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,e construction of sponge cities is of great strategic significance to solving the urban water resource problem in the future.
According to the policy guidance of sponge city construction, the evaluation index system of sponge city construction projects is
constructed. In order to overcome the interference caused by the interaction between indexes, a nonadditive measure and Shapley
function are combined to determine the weights of attribute indexes, and the generalized Shapley interval-valued intuitionistic
uncertain linguistic Choquet averaging (GS-IVIULCA) operator is used to calculate the comprehensive evaluation value of the
schemes. On this basis, a new evaluation method of sponge city construction project selection under an uncertain information
environment is presented and empirically evaluated. ,e results show that the index weight of rainwater collection and utilization
is the largest, indicating that decision makers pay more attention to the ecological and environmental benefits of this item in the
sponge city construction process.

1. Introduction

At present, China is facing increasingly serious water re-
source problems. ,e destruction of the habitat of aquatic
organisms, water shortages, and pollution coexist, among
which the urban water resource problem is particularly
prominent. First, urban water resources are being depleted,
and second, the urban water logging problem is very serious.
From 2018 to 2019, urban water logging occurred in 62
percent of Chinese cities, with 137 cities suffering more than
three floods [1]. In the face of such a severe water resource
situation, it is urgent that a scientific and reasonable solution
to the urban water resource problem using the technology
route be found. In February 2018, the urban construction
department of the Ministry of Housing and Urban-Rural
Development emphasized the following: they “urge all lo-
calities to accelerate the diversion of rain and sewage, im-
prove the level of urban drainage and water logging
prevention, vigorously promote the development and

construction mode with low impact, and accelerate the
research on policies and measures for the construction of
sponge cities” [2]. In November of the same year, a technical
guide for sponge city construction was issued [3]. From the
end of 2018 to the beginning of 2019, the pilot construction
of sponge cities was fully implemented, and the first batch of
16 pilot cities was approved [4]. ,ese “sponge city” con-
struction projects have become an important technical path
to solve the urban water resource problem in China.

,e concept of a “sponge city” comes from the char-
acteristic of a “sponge city” used in industry and academia to
describe a city’s adsorption function. For example, Budge, an
Australian demographer, used a sponge to describe the
adsorption of cities regarding their population [5]. In recent
years, more scholars have used sponges to describe the water
storage and flood discharge capacity of cities or land. At
present, most of the research on “sponge cities” proposes
corresponding planning and design plans from the per-
spective of urban planning [6–8]. In contrast, research on
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the corresponding construction project plan decisions is still
lacking. It is well known that a sponge city construction
project is a typical multiattribute decision-making problem
since it needs to take into account many topographical,
architectural, and other factors such as hardening green
areas [9–12]. In addition, with the development of society
and the economy, many decision-making problems have
become increasingly more complicated. It is no longer
possible to ensure the optimality of the decisions made using
an individual’s knowledge structure and ability alone. One of
themost effective ways to overcome this problem is to form a
research team and involve many experts in the decision-
making process. To address this situation, the fuzzy measure
was proposed by Sugeno [13]. At present, many scholars
have conducted in-depth research on the theory and method
of multiattribute group decision making based on fuzzy
measures [14–16]. ,is research provides a solid theoretical
basis for the decision making of a multiattribute scheme
based on interaction [15, 17–19]. ,erefore, the adoption of
the multiattribute group decision-making method in the
decision-making process of sponge city construction proj-
ects will undoubtedly make the decision-making process
more scientific and convincing.

At present, the traditional multiattribute decision-
making method that has been developed is restricted due to
the assumption of mutual independence regarding the
importance of the evaluation indexes, which corresponds to
an additive measure in essence [20–22]. However, the ad-
ditive measure only gives the weights of the evaluation
indexes without considering the importance of combina-
tions of them [23–27]. However, in real life, the assumption
that the importance of evaluation indicators is independent
is not always valid. Due to the interaction between indi-
cators, the same indicator combined with different indica-
tors will have different effects [28–36]. ,erefore, a new
method considering the interaction between different in-
dexes must be found to solve the decision problem. In order
to cope with the disadvantages of traditional multiattribute
group decision making, the expert scoring or fuzzy evalu-
ation method is often used to evaluate indicators, but both
cause considerable information loss [37–41]. ,e traditional
multigeneric group method is based on the independence of
the indexes and weights [42–45]. ,is paper adopts a new
multiattribute group decision-making theory and method.
In order to reduce the lack of information and reflect
people’s hesitation in making decisions, interval uncertain
language is used for the evaluation. By using the theory and
method of multiattribute group decision making, an expert
gives a qualitative judgment of a scheme attribute’s value by
using interval uncertain language. Considering the interaction
between attribute indexes, a nonadditive measure and the GS-
IVIULCA operator are used to calculate the comprehensive
evaluation value of the scheme.,eweights of attribute indexes
are determined by the information entropy and Shapley
function, which overcome the interference of the interaction
between indexes in traditional multiattribute group decision
making. When the weights of experts and attributes are un-
certain, the optimal fuzzy measure model of the expert set and
attribute set is constructed. Based on this, a new evaluation

method of sponge city construction project selection under an
uncertain information environment is presented.

,ere are three innovative contributions of this research.
First, a fuzzy measure and Shapley function are introduced
to calculate the combined weights of the indexes to solve the
problem that the interaction between indexes disturbs the
weights. Second, the IG-IVIULCA operator is used to obtain
the comprehensive attribute value of the scheme, which can
reflect the interaction between the attribute weights and the
indexes. ,ird, based on the information entropy and
multiattribute group decision theory, the optimal weights
are obtained when only part of the attribute weight infor-
mation and expert information is known by establishing the
optimization model on the fuzzy measure.

,e remainder of this paper is organized as follows.
Section 2 introduces some basic concepts and presents the
improved method. In Section 3, according to the technical
guide of sponge city construction in China, the decision-
making index system (attribute set) of the sponge city
construction project scheme is established. Section 4 gives
the empirical evaluation process and the results of the ro-
bustness test. Section 5 presents the analysis and discussion.
Section 6 presents the conclusions.

2. Methodology

2.1. Interval-Valued Intuitionistic Uncertain Linguistic Set.
,e linguistic method is a technique for approximating
qualitative preferences with linguistic variables. S� {si |i� 1,
2, . . ., t} is a language item set with an odd number of items.
An example of S can be expressed as follows: S� {s1: very
bad, s2: bad, s3: relatively bad, s4: average, s5: relatively good,
s6: good, s7: very good}.

Any si represents a possible language variable, which
should satisfy the following properties:

(1) Order: if i> j, then si> sj.
(2) Taking large operator: if si≥ sj, then max(si, sj)� si.
(3) Taking the small operator: if si≤ sj, then min(si, sj)� si.

In order to maintain the continuity of the given language
information, Xu extended the discrete language item set S to
the continuous language item set S � sa|s1 ≤ sa ≤ st,

a ∈ [1, t]} [46]. ,e elements in S also satisfy the above
properties.

Definition 1. (see [47]). If s � [sa, sb], sa, sb ∈ S, and a≤ b,
where sa and sb are the upper and lower limits of s, re-
spectively, then, s is called an uncertain language variable.

Definition 2. (see [48]). Let X not be an empty set. ,en, an
interval intuitionistic fuzzy set (IVIFS) A is represented on X
as

A � <x, ul(x), uu(x) , vl(x), vu(x) > |x ∈ X , (1)

where [ul(x), uu(x)]⊆[0, 1] and [vl(x), vu(x)]⊆[0, 1] are
interval subordination and nonsubordination, respectively,
full of subitem uu(x) + vu(x)≤ 1.
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Definition 3. (see [49]). Let X � x1, x2, . . . , xn . ,en, A is
expressed on X as

A � <xi sθ xi( ), sτ xi( ) , ul xi( , uu xi(  , vl xi( , vu xi(   




xi ∈ X ,

(2)

where sθ(xi)
, sτ(xi)
∈ S, and the interval numbers

[ul(xi), uu(xi)] and [vl(xi), vu(xi)], respectively, represent
the degree to which x is subject to or not subject to the
uncertain language evaluation value [sθ(xi)

, sτ(xi)
]. We call A

an interval-valued intuitionistic uncertain linguistic set
(IVIULS).

