

Let S={s,10=0,1,--,h} where h isa positive integer, s, represents the possible value of a
language variable [35].
()If @>0,then s,>s;.
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(2) There is a complement operator 7€g | which makes neg(s,)=s,_,.

S is called a discrete set of languages.
Experts described the scores of each index with the qualitative language of “extremely poor, very
poor, poor, a little poor, average, a little good, good, very good, and extremely good”.

S:{SmSlaszaSsaSst>S6>S7>SS } (1)

To facilitate the calculation between languages, discrete language sets are often expanded into

continuous language sets S[o,h] = {SB |6 e [O,h]} [36].

Let X be the given set, then the intuitionistic fuzzy set 7/ on X is defined as follows:
1={<xi,u,(xi),v,(xi)>|xieX} )

In Eq (2), u, (xi) and, v, (X,-) , respectively, represent the membership and non-membership of
clement x, toset / [37]. The binary group (u,(x;),v,(x,)) is called the intuitionistic fuzzy number.

For convenience, it's abbreviated as 8 = (u,,v, ), where u,,v, €[0,1] and wu, +v, <1.

Let X bea given set, and S[O,h] be a continuous set of linguistic terms, then A is a linguistic

interval-valued intuitionistic fuzzy set defined on X :

S (CAORNC)EESY @

a

where Sz, (x) = |:Sﬁl (x),sﬁg (x)} represents the degree of membership of the language interval and

S;, (x) = [sﬁé (x),s;y (x)} represents the degree of non-membership of the language interval. For any

A

xeX, s,(x)+s,(x)<s, holds. The binary group (Saj (x),sﬁfa (x)) is called a linguistic interval-

valued intuitionistic fuzzy number (LIVIFN), which can be abbreviated as 0~t=(sﬁ[a .S, ) , where
87,255, € Sjg > and us +v5 <h [38].
Four algorithms [39] were defined between LIVIFNs by T-norm and S-norm.
Suppose &; = ([Sa,- ,Sbi],[sq »Sy ]) and 7=1,2 are two LIVIFNs, such that:
al @ az - (|:Sh‘SA(al/h,a2/h) ’ Sh‘SA(bl/h’bz/h) :| ’ [Sh‘TA(Cl/h’Cz/h) ’Sh‘TA(dl/h,dz/h) ]) (4)
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dl @dz - ([Sh'SA(al/h,“z/h)’Sh'SA(bl/habz/h)i|’|:Sh‘TA(01/h,Cz/h)’Sh‘TA(dl/hsdz/h)i|) (5)

Ag, = ([Sh~./;4‘(z.fA(al/h))’Sh:fﬁ(ﬁ./;i(bl/h)) } ’ [Sh~g,1‘(%g,1(q/h))’Sh-gA‘(AgA(dl/h))}) 6)
~A

% = ([Sh-gAl(ﬂgA(al/h)) *Sha i (2g.(0/h) } > [S hef (2t aem)? Sher (2 d0) }) (7

where S, and T, are S-norm and T-norm on the wunit interval, satisfying
S,(x,y)=1-(1-x)(1-y) and T,(x.y)=xy . f,:[0,1]>[0,0] and g,:[0,1]]>[0,0] are
generators of S, and T, respectively satisfying f, =—In(1-x) and g,=/ (N (X)), where N
is the standard negative function N(x)=1-x on the unit interval [40].

Let dz([sai,sbi],[sci,sdi]) be a group of intuitionistic fuzzy numbers of language intervals,

where i=1,2,---,n.

The linguistic interval-valued intuitionistic fuzzy weighted average operator (LIVIFWA) is
defined as follows [39]:

LIVIFWAW (al RN an ) = ,G=_>1 M},a, = (|:Shl_[;,l(ha’)wi ’ Sh*H:l:l(h*h;)Wi }9 |:S 7:10,.%' ’ SH:l:ld,'Wi :|j (8)

The linguistic interval-valued intuitionistic fuzzy weighted geometry operator (LIVIFWG) is
defined as follows [39]:

3.2.2. Index weight calculation method based on the improved structural entropy weight method

In this study, there are two kinds of weights, index and expert. The index weight reflects the
importance of the index to the decision-making results. The greater the index weight, the greater the
impact. Expert weight refers to the influence of experts on the weight calculation results. The greater
the expert weight of an expert, the greater the influence of the expert's opinion on the result of weight
calculation with indicators.

In this paper, the structural entropy weight method is used to calculate the index weight. The
expert cognitive degree of the structural entropy weight method is improved to include the influence
of the work unit of the decision-making expert on the weight. Also, this paper improves knowledge
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blindness to fully consider the impact of the educational background, experience (working years),
knowledge level, and other characteristics of decision-making experts on the uncertainty of experts'
cognition [6,14].

The detailed steps of the index weight calculation method based on the improved structural
entropy weight method are as follows:

Step 1: Typical ranking based on experts' opinions.

Through the Delphi expert survey method, the relative importance ranking of indicators 4@; is
collected to form an expert ranking opinion. This @; indicates the importance evaluation of the i

expert (1<i<k)onthe J index (1<j<n).

Step 2: Weight correction of typical ranking.

According to the idea of entropy weight method, the uncertainty of experts' typical ranking is
corrected. This is the most important step in the structural entropy weight method.

(1) Quantitative transformation of qualitative typical sorting

Define the membership function of sorting transformation as follows:

x(1)==Ap,(I)np,(I) (10)

m—1 1
P
m—1 and In(m—l)

where p, (I ) = I 1is the qualitative ranking number given by experts after

evaluating an index according to the format of typical ranking, 1</<j. The m is transformation

parameters, and m=j+2 is generally taken [14].

-1
With ,U(I)=;((I)(Z—_j—l,then #(I) can be reduced as follows:
In(m—])
N)=———/
)= ) (D

The ranking quantitative conversion value b, = u (a[j) can be obtained by bringing the ranking

a; of the indexes by experts into Eq (11).

(2) According to the results of quantitative transformation, experts' recognition of the importance
of indicators is defined. The degree of recognition here is the weight of experts, which refers to the
influence of different experts on the weight calculation results.

At present, when the structural entropy weight method is used in relevant researches, it is often
assumed that all experts have the same degree of understanding, and the corresponding formula is as
follows [14]:
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bj:(b1j+b2j+"'+b/g')/k (11)

Different construction units play different roles in the management of waterlogging disasters in
subway station projects and bear different disaster losses. From the perspective of reducing disaster
losses, the units that bear the most losses have more eager and subjective expert opinions and thus the
higher these expert weights should be. For example, under the most common BT construction mode
in the world, all personnel and property losses within a construction site caused by waterlogging
disaster shall be borne by the unit itself, and losses caused to engineering entities shall be borne by the
construction unit. Also, the cost incurred by the construction enterprise in the process of emergency
rescue shall be borne by the owner unit. From the perspective of disaster loss-bearing, it can be
qualitatively considered that the construction unit bears the greatest risk of waterlogging disaster loss.
Thus, under BT mode, experts from construction units are more eager to reduce (and subjective in
reducing) disaster losses, and their expert weight should be greater.