Definition 4. (see [50]). ,e interval intuitionistic uncertain
fuzzy number (IVIULN) α is defined as

α � sθ αi( ), sτ αi( ) , ul αi( , uu αi(  , vl αi( , vu αi(   ,

(3)

which satisfies [ul(αi), uu(αi)]⊆[0, 1], [vl(αi), vu(αi)]⊆[0, 1],
and uu(αi) + vu(αi)≤ 1. ,e interval numbers [ul(αi), uu

(αi)] and [vl(αi), vu(αi)] represent the degree of subjection
and nonsubjection to the uncertain language evaluation
value [sθ(αi)

, sτ(αi)
], respectively.

α and β have the following algorithm:

(1) α ⊕ β � ([sθ(α)+θ(β), sτ(α)+τ(β)]), [1 − (1 − ul(α))(1 −

ul(β)), 1 − (1 − uu(α))(1 − uu(β))], [vl(α)vl(β), vu(α)

vu(β)]

(2) α⊗ β � [sθ(α)θ(β), sτ(α)τ(β)] [ul(α)ul(β), uu (α)

uu(β)],
1 − (1 − vl(α))(1 − vl(β)),

1 − (1 − vu(α))(1 − vu(β))
 )

(3) λα � ([sλθ(α), sλτ(α)], [1− (1 − ul(α))λ, 1 − (1 − uu

(α))λ], [vl(α)λ, vu(α)λ]), λ ∈ [0, 1]

(4) αλ�([sθ(α)λ ,sτ(α)λ],[ul(α)λ,uu(α)λ],[1− (1− vl (α))λ,

1− (1− vu(α))λ]),λ∈[0,1].

For any IVIULN α � ([sθ(αi)
, sτ(αi)

], [ul(αi), uu(αi)],

[vl(αi), vu(αi)]), Liu defined the expected function of α as
E(α) � (s(θ(α) + τ(α))(ul(α) + uu(α) + 2 − vl(α) −

vu(α)))/8 and the precise function of α as H(α) � (s(θ(α) +

τ(α))(ul(α) + uu(α) + vl(α) + vu(α)))/4 [50].

Definition 5. (see [38]). A fuzzy measure μ:p(N), ⟶ [0, 1]
on finite set N satisfies

(1) μ(∅) � 0, μ(N)� 1.
(2) If A, B∈P(N) and A⊆B, then μ(A) ≤ μ(B).

Here, p(N)is a power set of N.

Definition 6. (see [51]). Let X � x1, x2, . . . , xn , f be a
nonnegative real valued function defined on X, and μ be a
fuzzymeasure onN.,eChoquet integral of functionfwith
respect to μ is defined as

Cμ f x(1) , f x(2), . . . , f x(n)   � 
n

i�1
f x(i)  μ A(i)  − μ A(i+1)  ,

(4)

where (.) represents a permutation of the subscript of the
element in N, satisfying

A(n+1) � ∅. (5)

To consider the interaction between attributes, the
Shapley function is used to establish a mathematical model
on the attribute set. ,erefore, the optimal fuzzy measure is
obtained.

Murofushi first proposed applying the Shapley value to
multiattribute decision making [52]. It is used to indicate the
importance coefficient of experts. Combined with Definition
4, the generalized Shapley interval intuitive uncertainty
linguistic Choquet average operator (GS-IVIULCA) is de-
fined as follows [23, 53–55]:

 αdΦ � GS − IVIULCAΦ α, tαn, q . . . h, αn(  � ⊕ni�1 ΦA(i)
(μ, A) α(i),

(6)

where (.) represents the subscript of the element in A,
satisfying α(1) ≤ α(2) ≤ · · · ≤ α(n), A(i) � α(i), . . . , α(n)  and
A(n+1) � ∅.

2.2. Shapley–Choquet Aggregation Operators. A new multi-
attribute group decision-making method is proposed in this
section, which not only considers the importance of each
attribute but also gives the weight of each attribute com-
bination. When the attribute weights are fully known, a
cumulative operator can be used to obtain the compre-
hensive evaluation value of the scheme. However, for a
variety of reasons, more often than not, there is only partial
weight information about schema attributes. To consider the
interaction between attributes, the Shapley function is used
to establish a mathematical model of the attribute set.
,erefore, the optimal fuzzy measure is obtained:

Φs(μ, N) � 
T⊆(N/S)

(n − t − s)!t!
(n − s + 1)!

(μ(S∪T) − μ(T)), ∀S⊆N,

(7)

where μ is a fuzzy measure of N and n, t, and s represent the
potential indices of N, T, and S, respectively.

When the attribute weights are known, the GS-
IVIULCA operator can be directly used to calculate model
(10). Otherwise, you need to determine the weights of the
attributes first.

Consider a multiattribute group decision problem where
A� e1, e2, . . . , en  is the scheme set, C� c1, c2, . . . , cn  is the
attribute set, and E � e1, e2, . . . , en  is the expert set.

Assume that expert ek determines the IVIULN judgment
matrix Ak � (ak

ij)m×n, and ak
ij � ([sθ(ak

ij
), sτ(ak

ij
)], [ul(ak

ij
),
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uu(ak
ij

)], [vl(ak
ij

), vu(ak
ij

)]) is an IVIULN of attribute cj ∈ C of
scheme ai ∈ A [56].

In real life, the decision-making problems faced by
people are characterized by complexity and uncertainty, as
well as people’s hesitation in making decisions. It is very
difficult to obtain accurate weight information, and only
partial weight information is usually obtained. Entropy, as
an important tool to determine information measures in
uncertain environments, has received considerable attention
from experts and scholars since it was proposed. ,e fol-
lowing is the definition of the IVIULNs information entropy
measure.

A real value function E : IVIULN(X)⟶ [0, 1] is an
entropy measure of IVIULN(X), which should satisfy the
following conditions:

(1) E(A) � 0 ,when sθ(xi)
� 0, sτ(xi)

� t and [uA(xi), u+
A

(xi)] � [0, 0], [vA(xi), v+
A(xi)] � [1, 1] or

[uA(xi), u+
A(xi)] � [1, 1], [vA(xi), v+

A(xi)] �

[0,0], forany{x_{{i}}}∈X.

(2) E(A) � 1, only if sθ(xi)
� sτ(xi)

and[uA(x), u+
A(x)] �

[vA(x), v+
A(x)], for any xi ∈ X.

(3) E(A) � E(Ac), where Ac � <xi|([st− τ(xi)
, st− θ(xi)

],

[vl(xi), vu(xi)], [ul(xi), uu(xi)])> |xi ∈ X> }.
(4) E(A)≤E(B), when A⊆Band ul

′(xi)≤ vl
′(xi),

uu
′(xi)≤ vu

′(xi), for any xi ∈ Xor A⊆B, and
ul
′(xi)≤ vl

′(xi), uu
′(xi)≤ vu

′(xi)for any xi ∈ X.

Definition 7. ,e entropy measure EM formula of IVIULSs
is given as follows:

EM(A) �
1
n



n

i�1

3 − |θ xi(  − τ xi( |/t(  − |ul xi(  − vl xi( | − |uu xi(  − vu xi( | + πl xi(  + πu xi( 

3 + |θ xi(  − τ xi( |/t(  − |ul xi(  − vl xi( | − |uu xi(  − vu xi( | + πl xi(  + πu xi( 
, (8)

for any IVIULS A� <xi|([sθ(xi)
, sτ(xi)

], [ul(xi), uu(xi)],

[vl(xi), vu(xi)])> |xi ∈ X}.
According to entropy value theory, the more useful the

information provided by experts to decision makers is, the
smaller the deviation of the entropy value given by experts to
the scheme [19, 57, 58].