It is worth mentioning that different project management modes or different contractual
agreements will lead to different disaster consequences for all parties. However, we should always
attach importance to the opinions of experts from units that bear more losses. From the perspective of
the engineering management discipline, under different project management modes, the emergency
disaster risk commitment of all participating units is shown in Table 2. In Table 2, the expert weight of
the unit that bears the most risks is set to 3, the unit that bears the second most risks is set to 2, and the
unit that bears the least risks is set to 1.

Table 2. Assign weights to experts based on their work units.

Project management mode Owner unit Construction unit Other units
Design and Build (DB) 3 2 1
Engineering Procurement Construction (EPC)

Construction Management(CM)

2
Project Management Contracting (PMC) 2
3

Build-Operate-Transfer (BOT) 2

3 1
3 1
2 1
3 1

The formula for calculating the improved experts' recognition of the importance of the index is
as follows:

bj =(wz1 -b1j+wzzb2j +-~-+wzjb,g.)/(wzl+wz2 +--~wzj) (12)

where Wz, is the expert importance score of the J expert, which can be obtained from Table 2

according to the work unit of the expert.
(3) The uncertainty of experts due to cognition is defined as knowledge blindness. In previous
research results, it is often believed that different experts have the same uncertainty due to cognition.
The formula for calculating the parameters of knowledge blindness is as follows [15]:

sz‘{max(blj,sz,...,bkj)+min(b1_/,b2j,-'-,b,_q-)}/2-b,~ (13)
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However, in the practice of emergency decision-making, the educational background, working
years and knowledge level of emergency decision-makers are often different, and the uncertainty of
decision-making due to cognition is also different. Also, some scholars believe that the uncertainty
caused by experts' cognition is a normal distribution. However, only when the number of experts is
sufficient can we approximately think that the uncertainty of different experts due to cognition is
normally distributed. The precondition of the normal distribution is difficult to meet in the emergency
decision of sudden natural disasters in engineering projects.

Generally speaking, experts with higher academic qualifications, longer working years and higher
level of knowledge can be considered to have a clearer understanding of decision-making issues and
less uncertainty. According to the results of previous studies, different experts are assigned scores
according to their achievements. Based on the management practice of the construction project, its
"Educational qualification" was replaced by the time of directly participating in the project.

Table 3. Scores assigned for different experts based on their merit.

Constitution Classification Score

Professor, Chief Engineer, 3

Title Asst. Prof., Manager, 2

Graduate Apprentice, Supervisors, Operator 1

>20 3

Experience (Year) 10-20 2

0-10 1

L . >12 3

Working time on the project to be 612 5
studied (Months)

<6 1

>50 3

Age 30-50 2

<30 1

The formula for calculating the parameter O, of the improved knowledge blindness is as

follows:

:|wm1-blj+wm2 by, +-twmy by N

J (14)

! ‘ wm,twm, +---+wm,
where wmy, is the expert uncertainty score of the j expert. The higher the score, the lower the

uncertainty of the expert due to cognition in this decision-making. According to the personal
information of the expert, the score of each index can be obtained from Table 3, and the sum is the
expert uncertainty score.

(4) Define the overall understanding ¥, of k experttothe J index as follows:
szbj(l_Qj) (15)
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The evaluation vector X =(x,,%,, -, x, )T of the index set was obtained by k experts.

Step 3: Normalization processing
J

YTy (16)

X
j=170

Then W =(w,@,, @ )T is the weight vector of the expert to the index set

n

U:(ﬂl’ﬂza'“a/un)]- .

3.2.3. The TOPSIS method under the LIVIFS

Based on the previous theoretical analysis on linguistic interval intuitionistic fuzzy sets, this paper
combines the previous research results to expand the TOPSIS method in the context of linguistic

interval intuitionistic fuzzy sets.
Detailed steps, including solutions to two key technical problems, are as follows:

(1) Calculating a comprehensive matrix

LIVIFWA [39]:
v qnu SR MH 10 D (4

LIVIFWG [39]:

v @ L T HH(> ST ey D (1%

(2) Obtain the positive ideal value and the negative ideal value of each index.
Positive ideal value:

ar” :max{dij} (19)

Negative ideal value:

[

) (20)

~neg -
aij —1’1’111’1{

where i=12,-,m, j=12,---n.

The key to calculating the positive ideal value and negative ideal value lies in the sorting of pairs.
This paper selects the sorting method proposed and shown below [18].

SCO(&) = Sahtarb-c-d)/a 21
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ACC(O?) = S(a+b+c+d)/2 (22)
If Sco(@,)<Sco(a,),then & <a,.
If Sco(@,)=Sco(a,) and Acc(@,)< Ace(a,),then & <a,.

(3) Calculating the sum of separation measures, Sep, and Sep, , of all schemes

Sep; = Zd (ar.a,) (23)

Sep; = Zd (@) (24)

where d ( a; ,07,~j) represents the distance between the evaluation value @, and the positive ideal
solution &;”, and d ( a;”,0 N,J) represents the distance between the evaluation value @, and the
negative ideal solution &;*

Let &, :([Sai’sbi]’[sci’sdj) and 7=1,2 be intuitionistic fuzzy numbers between two groups

of languages. The relevant distance measures are defined as follows [25,30]:

ooy 1
d(al,a2)=4—h(|al—a2|+|b1—b2|+|cl—cz|+|dl—d2|+|al—cl—a2+cz|+|b1—dl—b2+d2|) (25)

(4) Calculating the closeness degree CO, of the scheme x,(i=1,2,---,m)

Sep;

CO= (26)

Sep; + Sep;

The greater the closeness CO., the better the actual performance of the corresponding plan
x(i=1,2,---,m); the less the closeness CO,, the worse the actual performance of the corresponding

plan xi(i=1,2,-~~,m),
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| Scientificity "Operabilityl Improved structural
[Completeness| Flexibility | entropy weight method
Establisilrr;et:élrtn of index Expert average | [Knowledge
: * cognitive blindness
Expert evaluation
based on LIVIFS |C0mprehensive weightl
I
v

Calculating a comprehensive matrix
based on LIVIFWA or LIVIFWG

v

Obtaining the positive and negative
ideal values of each index

v

Calculating separation measure of each
scheme to ideal scheme

v

Calculating closeness degree of each
scheme to ideal scheme

Figure 1. The steps of decision-making method.
3.2.4. Decision-making method of emergency plans

Based on the language interval intuitionistic fuzzy set and its aggregation operator mentioned
above, the index weight calculation model based on the improved structural entropy weight method
and the language interval intuitionistic fuzzy TOPSIS method, the decision-making method of an
emergency plan is constructed. The detailed steps are as follows:

Step 1: Collect evaluation information and obtains the individual evaluation matrix D = (07;; )mxn

of all experts, where k=1,2,---,t.
Step 2: Perform the index weight calculation model in Section 3.2.2 to obtain a comprehensive

weight vector A° = (4,4, 4)" .
Step 3: Aggregate the evaluation matrix D, = (dif )mxn and the comprehensive weight vector

A" =(A,2,+,4,) into a comprehensive matrix D = () )mxn :
Step 4: Execute the language interval intuitionistic fuzzy TOPSIS method in section 3.2.3 to

obtain the closeness degree CO, of each evaluation scheme, and obtains the ranking of the scheme

X, (i =1,2,-- ',m) according to the value of the closeness degree CO, .