If only part of the weight information of experts is
known, an optimization model is established to obtain the
optimal fuzzy measure of expert set E on attribute C.

min

q

k�1


m

i�1
E a

k
ij φek μj

, E ,

s.t.

μj
ek(  ∈ H

j
ek

, k � 1, 2, . . . , q

μj
(∅) � 0, μj

(E) � 1

μj
(S)≤ μj

(T) ∀ S, T⊆E, S⊆T,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(9)

where φek(μj, E) is the Shapley value of expert
ek(k � 1, 2, . . . , q) and H

j

ek represents the range of ek for
attribute cj.

Similarly, if only part of the weight information of the
attribute is known, an optimization model is established to
obtain the optimal fuzzy measure on attribute set C.

min
n

j�1


m

i�1
E aij φcj(μ, c),

s.t.

μ ck(  ∈ Hcj, j � 1, 2, . . . , n

μ(∅) � 0, μ(C) � 1

μ(S)≤ μ(T)∀S, T⊆C, S⊆T,

⎧⎪⎪⎨

⎪⎪⎩

(10)

where φcj(μ, c) is the Shapley value of attribute
cj(j � 1, 2, . . . , n) and Hcj is the value range of attribute cj.

2.3. A New Multiattribute Group Decision-Making Method.
Based on the GS-IVIULCA operator and optimization
model given above, a multiattribute group decision-making
method in the context of interval uncertainty is presented.

Step 1: the value of scheme ai for attribute cj is an
IVIULN given by expert ek(k � 1, 2, . . . , n), which can
be expressed as

a
k
ij � s

θ ak
ij 

, s
τ ak

ij 
 , u

l ak
ij 

, u
l ak

ij 
 , v

l ak
ij 

, v
u ak

ij 
  , (i � 1, 2, . . . , m; j − 1, 2, . . . n). (11)

,e evaluation matrix of the IVIULN can be obtained
from Ak � (ak

ij)m × n.
Step 2: the optimal fuzzy measure μj of expert set E on
attribute set cj (j� 1, 2, ..., n) is obtained frommodel (6).
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Step 3: the value aij � ([sθ(aij), sτ(aij)], [ul(aij), uu(aij)],

[vl(aij), vu(aij)]) of the IVIULN and the comprehensive
value A � (aij)m × n matrix of the IVIULN are ob-
tained by the GS-IVIULCA aggregation operator.
Step 4: according to the evaluation matrix A of the
IVIULN obtained above, the optimal fuzzy measure μ
of attribute set C can be obtained by model (7).
Step 5: obtain the IVIULN synthesis value
ai � ([sθ(ai)

, sτ(ai)
], [ul(ai)

, uu(ai)
], [vl(ai)

, vu(ai)
]) of

schemes via the GS-IVIULCA aggregation operators.
Step 6: the expected value E(α) and the exact function
H(α) of schemes can be calculated.
Step 7: sort the schemes by ranking E(α) and H(α) to
obtain the optimal scheme.
Step 8: end the process.

3. Index System Construction and Analysis

In November 2018, the Ministry of Housing and Urban-
Rural Development issued the technical guide for sponge
city construction—“construction of a rainwater system for
low-impact development.” ,e guidelines specified the
content, requirements, and methods of constructing a
rainwater system for low-impact development in sponge city
planning, engineering design, construction, maintenance,
and management [6, 9, 59]. During the construction of a
sponge city, the system of natural precipitation, surface
water, and ground water should be coordinated; the water
supply, drainage, and other water recycling links should be
coordinated, and its complexity and long-term impacts
should be considered [9, 60, 61]. Based on the important
indexes that need to be considered in the construction of a
project, namely, costs, deadlines, and later operating and
maintenance expenses, this paper proposes the decision-
making index system of a sponge city construction project.
,e system includes four primary indexes: the engineering
index, the flood control and drainage index, the ecological
environment index, and the rainwater collection and utili-
zation index (the groundwater supplement index). It is
obvious that there are interactions among these indicators,
such as between flood control and drainage and ecological
environmental protection and between rainwater collection
and utilization and ecological environmental protection.
After further analysis of the four primary indicators, 13
secondary indicators are proposed to constitute a complete
evaluation index system, as shown in Figure 1.

It is certain that there are interactions among these
indicators, such as between flood control and drainage and
ecological environment protection and between rainwater
collection and utilization and ecological environment pro-
tection [7]. According to the analysis of the literature, the
decision makers in sponge city selection should consider the
comprehensive benefits of the project, which should be
formed by the project’s economic, social, and ecological
attributes [7, 9, 18, 60]. ,e better the comprehensive
benefits are, the better the scheme will be. ,erefore, there

are three evaluation attributes and one target attribute for
the multiattribute evaluation of the sponge city scheme
selected by decision makers. ,e three evaluation attributes
are the economic benefits, social benefits, and ecological
benefits of the project.

,e interaction model is built according to the three
evaluation attributes and one target attribute, as shown in
Figure 2. ,e relationship between variables is marked with
arrows, and the correlation is marked with signs of “+” and
“− ,” where “+” indicates a positive correlation and “-” in-
dicates a negative correlation.

Among the attributes, the better the social benefits,
ecological benefits, and social benefits are, the better the
comprehensive benefits are. ,e economic benefits are
negatively correlated with the ecological environmental
benefits, and higher economic benefits are usually at the
expense of ecological environmental benefits. When the
ecological environmental benefits are the main factor, the
economic benefits are usually not high. Ecological envi-
ronmental benefits and social benefits are complementary.
,e better the ecological benefits are, the better the social
benefits are. Social benefits also promote ecological benefits.
,e three evaluation attributes corresponding to the four
first-level indicators and 13 second-level indicators estab-
lished in Figure 1 and their interaction relationships are
shown in Figure 2.

4. Empirical Analysis

4.1. Background Information. An example is given to il-
lustrate the calculation process of this method.,e Xinglong
area of Daming Lake in Jinan, Shandong Province, will be
used as the pilot area and the Jixi wetland area of the Yufu
River will be used as the promotion area to establish a sponge
city. ,e location is shown in Figure 3.

,ere are three technology companies bidding: A:
Shanghai Jingzhou Rainwater Technology Co., LTD., B:
Shanghai Yuzhen Industrial Co., LTD., and C: Renchuang
Technology Group. ,e three companies provide their re-
spective construction plans, sponge city planning plans, and
environmentally permeable materials. Each scheme and
related technical contents are shown in Table 1.

4.2. Evaluation Process and Results. According to the deci-
sion indicator system and scheme proposed in this paper,
three experts (e1, e2, e3) are invited to evaluate each indicator
of the three schemes via weight interval values and interval
intuitive language S � s1, s2, s3, s4, s5, s6, s7 , as shown in
Tables 2–4.,e evaluation interval values of different experts
and attributes are given by decision makers, as shown in
Tables 5 and 6 .

Step 1: take the calculation of attribute C11 as an ex-
ample and obtain the best fuzzy measure of expert set E
on attribute C11 according to model (9). Obtain the
expert evaluation LVIULN matrix for attribute C11:

Mathematical Problems in Engineering 5



A �

s5, s6 , [0.6, 0.7], [0.2, 0.3](  s4, s6 , [0.6, 0.8], [0.1, 0.2](  s6, s7 , [0.5, 0.6], [0.3, 0.4]( 

s4, s7 , [0.7, 0.8], [0.1, 0.2](  s6, s7 , [0.8, 0.9], [0, 0.1](  s5, s7 , [0.5, 0.8], [0.1, 0.2]( 

s3, s4 , [0.5, 0.7], [0.1, 0.3](  s4, s5 , [0.6, 0.7], [0.1, 0.3](  s3, s5 , [0.5, 0.6], [0.2, 0.4]( 

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠. (12)

Best project
proposal

Rainwater
collection and
utilization C4

Ecological
environment C3

Water-holding capacity

Water circulation

Rainwater collection

Decision-making
level

First-level
indexes Second-level indexes Project level

Project 1

Project 2

Project n

...