The steps of the method are shown in Figure 1.
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3.3. Benchmark and verification case

Before the formal case study, a benchmark and verification case was conducted. Due to the lack
of research on the emergency decision-making of subway station engineering or rainstorm
waterlogging disasters via the use of interval intuitionistic fuzzy sets and TOPSIS, the decision-making
of real estate location was selected as a benchmark and verification case. This classical decision-
making problem, which has many existing research results, has been frequently used as an example
for the verification of the TOPSIS algorithm.

The relevant data for this problem are reported in previous research [41,42]. The method proposed
in this paper was used for calculation and sorting, and the calculation results are reported in Table 4.
The results of the traditional TOPSIS method [41] and a multi-attribute decision-making method based
on balanced expectations [42] are also presented in Table 4.

From the calculation results in Table 4, it is evident that, for this classical decision-making
problem, the rankings of the four methods were basically the same, and the best location was C. The
ranking results of the four methods were only different for the selection of the fourth and fifth locations.
Compared with the classical TOPSIS method and the balanced expectation method used in the field of
economics, the research methods proposed in this paper (LIVIFWA and LIVIFWGQG) are both scientific
and effective.

In addition, the methods proposed in this paper were found to have stronger resolution. In the
results of the classical TOPSIS method, the CO values of C and B were very close; the difference
was only 0.004 (0.47% relative deviation). However, in the results of the proposed methods, there were
significant differences between the CO values of C and B; the difference for LIVIFWA was 0.166
(40.29% relative deviation) and the difference for LIVIFWG was 0.85 (19.50% relative deviation). It
is evident that the proposed methods were able to highlight the difference between each scheme and
the ideal solution, and the resolutions of the scheme ranking results were stronger than that of the
classical TOPSIS method. Better resolution indicates that the model is easier to use and has a wider
application range, which is a major advancement of the research method employed in this paper.

Table 4. Decision results of different research methods.

. Classical TOPSIS LIVIFWA LIVIFWG Balanced Expectation
Focation Co, Ranking COo, Ranking CO, Ranking Ranking
A 0.7646 5 0.393 4 0.347 4 4
B 0.7649 4 0.374 5 0.339 5 5
C 0.8489 1 0.578 1 0.521 1 1
D 0.8325 3 0.350 3 0.374 3 3
E 0.8485 2 0.412 2 0.436 2 2

4. Case study
4.1. Background

The first phase of Chengdu Metro Line 11 is located in Chengdu, with a total length of 22.0 km
and a total of 18 underground stations. The total investment of this project is 1.33 billion yuan. The
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project was scheduled to start in 2017 and start operations in December 2020. Huilong Road West
Station is a typical station in this project, which is an underground, two-story, island platform station
with a two-story, cast-in-place, and frame structure. The total length of this station is 510.8 m, and the
total width of the standard section is 21.10 m. The maximum depth of this station is 21.26 m, which is
the deepest station project of the first phase of Chengdu Metro Line 11. There are many abandoned
sewage pipes around Huilong Road West Station, and Qinglan Ditch, which has been flooded many
times, passes through this station. The surrounding areas of the station are mostly farmland and
wasteland, with good water absorption capacity and poor drainage capacity.

The owner unit of Huilong Road West Station is Chengdu Rail Transit Group Co., Ltd.; the
construction unit is China National Construction Corporation. The design unit is mainly China Railway
Fourth Survey and Design Institute Group Co., Ltd. The project management mode of this project is
BT. According to the relevant laws of China and the contract of the project, the storm and waterlogging
disaster is a “force majeure event”. All personnel and property losses in the construction site caused
by the waterlogging disaster are borne by the unit itself, and the losses caused to the engineering entity
are attributed to the construction unit. The cost of construction enterprises in the process of emergency
rescue and emergency rescue is borne by the owner.

Table 5. The basic situation of four emergency plans.

Main features bz Y, M3 V4

Site construction Stop immediately Stop immediately Stop later Stop immediately

Command unit Owner unit Construction unit Construction unit Construction unit

The construction

Rescue sequence

personnel was
firstly evacuated,

and properties were

Non-emergency
teams firstly were
evacuated, and the

others transferred

The properties were
firstly transferred,
and construction

personnel was

Non-emergency
teams firstly were
evacuated, and the

others transferred

transferred the properties. evacuated. properties.
Number of pumps Add 5 pumps Add 2-3 pumps Add 1-2 pumps Add 1-2 pumps
) ) o Immediately put o Strengthen
Qinglan ditch No monitoring No monitoring e
sandbags monitoring
Organize a rescue
Yes Yes Yes No
reserve team
Seek help from
No Yes Yes No

higher authorities

Beginning on July 6, 2018, Chengdu, Sichuan Province, China began to receive continuous
rainfall. The average 24-hour rainfall in the urban area of Chengdu reached 60—-80 mm, and the rainfall
in some areas exceeded 250 mm. At 10:00 am on July 11, 2018, Chengdu officially released a rainstorm
orange warning signal, which is the highest signal for a rainstorm warning in China. At this time, the
topography of Huilong Road West Station on Chengdu Metro Line 11 was low, and it was currently in
a critical period of main structure construction. There were a large number of on-site construction
workers, mechanical equipment, and building materials, which are prone to waterlogging disasters,
causing huge casualties and property losses.
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After receiving the Provincial Level II Flood Control Emergency Response initiated by the
government authorities, the participating units of the Huilong Road West Station Station Project were

quickly organized to formulate four emergency plans Y = { Vi Vas Vs y4} , as shown in Table 5.

Six experts were organized to participate in the rainstorm and waterlogging disaster emergency
plan decisions of the project. The basic situation of the six experts in the expert evaluation group

E ={ee,,--,e;} is shown in Table 6.

Table 6. The basic information of 6 experts.

Expert number Work Units Title Experience Working time on this project Age
e Owner unit Chief Engineer 14 14 37
e, Owner unit Manager 5 2 29
e, Construction Chief Engineer 22 14 51
e, Construction Manager 6 4 28
e Construction Manager 10 9 35
e Other units Chief Engineer 27 1 59

4.2. The emergency plan for the waterlogging disaster of Huilong Road West Station project

In this section, the decision-making method given in section 3.2.4 was adopted to give the detailed
calculation process of case analysis with a step-by-step approach.

4.2.1. Collecting evaluation information and obtaining an individual evaluation matrix

Six experts comprehensively evaluated the four emergency plans according to the index system

in Table 1. By using the language term set extreme pool (5, ), very pool (5,), pool (S,), little pool (5;),

average (S,), little good (s5), good (S, ), very good ( §;), and extremely good ( Sy ) the evaluation matrix

D, = (075 )mxn of existing plans X = {xl ,xz,x3,x4} under each index in the form of linguistic interval

intuitionistic fuzzy sets were generated. The evaluation information is shown in Table 7.
4.2.2. Obtaining a comprehensive weight vector

According to the personal information of the six experts in Table 6, this can be obtained by
referring to Tables 2 and 3, as shown in Table 8.
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Table 7. Matrix of expert evaluation.

Indicator Plan e e, e, e, e e,
N ([s5-56)[s:]) ([sossfsos])  ([sosdfsos])  (sesllsos])  (sesdlsos])  ([sos][s.5])
Cl1 V2 ([se-57)-Ls5]) (56057 [Yl sl) o ([sesdlses])  (ssllnsl)  (sslles])  (ses]lses])
Vs ([52-:] Ss [51 5]) ([soslfsns])  (osllses])  (sosllsos])  (sesllses])  ([ss]s])
Vs ([ss5 Js0s.]) ([sosel o)) ([sesllsns])  (sesllses]))  ([sesllsa])  (ses]lse])
N ([ 54] [s.5:]) ([sosdlses))  (soslss])  ([ssllses))  (sosllsa])  ((sos]fs])
2 ([s5-56] 51-5.]) ([sosellses])  (sesblsess])  (sesdlson])  (sesblsesn])  ([sos]ss])
Vs ([55-8:][52:53]) ([seos)Lsos])  ([sosedlsisn])  (msblses])  ([ses]lses])  ([sos])[s05])
Vs ([55:5, [?1 5]) (52055 [‘2 s)) (ssllses])  ([sesllss])  (sesllss])  (sallss)
Y ([s5s - [s05.]) (s llss])  ([soslss])  (seslss]))  (sesdlss])  ([s0s]fs0s])
3 V2 (56057 [Yl s]) ([sosllsns])  (sesdlsns])  (sosllses])  @sesllss])  ([sos]ss])
Vs ([55-8:][5205.]) ([s-5:]- Ss s]) (sesdlss])  (senllses])  ([seslss])  ([so][s0s])
Vs ([s5-56] [51-5.]) ([sosllss])  (sesllos])  (ssllss])  (sslns)  ([ses]ss])
N (EXARERY) ([s:- S(] [Sl sl)  (sesllss))  (ssllson])  (sesllsa])  ((ses]fs])
C4 V2 ([se-57)-Ls5]) ([sosdlsos])  (soselses))  (sesllsos])  ([ssllss])  ([ses] )
Vs (EREARENEN) ([seslses])  (sosdlsis])  (sosdlsen])  (sosdlsos])  ([ses ] [So )
Vs ([5-5.][52-5:]) ([sosls]))  (sosllsos])  ([sosdlses]) ([ [Vo ) ([ses]fs0ns0])
g ([se-57 - [s-5.]) ([52-s: ] [sl sl) (sesdlses])  ([sesllses])  (ses]lses]) (505 [Ss s5])
Cs V2 ([55-:]:[s0-51]) ([sosllsos])  [sosllsos))  (sesllss])  (ssllss]) (s [?1 5])
Vs ([56-57]-[0-5:]) ([ 54] [soss])  ([seselsis])  (sosllsos))  (sesdlss])  ([sos][s.5])
Vs ([55-:]:[s0-51]) ([soselses])  (sosedlses]))  (ses]lses])  (sesllsos])  ([sos]s-s])
g (ESARERY) ([sesllses])  ([sosdlsis])  (sesses])  (sesdlssn])  ([sos][ss])
6 V2 ([s5-56] 51-5.]) ([sosllson])  (sosllses])  (sesdlsen])  (ssllss])  ([sos]fss])
Vs (ESARERY) ([l lses])  ([sosdlsis])  (sosllsos]) (s S7] [50 sl) o ([ses ] soes])
Vs ([s5-56] 51-5.]) ([sosllsos])  (sesllses])  (sesllsos])  (sesllss])  ([sosdses))
g ([525:][s5:56]) ([sosllsos])  ([sesllsos])  (ssllss]) (sesllss])  ([ses]fs0])
C7 V2 ([55-:]:[s0-5]) ([sosllsos])  (sesllss)  (sesllss])  (sesllss])  ([ses]ses])
Vs (EXARERY) ([sos o)) ([sosdlsn])  (sesdlses)) (sesdlsen])  ((ses][s05])
Vs ([s2-56)-Ls5]) ([soselses])  (sosslsns])  (sesllses])  (sesllses])  ([ses][s05])
g ([56-57]-[0-5:]) (sl sos])  ([sos]lsws])  (sosclfsos]) (s llsos])  ([sesi][500.])
C8 V2 ([s:5:] [52-5:]) ([sos:lfsos])  ([sossllsns])  ([sesllsos]) (s g7] [‘o s) (s Lsoes])
Vs ([s8:] [5205.]) ([msllses])  (sesllses])  (soshlsos)  (sos]lses])  ([ses [Sl )
Vs (55056 [92 ) ([seslsos))  (sosdlsis])  (sesllsos])  (sesllss]) (s fss])
g (ESARERY)) (o8l lsos))  ([sesdlsn])  (sosdlses]))  (soslss])  ((ses][s.5])
9 V2 (EARERS) ([soselses])  (osklsos])  (sesllses])  (sesdlses])  ([sos]ss])
Vs (ESARERY) ([sosllsos))  ([sosllses])  (sosdlson])  (sesllsosd)  ([so5][s0s])
Vs ([se-57)-Ls5]) ([soselss])  (sosllsos])  ([soslses])  (Ises, [Vz ) ([sessdfses))
g ([s5 ][s5.]) (o) lsos))  ([soslsos]))  (sosllsos])  (ses]lss])  ([sos][s0s])
C10 V2 (EXARERY) (sl [son))  ([sosellsos])  (Isosllsosd)  (sosdlsns])  ([sos][s.5])
Vs (52587 [ 5050]) ([sosllses])  ([sosllsosl)  (sosblsns]) (55 [53 s ([se S7] [50 )
V4 (EEREREN) ([sosllsos])  (sesdlsns])  (soslfsos])  (sesdlss])  ([ses][s.5])