Biological water purification

Soil protection

Wetland utilization

Flood storage
capacity C2

Water retention capacity

Urban water network
connection

The flood control of vegetation

Use of canals, rivers, and lakes

Engineering
indicators C1

Cost input

Project duration

Operational costs

Figure 1: Decision-making index system of the sponge city construction project scheme.

Comprehensive
benefit

Cost input
Project duration

Operational costs

Biological water purification

Soil protection Wetland utilization

Water retention
capacity

Flood control
of vegetation

Urban water
network

connection

Water-holding capacity
Water circulation

Rainwater collection

Use of canals, rivers, and
lakes

Ecological
environment

Ecological benefits

Economic benefits

Flood storage capacity Social benefits

Engineering economic
indicators

Rain water collection
and utilization

+

–

–

+

+
+

+

–

–

–
+

+

+ + +

+

+ +

+

+

+

+

+
+

Figure 2: Interaction between attribute indexes.
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According to model (10), we can obtain

min 0.0255 μ11 e1(  − μ11 e2, e3(   + 0.008 μ11 e1, e3(  − μ11 e1, e2(   + 0.411

s.t.

μ11 e1, e2, e3(  � 1,

μ11(S)≤ μ11(T)∀S, T⊆ e1, e2, e3 , S⊆T,

μ11 e1(  ∈ [0.2, 0.5], μ11 e2(  ∈ [0.4, 0.6], μ11 e3(  ∈ [0.2, 0.3].

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(13)
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Figure 3: Geographical location of Jinan sponge city project.

Table 1: Each scheme and related technical contents.

Technical index
Scheme

Scheme A Scheme B Scheme C

Sponge city project construction
scheme

Sand base penetrates gully cover ,e flood control of
vegetation Ecologically permeable concrete

Sand foundation through gutter
kerb stone Ceramic permeable brick Permeable square

Sand base permeable brick Colored asphalt pavement Green roof
Ecological rain garden Porous pavement Ecological parking lot

Silica sand self-absorbent rod Rain water abandoning
device Grass furrow

Honeycomb structure well body Rainwater filter Retention pond
Permeable impervious brick Water storage module Underground reservoir
Permeable and sand proof Waterproof membrane Constructed wetlands
Osmotic filtration wellbore Elevator pump Rainwater recycling

Miniature sprinkler irrigation
system

Rainwater purification all-
in-one machine

Constructed wetland sewage
treatment technology

Constructed wetland sewage
treatment technology

Miniature sprinkler
irrigation system

Circulating water car washing
system

Use of road flushing Spool shaft seat
Waste water flushing toilet

Cost input (ten thousand yuan) 1986.2 1563.6 2155.4
Project duration (month 7.2 5.6 4.6
Operation and maintenance cost (ten
thousand yuan/year) 34.75 17.46 27.93
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Table 2: Evaluation value of the indexes by expert e1.

Decision-
making level First-level indexes Second-level indexes

Scheme
Scheme A Scheme B Scheme C

Best project
scheme

Engineering indicators C1

Cost input C11
([s4, s7], [0.6, 0.7],

[0.2, 0.3])
([s6, s6], [0.6, 0.7],

[0.3, 0.3])
([s4, s6], [0.5, 0.7],

[0.2, 0.3])

Project duration C12
([s4, s6], [0.6, 0.8],

[0, 0.2])
([s6, s6], [0.7, 0.7],

[0.2, 0.3])
([s7, s7], [0.5.0.6],

[0.3, 0.4])

Operational costs C13
([s4, s5], [0.5, 0.7],

[0.2, 0.3])
([s6, s7], [0.8, 0.8],

[0.1, 0.2])
([s6, s6], [0.8, 0.9],

[0, 0.1])

Flood storage capacity C2

Water retention capacity
C21

([s4, s7], [0.6, 0.8],
[0.1, 0.2])

([s4, s6], [0.7, 0.8],
[0.1, 0.2])

([s6, s6], [0.8, 0.9],
[0.1, 0.1])

Flood control of
vegetation C22

([s3, s6], [0.7, 0.7],
[0.2, 0.3])

([s4, s4], [0.7, 0.9],
[0, 0.1])

([s6, s7], [0.8, 0.9],
[0.1, 0.1])

Urban water network
connection C23

([s4, s6], [0.7, 0.9],
[0.1, 0.1])

([s4, s6, ][0.7, 0.9, ]
[0, 0.1])

([s4, s5], [0.7, 0.8],
[0.1, 0.2])

Use of canals, rivers, and
lakes C24

([s3, s4], [0.5, 0.7],
[0.2, 0.3])

([s4, s5], [0.7, 0.8],
[0.1, 0.2])

([s5, s5], [0.7, 0.7],
[0.1, 0.3])

Ecological environmentC3

Biological water
purification C31

([s3, s5], [0.6, 0.7],
[0.2, 0.3])

([s3, s5], [0.7, 0.9],
[0, 0.1])

([s5, s6], [0.6, 0.7],
[0.1, 0.3])

Soil protection C32
([s4, s5], [0.6, 0.7],

[0.2, 0.3])
([s4, s4], [0.7, 0.8],

[0.1, 0.2])
([s6, s6], [0.7, 0.8],

[0.1, 0.1])

Wetland utilization C33
([s5, s6], [0.5, 0.6],

[0.3, 0.4])
([s5, s7], [0.7, 0.8],

[0.1, 0.2])
([s3, s4], [0.6, 0.6],

[0.2, 0.4])

Rainwater collection and
utilization C4

Water-holding capacity
C41

([s6, s7], [0.8, 0.8],
[0.2, 0.2])

([s6, s6], [0.6, 0.8],
[0.1, 0.2])

([s6, s6], [0.5, 0.7],
[0.1, 0.3])

Water circulation C42
([s6, s7], [0.7, 0.9],

[0, 0.1])
([s4, s6], [0.8, 0.9],

[0.1, 0.1])
([s5, s5], [0.7, 0.9],

[0.1, 0.1])

Rainwater collection C43
([s4, s4], [0.7, 0.7],

[0.2, 0.3])
([s5, s5], [0.7, 0.8],

[0.1, 0.2])
([s6, s7], [0.7, 0.9],

[0, 0.1])

Table 3: Interval-valued intuitionistic uncertain linguistic evaluation value of the index by expert e2.