Continued on next page
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Indicator Plan e e,

e ([s7-5)[s15]) ([sosellsos])  ([sossblsos ) ([sossllsos]) (556 [‘1 £])  ([ses]s5])
Cl11 V2 ([s-5.]525.]) ([Ss s5].[51:]) ([54’55]’[S2’53]) ([sos M Lsos])  ([sosefsis])  ([s S7] [so )
Vs ([5-5]:[s55-]) (sl lsos])  (sesllsos))  (sesdlses])  (sesblsosn])  ([sos][s0s])
Va ([Sz s.)[s5.]) ([sos)Lsos]))  ([sosdlsns])  (sesllsos])  ([sosllses])  ([so8])[s0s])
e ([51-5:1-[55:56]) ([sosllses])  (sosklsos])  (sosllsos])  (sesdlss])  ([ses]ls-s])
C12 V2 ([58)[s.5:]) ([5:5.] s5-5]) ([Ss shlses])  ([seslsos]) (o llss]) (s8] [ss])
Vs ([s5-56] [51-5.]) (sl osksos])  (sesblsen]) (sl fsos])  ([se0]fs.s])
Va ([SI’SZ]’[Ss’Ss]) (5555 )-[30-5.]) ([Sz’ss]’[suss]) ([sosl[sos]) (s3] [So ) (sl [ss])
e ([s5:] [52-5]) ([soselsos))  ([sosellsos))  ([sosdlsns])  (sesllses])  ([ses][s0s])
C13 V2 ([56’S7]’[S1’S1]) (EXARERY) ([52’53]’[S5’Se]) ([sosllsos]))  (soshlsea])  ([sos][se])
Vs ([5:5::[55-5:]) ([sesllses])  (sosedlses))  (ssllsos])  (ses)lsen])  ([sos] )
Va ([51:5.] s5-5]) ([seos)lsos]))  ([sosllsos])  (sesllsos])  ([ssllses])  ([sos][ss])
e ([55-56] [52-.]) ([sossllsos])  (soslsos))  (sesllses])  (sesblsosn])  ([ses]ss])
Cl4 Y2 (5555 )-[30-5.]) ([55-55)-[s0-5.]) ([Sl sllsese])  (sesfses])  (sesllsn])  ([sos]s5])
Vs ([55-5.] [55-:]) ([sosllsos])  (sesdlsos])  (sosdlses])  (sesllss])  ([ssllss)
Va (ERCYREREN) ([5-55)-[35:56]) ([s(, shlses])  ([sesllss])  (sosllss])  ((ss]s0s])
N ([s225s].[s05]) (s llson])  ([sosllsess])  (sosllsos])  (sesdlsisn])  ([ses]ss])
C15 Y2 ([s025:].[50:5.]) (o Llsos])  (sosllses])  (sosllsis])  (ssshlsis])  ([ssshlses])
Vs ([s225.] [0 ]) ([sosllsess)  ([soselson]))  ([sesllsos])) ((sesedlsen]) (e s5])
) ([s5:.[50.5.]) ([osefses])  (sosllses))  (sesllses])  [esllss]) (5 ][s.5])
Table 8. The calculation results of the personal information
Results € 2 € €y Cs %
wz 3 3 2 2 2 1
wm 10 12 4 5 8 10

The calculation process and results of calculating the weight of each index based on the improved
structural entropy weight method are shown in Table 9.

From Table 9, it is clear that P3 (operability) had the largest weight of the four primary indexes,
which indicates that operability is the most critical factor in the decision-making of emergency plans
for waterlogging disasters in subway station projects. Regarding the secondary indexes, the
comprehensive weight of C13 (flexible response to the changes in the emergency response level)
was 0.1070, and this is therefore the most important factor. The weights of C1 (compliance with
relevant regulations and policies) and C12 (effectiveness of reducing disasters) were also large. The
factors C5 (a reasonable command system), C11 (quickness in treating the overwhelmed), and C6
(full use of emergency rescue supplies and personnel) had the smallest weights. Based on the analysis
of the weight results, the following suggestions are provided: The preparation and decision-making
of emergency plans should focus on operability, the flexibility of the emergency plan for disaster
changes, the consistency with relevant laws and policies, and the rescue efficiency. Based on these
suggestions, the analysis and demonstration of the rationality of the command system, and the speed
of treating the wounded, could be reduced in the preparation, decision-making, and execution of
emergency plans.
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Table 9. The calculation process and results of the weight of each index.