Decision-
making level First-level indexes Second-level indexes

Scheme
Scheme A Scheme B Scheme C

Best project
scheme

Engineering indicators C1

Cost input C11
([s5, s5], [0.7, 0.9],

[0.1, 0.1])
([s5, s7], [0.7, 0.7],

[0.1, 0.3])
([s5, s5], [0.6, 0.9],

[0, 0.1])

Project duration C12
([s3, s4], [0.8, 0.9],

[0.1, 0.1])
([s4, s5], [0.6, 0.7],

[0.1, 0.3])
([s7, s7], [0.8.0.8],

[0.1, 0.2])

Operational costs C13
([s3, s6], [0.7, 0.7],

[0.1, 0.3])
([s6, s7], [0.8, 0.8],

[0.1, 0.2])
([s6, s6], [0.6, 0.8],

[0, 0.2])

Flood storage capacity C2

Water retention capacity
C21

([s3, s5], [0.5, 0.8],
[0.1, 0.2])

([s5, s7], [0.7, 0.9],
[0.1, 0.1])

([s6, s7], [0.7, 0.7],
[0.1, 0.2])

Flood control of
vegetation C22

([s5, s6], [0.7, 0.7],
[0.2, 0.3])

([s4, s4], [0.7, 0.9],
[0, 0.1])

([s6, s7], [0.8, 0.9],
[0.1, 0.1])

Urban water network
connection C23

([s4, s6], [0.6, 0.8],
[0.1, 0.2])

([s6, s6, ][0.7, 0.8]
[0, 0.2])

([s5, s5], [0.6, 0.8],
[0.2, 0.2])

Use of canals, rivers, and
lakes C24

([s4, s6], [0.7, 0.7],
[0.1, 0.3])

([s5, s5], [0.8, 0.8],
[0.1, 0.2])

([s5, s7], [0.7, 0.8],
[0.1, 0.2])

Ecological environmentC3

Biological water
purification C31

([s5, s5], [0.7, 0.8],
[0.1, 0.2])

([s4, s5], [0.7, 0.7],
[0.1, 0.2])

([s6, s6], [0.8, 0.9],
[0.1, 0.1])

Soil protection C32
([s3, s6], [0.7, 0.8],

[0.1, 0.2])
([s4, s5], [0.8, 0.9],

[0, 0.1])
([s5, s5], [0.8, 0.8],

[0.1, 0.2])

Wetland utilization C33
([s4, s5], [0.6, 0.6],

[0.2, 0.4])
([s4, s5], [0.7, 0.8],

[0.1, 0.1])
([s5, s5], [0.7, 0.8],

[0.1, 0.2])

Rainwater collection and
utilization C4

Water-holding capacity
C41

([s6, s6], [0.6, 0.8],
[0.1, 0.2])

([s4, s7], [0.7, 0.8],
[0.1, 0.2])

([s5, s7], [0.8, 0.9],
[0.1, 0.1])

Water circulation C42
([s4, s6], [0.7, 0.7],

[0.1, 0.3])
([s6, s6], [0.8, 0.8],

[0.1, 0.2])
([s5, s6], [0.7, 0.8],

[0.1, 0.2])

Rainwater collection C43
([s4, s6], [0.6, 0.8],

[0.2, 0.2])
([s5, s5], [0.8, 0.8],

[0.1, 0.1])
([s6, s6], [0.7, 0.7],

[0, 0.2])
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MATLAB 9.0 was used to solve formula (7) to obtain
the optimal fuzzy measure:

μ11 e1(  � 0.2μ11 e2(  � 0.4,

μ11 e3(  � 0.3,

μ11 e1, e2(  � 0.4,

μ11 e1, e3(  � μ11 e2, e3(  � μ11 e1, e2, e3(  � 1.

(14)

According to formula (6), the weight of the Shapley
value of experts can be obtained:

Φ11s e1(  � 0.19,

Φ11s e2(  � 0.28,

Φ11s e3(  � 0.53,

Φ11s e1, e2(  � 0.55,

Φ11s e1, e3(  � 0.8,

Φ11s e2, e3(  � 0.9,

Φ11s e1, e2, e3(  � 1.

(15)

Table 4: Interval-valued intuitionistic uncertain linguistic evaluation value of the index by expert e3.
Decision-
making level First-level indexes Second-level indexes Scheme

Scheme A Scheme B Scheme C

Best project
scheme

Engineering indicators C1

Cost input C11
([s6, s6], [0.8, 0.8],

[0.2, 0.2])
([s6, s7], [0.8, 0.9],

[0.1, 0.1])
([s4, s5], [0.7, 0.9],

[0, 0.1])

Project duration C12
([s3, s4], [0.8, 0.9],

[0.1, 0.1])
([s5, s6], [0.7, 0.8],

[0.1, 0.2])
([s5, s7], [0.7.0.7],

[0.2, 0.2])

Operational costs C13
([s4, s5], [0.7, 0.8],

[0.1, 0.2])
([s7, s7], [0.5, 0.8],

[0.1, 0.2])
([s6, s6], [0.6, 0.8],

[0, 0.2])

Flood storage capacity C2

Water retention capacity
C21

([s4, s6], [0.8, 0.9],
[0, 0.1])

([s6, s6], [0.7, 0.9],
[0.1, 0.1])

([s5, s7], [0.5, 0.8],
[0.2, 0.2])

Flood control of
vegetation C22

([s5, s5], [0.4, 0.7],
[0.1, 0.3])

([s4, s6], [0.7, 0.8],
[01, 0.2])

([s7, s7], [0.7, 0.9],
[0.1, 0.1])

Urban water network
connection C23

([s3, s5], [0.7, 0.7],
[0.2, 0.3])

([s6, s6, ][0.7, 0.7]
[0.2, 0.2])

([s6, s6], [0.7, 0.8],
[0.1, 0.1])

Use of canals, rivers, and
lakes C24

([s4, s4], [0.7, 0.8],
[0.2, 0.2])

([s4, s4], [0.7, 0.9],
[0.1, 0.1])

([s5, s5], [0.7, 0.7],
[0.1, 0.3])

Ecological environmentC3

Biological water
purification C31

([s5, s6], [0.7, 0.7],
[0.2, 0.3])

([s4, s4], [0.8, 0.8],
[0.1, 0.1])

([s6, s6], [0.7, 0.8],
[0.1, 0.2])

Soil protection C32
([s3, s5], [0.7, 0.7],

[0.2, 0.2])
([s5, s6], [0.7, 0.7],

[0.3, 0.3])
([s4, s7], [0.8, 0.9],

[0.1, 0.1])

Wetland utilization C33
([s6, s6], [0.7, 0.8],

[0.1, 0.2])
([s6, s7], [0.6, 0.8],

[0.2, 0.2])
([s5, s6], [0.8, 0.8],

[0.2, 0.2])

Rainwater collection and
utilization C4

Water-holding capacity
C41

([s3, s4], [0.7, 0.7],
[0.3, 0.3])

([s4, s5], [0.7, 0.9],
[0.1, 0.1])

([s5, s7], [0.7, 0.7],
[0.2, 0.3])

Water circulation C42
([s4, s4], [0.8, 0.8],

[0, 0.2])
([s6, s6], [0.6, 0.7],

[0.1, 0.2])
([s6, s6], [0.7, 0.8],

[0.2, 0.2])

Rainwater collection C43
([s5, s7], [0.8, 0.9],

[0.1, 0.1])
([s3, s6], [0.8, 0.8],

[0.1, 0.2])
([s6, s6], [0.7, 0.8],

[0, 0.1])

Table 5: Expert weight interval value.

Decision-making level First-level indexes Second-level indexes
Expert weight

e1 e2 e3

Best project scheme

Engineering indicators C1

Cost input C11 [0.2, 0.5] [0.4, 0.6] [0.2, 0.3]
Project duration C12 [0.1, 0.4] [0.3, 0.5] [0.1, 0.4]
Operational costs C13 [0.3, 0.5] [0.2, 0.3] [0.2, 0.4]

Flood storage capacity C2

Water retention capacity C21 [0.2, 0.4] [0.1, 0.3] [0.3, 0.5]
Flood control of vegetation C22 [0.3, 0.5] [0.2, 0.3] [0.1, 0.3]

Urban water network connection C23 [0.2, 0.3] [0.4, 0.5] [0.2, 0.4]
Use of canals, rivers, and lakes C24 [0.3, 0.6] [0.2, 0.4] [0.5, 0.6]

Ecological environmentC3

Biological water purification C31 [0.2, 0.5] [0.4, 0.5] [0.5, 0.6]
Soil protection C32 [0.2, 0.5] [0.4, 0.5] [0.4, 0.5]

Wetland utilization C33 [0.3, 0.5] [0.4, 0.6] [0.2, 0.4]