Indicator € e, e €, €& & b_; Q,- X; Weight ComPos1te Rank
weight
P1 2 2 1 4 4 3 —0.7364 0.0145 -0.7257 0.2480 0.0778 3
P2 3 3 3 3 1 2 —0.7452 0.0257 —0.7260  0.2482 0.1070 2
P3 1 1 2 1 2 1 —0.9573 0.0087 —0.949 0.3244 0.0632 1
P4 4 4 4 2 3 4  —0.5357 0.0199 —0.5250  0.1794 0.0714 4
Cl 2 3 2 1 2 3 —0.7344 0.052 —0.6962 0.3137 0.1035 2
C2 1 1 1 2 1 1 —0.9681 0.0108 —0.9577 0.4315 0.0733 4
C3 3 2 3 3 3 2 —0.5900 0.0413 -0.5656 0.2548 0.0714 6
C4 3 1 3 2 3 3 —0.6604 0.0081 —0.6550  0.2877 0.0527 11
C5 1 2 1 1 1 1 —0.9521 0.0029 —0.9493 0.4169 0.0453 13
Co6 2 3 2 3 2 2 —0.6800 0.0110 —0.6725 0.2954 0.0385 15
C7 1 2 1 2 1 3 —0.9562 0.0190 —0.9381 0.2201 0.0457 12
C8 4 3 5 5 3 2 —0.7271 0.0475 —0.6925 0.1625 0.0708 8
C9 6 4 4 3 4 6 —0.6205 0.0417 —0.5946 0.1395 0.0726
C10 5 6 6 4 5 4  —0.5186 0.0232 —0.5065 0.1188 0.0627 10
Cll1 3 5 2 6 6 5 —0.6158 0.0239 -0.6011 0.1410 0.0440 14
CI12 2 1 3 1 2 1 —0.9429 0.0139 —0.9299 0.2181 0.0778 3
C13 1 2 1 1 2 1 —0.9202 0.0049 -0.9157 0.4049 0.1070 1
Cl4 2 1 2 3 1 3 —0.8048 0.0172 —0.7910  0.3497 0.0632 9
C15 3 3 3 2 3 2 —0.5675 0.0220 —0.5550 0.2454 0.0714 7
Table 10. The calculation results based on LIVIFWA.
Indicator b Y, Vs Va4
Cl1 ([S3961’S5032] [Sl 520’S2|27]) ([S5490’S6843 [50792551 301]) ([33707035173] [So79z’S2092]) ([54243’S5792 [SI 481551803 )
C2 ([S5342’S6197 [So7851.36 ) ([35037555745 [31179532059]) ([54201035450] [stznszm]) ([S4627’s5712 [So7651, 887])
C3 ([ 503955 5836] [Slmaszm ) ([SSSIO’ 5016] [Sl 601’S2092]) ([343715 5201] [32419’52939]) ([S3813’ 5426] [51 147"91748])
C4 ([34217, Ss.167 [31073’ 1783]) ([ S5.131556.642 [Sonss 1224]) ([s4636’s6493] [30731a51614]) ([S3837’ S5.615 [30950’ 1702])
(O8] ([ 5157’s6488] [31410532031]) ([ S531755 6203] [31029’51 131]) ([ 5457»%401] [30537’ 1531]) ([ 85164256315 [SIOS)’SZZZS])
Ce6 ([34346,s5892 [s1231,s2565]) ([s4139,s6213] [50842,51674]) ([ssom,s6 152] [s0493,sl432]) ([s5313,s6419] [s0726,s1241])
C7 ([s3639,s5481] [sl 28052020 ) ([s4842,s5614] [s0631,sl 7“]) ([s4074,s5380] [slm,szmo]) ([s3468,55006 [s2231,s2839])
C8 ([94102=S5315] [$1007+8257]) ([S4827°95861] (07022511556 ]) ([Ssoowsﬁlzx] [S09797S1330]) ([s16505 85790 [ 51001052 109])
C9 ([94742,s6810 [Y0746’S1 374]) ([s4563,95567] [s0404,s1946]) ([34029,95 104] [91 m,szm]) ([948047%103 [90970,91472])
C10 ([93921,v5713 [s1 031> 52,140 ) ([sSm,s5076 [s1 467,92324]) ([S3738,S5803:| [s1 070551573 ) ([94859,s6107 [91 441,92006])
Cl1 ([S5172’S6230] [50590:51 439 ) ([S47837S5762] [S097I’Sl 834]) ([53746’S5577] [SI.ZOO’SI,SSZ]) ([S4450’S6028] [S067l’s1 093])
C12 ([S3426’S4804 [Sl 428’S2846]) ([33217554931 [Sl 567’S2690]) ([53034035107] [51,430’52.477]) ([S3458’S5260 [Sl 798’S2638])
C13 ([33890’ 5413] [Sz 100’32975]) ([34777’ 59%1] [31.576552.230]) ([340375 5409] [s1003’s2172]) ([S3784’ S5.100 [3143)’32430])
Cl4 ([34209’36215 [s0637’sl()8‘)]) ([32723’34710] [s1.452’s2.674]) ([SZQSO’S4836 [31503’52519]) ([S2735’S4568 [30903’ 1520])
C15 ([S4264’ S5.934 [30714’ 1833]) ([33780’ 5%85] [50.472a51.3s4]) ([33535’ 5018] [S10%6’S2420]) ([Szuzos 5146] [Sl 09652, 103])
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4.2.3. Getting a comprehensive matrix by assembling the evaluation matrix and the comprehensive
weight vector

The calculation results based on LIVIFWA are shown in Table 10.
4.2.4. Obtaining the closeness degree and ranking of each evaluation scheme

Perform the language interval intuitionistic fuzzy TOPSIS method in section 3.2.3 to obtain the

closeness degree CO, of each evaluation scheme and obtain the ranking of schemes

x(i=1,2,---,m) according to the value of closeness degree CO, .
(1) Using the ranking method based on scoring function and accuracy function, the positive ideal

value @;” and the negative ideal value &, of all secondary indexes are obtained.

Ci: af” =max

iy = ([Ss 49056, 843] [So 792551 301]) o, = mln{dn} = ([S3.7o7’35.173]5[50.792>S2.092]) .

. ~pos _
C2: o, =max [54201>S5450] [S2331’S2783

N
Il
~—
o)
U|
%)
N
[\S)
©“
=2
o
~
|—|
|_|
“
=4
9
o0
W
%
2
)
w9
O\
\-/
N
|
=
L
[38)
S

. ~pos _ ~
Cs: oy =max o, [35039’ 5836] [S1432=S2143 [53810> 5016] [Sl 601>52.092

. ~pos _
Cs a;, =max [S51319S6642] [S0728’S1224 [S3837’S5615] $0.950>51.702

=( )
=( )
=( ])
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(2) Separately calculating the separation measures Sep, and Sep, of all schemes.

Sep =5 32 (7.0,)=0.067, Sepr =3 a (., )= 0,087
Jj=1 J=1
+ 1 S ~pos ~ - 1 < ~neg ~
Sep; =35 2, (a7, ) =003, Sepy =53 (8.3 ) = 0185,
Jj= J=
+ 1 S ~pos ~ - 1 < ~neg ~
Sepl =5 2 (@7.0,) <0183, Sepy = 32d(7.d,) = 0.067.
Jj= J=
j=1 J=1

(3) Calculating the closeness CO, of all schemes.

co, fepl _—0.565, co;%w.sn,
Sep, +Sep, Sep, +Sep,

Co, §6p3 0268, Co4=%=0.360.
Sepy +Sep, Sep, +Sep,

According to the closeness degree of each plan, the order is ), > ¥, > y, > 5, and the optimal

planis y,.

5. Discussions

In this work, a decision-making model of emergency plans for waterlogging disasters in subway
station projects was constructed based on linguistic intuitionistic fuzzy sets and TOPSIS. However, the
relationship between the allocation of disaster loss and experts' weights was only described
qualitatively, which was the major limitation in this study.

LIVIFWA and LIVIFWG are two operators in the LIVIFS. The calculation results based on these
two operators were compared, and the results are presented in Table 11. In addition, the results of
experts' surveys presented in Table 7 were processed into the classical TOPSIS, and the results are also
exhibited in Table 11.

From Table 11, it is evident that the order based on the LIVIFWG operator was y, >V, > V3 > ),
and the optimal plan was ), . However, the ranking of schemes ), and y, was different from that
based on LIVIFWA; the reason for this might be that LIVIFWG increased the interference of extreme
evaluation information on the decision results [43]. The order based on the classical TOPSIS was
Y, =Y, >~ ¥, >~ y;. However, because the classical TOPSIS does not consider the uncertainty of indexes
in the evaluation, the relative closeness results of schemes ), and Y, were very close, and the
reliability and effectiveness of the final ranking results were difficult to guarantee. The decision-
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making model proposed in this paper is able to fully describe the decision-makers’ understanding of,
attitudes about, and preferences for emergency plans via the linguistic intuitionistic fuzzy set, and can
comprehensively and intuitively represent the uncertainty of the decision-makers’ understanding,
attitudes, and preferences from the dimensions of the membership and non-membership degrees with
uncertainty. Compared with the classical TOPSIS, the method proposed in this paper can more
comprehensively and accurately describe the target attribute information.