Rainwater collection and utilization C4

Water-holding capacity C41 [0.1, 0.4] [0.2, 0.4] [0.2, 0.5]
Water circulation C42 [0.3, 0.5] [0.2, 0.4] [0.1, 0.5]

Rainwater collection C43 [0.4, 0.5] [0.3, 0.5] [0.2, 0.4]
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Step 2: use the GS-IVIULCA aggregation operator to
calculate the synthesis value of attribute C11 of scheme
A as follows:

a
A
11 � IG − IVIULCAμ11 a

1
11, a

2
11, a

3
11  �

s6 × 0.53+5×(0.9− 0.53)+4×(1− 0.9), s5×0.53+5 ×(0.9− 0.53)+4 ×(1− 0.9) ,

1 − (1 − 0.8)
0.53

×(1 − 0.7)
(0.9− 0.53)

×(1 − 0.7)
(1− 0.9)

 ,

1 − (1 − 0.8)
0.53

×(1 − 0.9)
(0.9− 0.53)

×(1 − 0.8)
(1− 0.9)

 

⎡⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎦,

0.20.53
× 0.1(0.9− 0.53)

× 0.1(1− 0.9)
, 0.20.53

× 0.1(0.9− 0.53)
× 0.2(1− 0.9)

 

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

� s5.1, s5.5 , [0.76, 0.8], [0.14, 0.2].

(16)

Similarly, the comprehensive values of other secondary
indicators of attribute C1 can be obtained as shown in
Table 7.

Repeat steps 1 and 2 to obtain the comprehensive
IVIULCAN value of other secondary indicators of each
scheme.
Step 3: obtain the IVIULN matrix of attribute C1
according to Table 7:

B �

s5.4, s5.6 , [0.76, 0.84], [0.15, 0.16] s3.1, s4.6 , [0.69, 0.88], [0.08, 0.12] s4.3, s5.4 , [0.7, 0.7], [0.1, 0.3]

s5.6, s6.9 , [0.75, 0.83], [0.11, 0.17] s4.6, s5.5 [0.66, 0.76][0.1, 0.24] s6.1, s7 , [0.79, 0.8], [0.1, 0.2]

s4.3, s4.9 , [0.69, 0.9], [0, 0.1] s5.9, s7 , [0.75, 0.75], [0.15, 0.2] s6, s6 , [0.74, 0.87], [0, 0.13]

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠. (17)

According to model (7), we can get

min
− 0.01 μ C11(  − μ C12, C13( (  − 0.001 μ C12(  − μ C11, C13( ( 

+0.008 μ C13(  − μ C11, C13( (  + 0.387,

s.t.

μ C11, C12, C13, C14(  � 1,

μ(S)≤ μ(T)∀S, T⊆ C11, C12, C13 , S⊆T,

μ C11(  ∈ [0.2, 0.5], μ C12(  ∈ [0.4, 0.6], μ C13( [0.3, 0.5].

⎧⎪⎪⎨

⎪⎪⎩

(18)

Table 6: Attribute weight interval value.

Decision-making
level First-level indexes Interval weight

value Second-level indexes Interval weight
value

Best project scheme

Engineering indicators C1 [0.1, 0.3]
Cost input C11 [0.2, 0.5]

Project duration C12 [0.4, 0.6]
Operational costs C13 [0.3, 0.5]

Flood storage capacity C2 [0.3, 0.4]

Water retention capacity C21 [0.2, 0.4]
Flood control of vegetation C22 [0.3, 0.5]
Urban water network connection

C23
[0.2, 0.4]

Use of canals, rivers, and lakes C24 [0.3, 0.4]

Ecological environment C3 [0.2, 0.3]
Biological water purification C31 [0.3, 0.5]

Soil protection C32 [0.4, 0.6]
Wetland utilization C33 [0.3, 0.5]

Rainwater collection and utilization
C4

[0.3, 0.4]
Water-holding capacity C41 [0.4, 0.5]

Water circulation C42 [0.2, 0.5]
Rainwater collection C43 [0.3, 0.4]
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MATLAB was used to solve (13) to obtain the optimal
fuzzy measure:

μ C11(  � μ C11, C13(  � 0.5μ C12(  � μ C12, C13(  � 0.4,

μ C13(  � 0.3,

μ C11, C12(  � μ C11, C12, C13(  � 1.

(19)

,e Shapley weight value of attribute C1 can be ob-
tained from formula (6), as shown in Table 8.
Step 4: calculate the synthesis value of attribute C1 of
each scheme via the GS-IVIULCA aggregation oper-
ator. Repeat steps 3 and 4 to obtain the comprehensive
value of all first-level indicators of each scheme, as
shown in Table 9.
According to Table 9, the weight value of the first-level
index can be obtained from model (7), as shown in
Table 10.
Step 5: calculate the comprehensive IVIULN value of each
scheme via the GS-IVIULCA aggregation operator:

FA � s4.7, s6 , [0.71, 0.82], [0, 0.16, ]( ,

FB � s4.4, s5.9 , [0.75, 0.85], [0, 0.14, ]( ,

FC � s5.3, s6 , [0.72, 0.85], [0, 0.14, ]( .

(20)

,e expected functions of each scheme are calculated as
follows:

E FA(  � 5.014,

E FB(  � 4.403,

E FC(  � 5.891.

(21)

Step 6: sort the scheme synthesis values from high to
low as follows:

FC >FA >FB. (22)

4.3. Robustness Test. In order to verify the rationality and
superiority of this method, several other methods are used to
perform a comparative analysis with the method in this
paper.

Table 7: Comprehensive evaluation of second-level indicators for C1 of each scheme attribute.

Scheme
Attribute

C11 C12 C13

Scheme A [s5.4, s5.6], [0.76, 0.84], [0.15, 0.16] [s3.1, s4.6], [0.69, 0.88], [0.08, 0.12] [s4.3, s5.4], [0.7, 0.7], [0.1, 0.3]
Scheme B [s5.6, s6.9], [0.75, 0.83], [0.11, 0.17] [s4.6, s5.5][0.66, 0.76][0.1, 0.24] [s6.1, s7], [0.79, 0.8], [0.1, 0.2]
Scheme C [s4.3, s4.9], [0.69, 0.9], [0, 0.1] [s5.9, s7], [0.75, 0.75], [0.15, 0.2] [s6, s6], [0.74, 0.87], [0, 0.13]

Table 8: ,e Shapley value of the secondary index for attribute C1.

ΦC11
ΦC12

ΦC13
Φ C11 ,C12{ } Φ C11 ,C13{ } Φ C12 ,C13{ } Φ C11 ,C12 ,C13{ }

0.5 0.4 0.1 0.85 0.55 0.45 1

Table 9: First-level attribute values of each scheme.

Scheme
Attribute

C1 C2 C3 C4

Scheme A [s4.3, s4.9], [0.77, 0.87], [0.12,
0.13] [s4.4, s5.8], [0.72, 0.8], [0, 0.14]

[s3.6, s5.5], [0.68, 0.75], [0.14,
0.21] [s5.1, s6.2], [0.71, 0.84], [0, 0.16]

Scheme B [s5.2, s6.3], [0.72, 0.8], [0.1,
0.12] [s4.8, s5.2], [0.7, 0.89], [0, 0.1] [s4.4, s5.4], [0.73, 0.82], [0, 0.17]

[s4.4, s6.1], [0.77, 0.85], [0.12,
0.15]

Scheme C [s5.7, s5.8], [0.72, 0.85], [0, 0.13]
[s5.5, s6.6], [0.71, 0.85], [0.13,

0.14]
[s4.8, s5.8], [0.78, 0.82], [0.11,

0.17] [s5.3, s5.9], [0.71, 0.86], [0, 0.13]

Table 10: Shapley value weight of the first-level index.

S ΦCs
S ΦCs

S ΦCs
S ΦCs

S ΦCs

{1} 0.08 {4} 0.62 {1, 4} 0.76 {3, 4} 0.71 {1, 3, 4} 0.8
{2} 0.22 {1, 2} 0.326 {2, 3} 0.27 {1, 2, 3} 0.45 {2, 3, 4} 0.95
{3} 0.08 {1, 3} 0.149 {2, 4} 0.88 {1, 2, 4} 0.9 {1, 2, 3, 4} 1
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,e OWA operator, as the most important cumulative
operator, is essentially based on the fact that the increasing
arrangement and weight of elements are only related to
position. Since it was proposed by Professor Yager in 1988,
the OWA operator has been extensively studied. Its defi-
nition is as follows [62]:

OWAw a1, a2, . . . , an(  � 
n

j

wjbj. (23)

Dewancker obtained the utility value of the dimen-
sionless evaluation index by using the utility function and
then used the synthesis model for weighted synthesis to
obtain the total evaluation value [63]. Büyüközkan applied
the Choquet integral to project bid risk assessment. ,e
attribute weights and attribute evaluation values were all
calculated by experts using the Choquet integral after the
fuzzy language was given [64].

Next, the OWA operator, utility function, and Choquet
integral method were used to conduct the comprehensive
evaluation of the scheme and compare it with the evaluation
results of the article (see Table 11 for the ranking results).

It can be seen from Table 11 and Figure 4 that the sorting
result based on the additive measure OWA operator is
different from that of our method. ,ere are two main
reasons for this: one reason is that the additive measure
does not consider the interaction between attributes, and
the other reason is that the two methods are different in
how they determine the attribute weights. ,e influence
mechanism of the interaction between indexes is as follows.
,e interaction between indexes will directly affect the
weight difference of indexes. If there is a strong interaction
between the indicators, then the weight of each indicator
will be roughly the same, and the key influencing factors
cannot be identified. As a result, the evaluation value of
each program is not differentiated enough, and the eval-
uation results cannot give decision makers more persuasive
power.

,e utility function is too small for scheme differenti-
ation. ,e determination of the Choquet integral attribute
weight is quite arbitrary and subject to the influence of
experts. In this paper, the generalized Shapley function is
used to determine the weights of the attributes, and the
interaction between the attributes is fully considered. By
comparing the evaluation results of the improved method
with those of the traditional OWA operator method, utility
function method, and Choquet integral method, it can be
seen that the degree of the difference of evaluation results
obtained by the improved method in this paper is signifi-
cantly higher than that of the traditional method. It can be

seen from Figure 4 that the scheme’s discrimination is also
very obvious.

Compared with the traditional fuzzy comprehensive
evaluation methods (the AHP method and OWA opera-
tor), the proposed method not only considers the inter-
action between indicators but also considers the
interaction between indicator weights, which is a gener-
alization and application of traditional multiattribute
group decision making. Although only three experts are
listed in the example section of this paper, the new de-
cision-making method proposed in this paper is also
applicable to the situation where multiple experts make
decisions, and the calculation steps are similar to the
example in this paper.

5. Discussion

According to the results shown in Step 6, E(FC)� 5.891＞
E(FA)� 5.014＞E(FB)� 4.403; therefore, scheme C is the
best choice, namely, the engineering construction scheme of
the Renchuang Technology Group is the best solution. One
reason is that the company’s program has higher evaluations
for the indexes of C2 (flood storage capacity) and C4
(rainwater collection and utilization) than other programs. It
can be seen from Table 9 that the comprehensive evaluation
values of Scheme C in the first-level indicators C2 ([s5.5,
s6.6],[0.71, 0.85],[0.13, 0.14]) and C4 ([s5.3, s5.9],[0.71, 0.86],[0,
0.13]) are higher than the comprehensive evaluation values
of schemes A and C on indicators C2 and C4, respectively.

6

5

4

3

2

1

0
OWA

operator
Utility

function
Choquet integral

method
The new
method

E (FA)
E (FB)
E (FC)

Figure 4: Bar chart comparison results.

Table 11: ,e ranking result.

Methods Ranking result
OWA operator E(FA)� 3.742＞ E(FC)� 3.431＞ E(FB)� 3.332
Utility function E(FC)� 4.146＞E(FA)� 4.042＞ E(FB)� 3.921
Choquet integral method E(FC)� 3.23＞E(FA)� 3.129＞ E(FB)� 2.932
,e new multiattribute group decision-making method E(FC)� 5.891＞E(FA)� 5.014＞ E(FB)� 4.403
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Meanwhile, the Shapley weight values of the first-level
indicators in Table 10 are represented by the pie chart in
Figure 5. Another reason that can be obtained from Figure 5
is that the Shapley weight values of indicators C2 and C4 are
Φc2

� 0.22 and Φc4
� 0.62, respectively, which are much

larger than C1 (Φc1
� 0.08) and C3 (Φc3

� 0.08). ,e results
show that the weight of index C4 (rainwater collection and
utilization) is the largest, which indicates that decision
makers pay more attention to ecological and environmental
benefits in the sponge city construction process.

Note: the combined weight isΦCS
, where S represents the

index weight combination scheme.
In addition, the Shapley weight value of the first-level

indicators and their combined weights in Table 10 are
represented as a radar chart in Figure 6, and it can be ob-
served that the single indicators ΦC 2{ }

� 0.22 and ΦC 4{ }
� 0.62

are much larger than ΦC 1{ }
and ΦC 3{ }

. ,e combined weight
ΦC 2,4{ }

is much higher than the combined weight of the other
two indexes. ,e combined weights of the three indexes
include ΦC 1,2,4{ }

� 0.9 and ΦC 2,3,4{ }
� 0.95, which are also rela-

tively high. ,e combination of the weights of indexes C2

and C4 is also the largest. ,is also proves that ecological
benefits and social benefits have a strong mutual promotion
effect, as shown in Figure 2.,e results of this paper indicate
that more consideration should be given to the influence of
indexes C2 (flood storage capacity) and C4 (rainwater col-
lection and utilization) in the selection of sponge city
schemes. ,erefore, these results are consistent with the
characteristics that sponge cities should pay attention to
flood control and rainwater collection and utilization in
rainstorm weather [65, 66].

After the above discussion, one of the most important
design features of a sponge city is that it must be able to store
and use rainwater similar to a sponge. It must have good
“elasticity” in adapting to environmental changes and
responding to natural disasters. When it rains, a sponge
absorbs water, stores water, percolates water, and purifies
water and then it releases and uses the stored water when
necessary. Sponge city construction should follow the
principle of ecological priority, combine natural approaches
with artificial measures, and maximize the accumulation,
infiltration, and purification of rainwater in urban areas.
,is occurs under the premise of ensuring the safety of
urban drainage and waterlogging prevention so as to pro-
mote the utilization of rainwater resources and the pro-
tection of the ecological environment. In the sponge city
construction process, it is necessary to coordinate the sys-
tems of natural precipitation, surface water, and ground-
water; coordinate the water recycling and utilization links
such as water supply and drainage; and consider the sponge
city’s complexity and long-term nature.

6. Conclusion and Future Work

,e sponge city construction scheme is a typical multi-
attribute group decision-making problem. ,e research
shows that the application of the GS-IVIULCA operator and
Shapley function can provide objective and scientific rational
guidance in the implementation scheme decision making of
large-scale engineering projects. ,e index system established
in this paper and the multiattribute group decision-making
method can be applied to most large engineering project
decision-making problems, especially when it involves fuzzy
attribute indexes that are difficult to accurately quantify.