Table 11. Calculation results based on different models.

Closeness LIVIFWA LIVIFWG Classical TOPSIS
Co, 0.565 0.476 0.786
Co, 0.811 0.683 0.792
CO, 0.268 0.291 0.438
Co, 0.360 0.237 0.523

The uncertainty analysis of data is the content in related research on which focus should be
placed [44]. In this paper, /& is an important parameter in interval intuitionistic fuzzy sets, and
expresses the upper limit of certainty in expert cognition; A=l means that there is no uncertainty in
expert cognition, while 4#=0 means that there is no certainty in expert cognition. Additionally, 4<0.5
means that the expert's uncertainty is greater than the certainty, and it can be considered that the
decision-making based on expert cognition is invalid [45]. The calculation results of
h=1,0.9,0.8,0.7,0.6,0.5 are presented in Figures 2 and 3.

1.0+ —e— CO2
0'9_ / — *CO'I

i A— CO4
0.8 1 i —9—=C03

07- s

5
% 0.6 / _— R "
£ 0.5- §—
O —
04 =1 A T
T ey B —
‘ s S
0.3 1 A
A " N
0.2 4
0.14
OO . | L I L ) L] ) Ll ) L 1 L 1
0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
The value of 4

Figure 2. The calculation results of different values of /# based on LIVIFWA.
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0.2 4 -
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= | I . I . I ) : ’ T . T T 1
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The value of &

Figure 3. The calculation results of different values of /# based on LIVIFWG.

As presented in Figures 2 and 3, within the range of # = 0.5—1, the CO ranking of each scheme
did not change with the variation of 4. This suggests that the uncertainty in this research did not affect
the evaluation results. It is worth noting that the range of 2 = 0-0.5 has no discussion value, as the
uncertainty is greater than the certainty at this time [45]. Regardless of which operator was used, with
the increase of 4, the difference between the CO value of each scheme also increased. Therefore, the
greater the certainty of the research problem, the stronger the CO sorting resolution of each scheme.

6. Conclusions

In consideration of the strong uncertainty in the decision-making of emergency plans for
waterlogging disasters in subway station projects, this paper used the membership and non-
membership degrees in a linguistic intuitionistic fuzzy set to represent the uncertainties of the decision-
makers' understanding, attitudes, and preferences. An evaluation index system with 15 secondary
indicators was constructed based on four aspects, namely a scientific basis, completeness, operability,
and flexibility. In this work, the improved structural entropy weight method was employed to calculate
the index weights, which not only fully considers the subjective and objective factors in the process of
weight calculation, but also accurately describes the influence of experts' working units, educational
backgrounds, working years, knowledge levels, and other characteristics via the improved expert
average cognitive degree and knowledge blindness. To overcome the fact that it is difficult to
scientifically and effectively preset decision-making and evaluation grades for emergency decision-
making, the TOPSIS method was extended with a linguistic intuitionistic fuzzy set, and the intricate
relationships between multiple targets in the decision-making of emergency plans for waterlogging
disasters in subway station projects were effectively coordinated. The calculation results of benchmark
and verification case highlight the rationality and scientificity of the method proposed in this paper.
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The results of a case study demonstrated that the key to the preparation and decision-making of
emergency plans is the plans’ operability. Compared with the classical TOPSIS, the model proposed
in this paper was proven to exhibit better reliability and effectiveness. A future research direction is
the quantitative analysis of the relationship between the allocation of disaster loss and expert weights
to provide a more comprehensive approach.

Acknowledgments

This paper is supported by the Science and Technology Project of Wuhan Urban and Rural
Construction Bureau, China (201943).

Conflict of Interests
The authors declare there is no conflict of interests.
References

1. J. Xia, Y. Zhang, L. Xiong, S. He, L. Wang, Z. Yu, Opportunities and challenges of the Sponge
City construction related to urban water issues in China, Sci. China Earth Sci., 60 (2017), 652—
658.

2. X.Wu, D. Yu, Z. Chen, R. Wilby, An evaluation of the impacts of land surface modification, storm
sewer development, and rainfall variation on waterlogging risk in Shanghai, Nat. Hazards, 63
(2012), 305-323.

3. H.Yu, C. Liang, P. Li, K. Niu, F. Du, J. Shao, et al., Evaluation of waterlogging risk in an urban
subway station, Adv. Civ. Eng., 2019 (2019), 5393171.

4. B. Konig, K. Diehl, K. Tscherning, K. Helming, A framework for structuring interdisciplinary
research management, Res. Policy, 42 (2013), 261-272.

5. G. Chen, X. Zhang, Fuzzy-based methodology for performance assessment of emergency
planning and its application, J. Loss Prev. Process Ind., 22 (2009), 125-132.

6. P. Ren, Z. Xu, J. Gu, Assessments of the effectiveness of an earthquake emergency plan
implementation with Hesitant Analytic Hierarchy Process, Int. J. Inf. Technol. Decis. Making, 15
(2016), 1367—-1389.

7. A.J. Maule, G. R. J. Hockey, L. Bdzola, Effects of time-pressure on decision-making under
uncertainty: Changes in affective state and information processing strategy, Acta Psychol., 104
(2000), 283-301.

8. A. A. Baksh, F. Khan, V. Gadag, R. Ferdous, Network based approach for predictive accident
modelling, Saf. Sci., 80 (2015), 274-287.

9. D. Gkatzia, O. Lemon, V. Rieser, Data-to-Text generation improves decision-making under
uncertainty, IEEE Comput. Intell. Mag., 12 (2017), 10-17.

10. Y. Song, X. Wang, L. Lei, A. Xue, Combination of interval-valued belief structures based on
intuitionistic fuzzy set, Knowl. Based Syst., 67 (2014), 61-70.

11. J. Wang, T. Sun, X. Chen, Multi-criteria fuzzy decision-making method based on prospect theory
with incomplete information, Control. Decis, 24 (2009), 1198—-1202.

Mathematical Biosciences and Engineering Volume 17, Issue 5, 4825-4851.



4850

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

J. Ye, Fuzzy decision-making method based on the weighted correlation coefficient under
intuitionistic fuzzy environment, Eur. J. Oper. Res., 205 (2010), 202-204.

R. M. Fang, R. Y. Shang, Y. D. Wang, X. Guo, Identification of vulnerable lines in power grids
with wind power integration based on a weighted entropy analysis method, Int. J. Hydrogen
Energy, 42 (2017), 20269-20276.

X. Liang, W. Liang, L. Zhang, X. Guo, Risk assessment for long-distance gas pipelines in coal
mine gobs based on structure entropy weight method and multi-step backward cloud
transformation algorithm based on sampling with replacement, J. Cleaner Prod., 227 (2019),218—
228.

F. Liu, S. Zhao, M. Weng, Y. Liu, Fire risk assessment for large-scale commercial buildings based
on structure entropy weight method, Saf. Sci., 94 (2017), 26—40.

M. M. De Brito, M. Evers, Multi-criteria decision-making for flood risk management: A survey
of the current state of the art, Nat. Hazards Earth Syst. Sci., 16 (2016), 1019-1033.

H. Shih, H. Shyur, E. S. Lee, An extension of TOPSIS for group decision making, Math. Comput.
Modell., 45 (2007), 801-813.

C. Chen, Extensions of the TOPSIS for group decision-making under fuzzy environment, Fuzzy
Sets Syst., 114 (2000), 1-9.

Y. Wang, H. Zhao, F. M. Duan, Y. Wang, Initial provincial allocation and equity evaluation of
China's carbon emission rights-based on the improved TOPSIS method, Sustainability, 10 (2018),
1-27.

Y. Wang, Y. Liang, H. Sun, A regret theory-based decision-making method for urban rail transit
in emergency response of rainstorm disaster, J. Adv. Transpt., 2020 (2020), 3235429.

P. Chen, J. Zhang, Y. Sun, X. Liu, Wargame simulation theory and evaluation method for
emergency evacuation of residents from urban waterlogging disaster area, Int. J. Environ. Res.
Public Health, 13 (2016), 1260.

L. Cheong, C. Kinkeldey, I. Burfurd, S. Bleisch, M. Duckham, et al., Evaluating the impact of
visualization of risk upon emergency route-planning, /nt. J. Geogr. Inf. Sci., 34 (2020), 1022—
1050.

D. Kannan, R. Khodaverdi, L. Olfat, A. Jafarian, A. Diabat, Integrated fuzzy multi criteria
decision making method and multi-objective programming approach for supplier selection and
order allocation in a green supply chain, J. Cleaner Prod., 47 (2013), 355-367.

X. Xu, B. Pan, Y. Yang, Large-group risk dynamic emergency decision method based on the dual
influence of preference transfer and risk preference, Soft Comput., 22 (2018), 7479-7490.

J. Chang, Z. Chen, S. Xiong, J. Zhang, K. Chin, Intuitionistic fuzzy multiple criteria group
decision making: A consolidated model with application to emergency plan selection, IEEE
Access, 7 (2019), 41958—41980.

R. Ferdous, F. Khan, R. Sadiq, P. Amyotte, B. Veitch, Handling and updating uncertain
information in bow-tie analysis, J. Loss Prev. Process Ind., 25 (2012), 8-19.

C. Grose, Sources of uncertainty in Swedish emergency response planning, J. Risk Res., 22 (2019),
758-772.

J. Zhang, G. G. Hegde, J. Shang, X. Qi, Evaluating emergency response solutions for sustainable
community development by using fuzzy multi-criteria group decision making approaches:
IVDHF-TOPSIS and IVDHF-VIKOR, Sustainability, 8 (2016), 291.

Mathematical Biosciences and Engineering Volume 17, Issue 5, 4825-4851.



4851

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

J. Gao, Z. Xu, H. Liao, A dynamic reference point method for emergency response under hesitant
probabilistic fuzzy environment, /nt. J. Fuzzy Syst., 19 (2017), 1261-1278.

B. Z. Sun, W. M. Ma, An approach to evaluation of emergency plans for unconventional
emergency events based on soft fuzzy rough set, Kybernetes, 45 (2016), 461-473.

F. Y. Meng, J. Tang, H. Fujita, Linguistic intuitionistic fuzzy preference relations and their
application to multi-criteria decision making, Inf. Fusion, 46 (2019), 77-90.

Y. Ou, L. Yi, B. Zou, Z. Pei, The linguistic intuitionistic fuzzy set TOPSIS method for linguistic
multi-criteria decision makings, Int. J. Comput. Intell. Syst., 11 (2018), 120—132.

E. Guo, J. Zhang, Y. Wang, H. Si, F. Zhang, Dynamic risk assessment of waterlogging disaster for
maize based on CERES-Maize model in Midwest of Jilin Province, China, Nat. Hazards, 83
(2016), 1747-1761.

Z. E. Yin, J. Yin, S. Y. Xu, J. Wen, Community-based scenario modelling and disaster risk
assessment of urban rainstorm waterlogging, J. Geogr. Sci., 21 (2011) 274-284.

H. Garg, K. Kumar, Linguistic interval-valued atanassov intuitionistic fuzzy sets and their
applications to group decision making problems, /EEE Trans. Fuzzy Syst., 27 (2019), 2302-2311.
J. Ye, Multicriteria fuzzy decision-making method based on a novel accuracy function under
interval-valued intuitionistic fuzzy environment, Expert Syst. Appl., 36 (2009), 6899—6902.

D. Yu, Y. Wu, T. Lu, Interval-valued intuitionistic fuzzy prioritized operators and their application
in group decision making, Knowl. Based Syst., 30 (2012), 57—-66.

Y. Ju, S. Yang, A new method for multiple attribute group decision-making with intuitionistic
trapezoid fuzzy linguistic information, Soft Comput., 19 (2015), 2211-2224.

X.Qi, C. Liang, J. Zhang, Some generalized dependent aggregation operators with interval-valued
intuitionistic fuzzy information and their application to exploitation investment evaluation, J. Appl.
Math., 2013 (2013), 1-24.

Z. Chen, K. Chin, Y. Li, Y. Yang, Proportional hesitant fuzzy linguistic term set for multiple
criteria group decision making, Inf. Sci., 357 (2016), 61-87.

P. Y. Chen, A Novel Coordinated TOPSIS Based on Coefficient of Variation, Mathematics, 7
(2019), 614.

H. S. Ma, J. X. Gao, Q. Zhao, Real estate residential location research based on balance
expectations, J. Eng. Manage., 30 (2016) 143-147.

X. Liu, Y. Ju, S. Yang, Hesitant intuitionistic fuzzy linguistic aggregation operators and their
applications to multiple attribute decision making, J. Intell. Fuzzy Syst., 27 (2014), 1187-1201.
R. Ferdous, F. Khan, R. Sadiq, P. Amyotte, B. Veitch, Analyzing system safety and risks under
uncertainty using a bow-tie diagram: An innovative approach, Process Saf. Environ. Prot., 91
(2013), 1-18.

H. Bustince, C. Marco-Detchart, J. Fernandez, C. Wagner, J. M. Garibaldi, Z. Takac, Similarity
between interval-valued fuzzy sets taking into account the width of the intervals and admissible
orders, Fuzzy Sets Syst., 390 (2020), 23-47.

©2020 the Author(s), licensee AIMS Press. This is an open access

AiMS AIMS Press article distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/4.0)

Mathematical Biosciences and Engineering Volume 17, Issue 5, 4825-4851.