-,e new multiattribute group decision-making
method is verified by the empirical analysis in this re-
search. ,e use of interval uncertainty language for
evaluation avoids the lack of information and reflects
people’s hesitation in making decisions. Using informa-
tion entropy and Shapley function to determine the weight
of index attributes overcomes the interference of the in-
teraction between indexes in traditional multiattribute
group decision making. ,e nonadditive measure and GS-
IVIULCA operator are used to calculate the comprehen-
sive evaluation value of the scheme, and the interaction
between the index attributes is considered to make the
evaluation result more objective and persuasive. Finally,
through the comparative analysis of the calculation results
of different decision comparison methods, it can be seen
that the decision results of this method have obvious

Engineering indicators C1
Ecological environment C3

Flood storage capacity C2
Rainwater collection and utilization C4

Engineering 
indicators C1

8%

Flood storage 
capacity C2

22%

Ecological 
environment C3

8%

Rainwater 
collection and 
utilization C4

62%

Figure 5: Shapley weight pie chart of the first-level indexes.
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Figure 6: Combined weight radar chart.
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differences. ,e weight of each indicator has a higher
degree of differentiation, and the calculation results are
more convincing, which can guide decision makers to
form more scientific decision-making ideas.

,rough the analysis of the empirical research results,
the weight of the ecological environment index is higher
than that of engineering projects. ,e results show that the
weight of the rainwater collection and utilization index is the
largest, which indicates that decision makers pay more at-
tention to ecological and environmental benefits in the
sponge city construction process.

In future research, as an effective decision-making method,
multiattribute decisionmakingwill be developed and researched
inmore application fields. In particular, themethod proposed in
this paper will help decision makers to make decisions more
scientifically and rationally under circumstances with uncertain
information, high ambiguity, and a lack of data. It is worth
further exploring whether the current research on fuzzy sets has
reached the stage of being combined with language. Some
scholars have proposed new evaluation methods, such as in-
terval uncertain language sets and interval intuitive uncertain
language sets. It is believed that fuzzy sets will make greater
contributions to the evaluation of future schemes.

Data Availability

,e data are from expert questionnaires. ,e standardized
data can be found in Appendix.

Conflicts of Interest

,e authors declare that they have no conflicts of interest.

Authors’ Contributions

Guoqing Bai was responsible for conceptualization, meth-
odology, software, validation, investigation, data curation,
original draft preparation, and review and editing. Hua
Dong reviewed and edited the manuscript. Yuanying Chi
was responsible for formal analysis and supervision.

Acknowledgments

,e authors appreciate the weekly joint seminars in BJUT,
from where the earlier draft of the paper got improved. ,is
study was partly supported by the National Natural Science
Foundation of China (no. 91646201), the National Key R&D
Program of China (no. 2017YFC0803300), and the National
Social Science Foundation of China (no. 19ZDA081).

References

[1] B.-J. He, J. Zhu, D.-X. Zhao, Z.-H. Gou, J.-D. Qi, and J. Wang,
“Co-benefits approach: opportunities for implementing
sponge city and urban heat island mitigation,” Land Use
Policy, vol. 86, pp. 147–157, 2019.

[2] Q. Li, F. Wang, Y. Yu, Z. Huang, M. Li, and Y. Guan,
“Comprehensive performance evaluation of LID practices for
the sponge city construction: a case study in Guangxi, China,”

Journal of Environmental Management, vol. 231, pp. 10–20,
2019.

[3] Z. Shao, “Remote sensing monitoring of multi-scale water-
sheds impermeability for urban hydrological evaluation,”
Remote Sensing of Environment, vol. 232, 2019.

[4] N. ,u ,uy, “Implementation of a specific urban water
management - sponge City,” Science of the Total Environment,
vol. 652, pp. 147–162, 2019.

[5] Budge T, M. F. Rogers and D. R. Jones, Sponge Cities and
Small Towns：a New Economic Partnership, Australia：
Victorian Universities Regional Research Network Press,
Melbourne, Australia, 2006.

[6] J. Xia, Y. Zhang, L. Xiong, S. He, L. Wang, and Z. Yu,
“Opportunities and challenges of the Sponge City construc-
tion related to urban water issues in China,” Science China
Earth Sciences, vol. 60, no. 4, pp. 652–658, 2017.

[7] Y. Jiang, C. Zevenbergen, and Y. Ma, “Urban pluvial flooding
and stormwater management: a contemporary review of
China’s challenges and sponge cities strategy,” Environmental
Science & Policy, vol. 80, pp. 132–143, 2018.

[8] G. Cui, Q. Zhang, Z. Zhan, and Y. Chen, “Research progress
and discussion of sponge city construction,” Water Resources
Protection, vol. 32, no. 2, pp. 1–4, 2016.

[9] F. K. S. Chan, J. A. Griffiths, D. Higgitt et al., “Sponge City in
China-A breakthrough of planning and flood risk manage-
ment in the urban context,” Land Use Policy, vol. 76,
pp. 772–778, 2018.

[10] L. Li and J. M. Bergen, “Green infrastructure for sustainable
urban water management: practices of five forerunner cities,”
Cities, vol. 74, pp. 126–133, 2018.

[11] L. A. Zadeh, “Fuzzy sets,” Information and Control, vol. 8,
no. 3, pp. 338–353, 1965.

[12] K. Atanassov and G. Gargov, “Interval valued intuitionistic
fuzzy sets,” Fuzzy Sets Syst, vol. 79, pp. 403–405, 1993.

[13] M. Sugeno, “,eory of fuzzy integral and its application,”
Doctorial Dissertation, Tokyo Institute of Technology, Tokyo,
Japan, 1974.

[14] H.-C. Liu, M.-Y. Quan, Z. Li, and Z.-L. Wang, “A new in-
tegrated MCDM model for sustainable supplier selection
under interval-valued intuitionistic uncertain linguistic en-
vironment,” Information Sciences, vol. 486, pp. 254–270, 2019.

[15] F. Meng and X. Chen, “Correlation coefficient of interval-
valued intuitionistic uncertain linguistic sets and its appli-
cation,” Cybernetics and Systems, vol. 48, no. 2, pp. 114–135,
2017.

[16] J. Li, X. L. Zhang, and Z. T. Gong, “Aggregating of interval-
valued intuitionistic uncertain linguistic variables based on
archimedean t-norm and it applications in group decision
makings,” Journal of Computational Analysis and Applica-
tions, vol. 24, no. 5, pp. 874–885, 2018.

[17] H. Shi, M.-Y. Quan, H.-C. Liu, and C.-Y. Duan, “A novel
integrated approach for green supplier selection with interval-
valued intuitionistic uncertain linguistic information: a case
study in the agri-food industry,” Sustainability, vol. 10, no. 3,
p. 733, 2018.

[18] L. Wang and H. Garg, “Pythagorean fuzzy interactive
Hamacher power aggregation operators for assessment of
express service quality with entropy weight,” Soft Computing,
pp. 1–21, 2020.

[19] L. Wang and N. Li, “Pythagorean fuzzy interaction power
Bonferroni mean aggregation operators in multiple attribute
decision making,” International Journal of Intelligent Systems,
vol. 35, no. 1, pp. 150–183, 2019.

14 Mathematical Problems in Engineering



[20] Z. Liu, H. Xu, P. Liu, L. Li, and X. Zhao, “Interval-valued
intuitionistic uncertain linguistic multi-attribute decision-
making method for plant location selection with partitioned
hamy mean,” International Journal of Fuzzy Systems, vol. 22,
no. 6, pp. 1993–2010, 2020.

[21] B. Wang and J. Y. Li, “Model for evaluating the enterprise
financial performance with interval-valued intuitionistic
uncertain linguistic information,” Journal of Intelligent &
Fuzzy Systems, vol. 37, no. 2, pp. 1587–1596, 2019.

[22] P. Liu and X. You, “Some linguistic neutrosophic Hamy mean
operators and their application tomulti-attribute group decision
making,” PLoS One, vol. 13, no. 3, Article ID e0193027, 2018.

[23] F. Meng, X. Chen, and Q. Zhang, “Some interval-valued
intuitionistic uncertain linguistic Choquet operators and their
application to multi-attribute group decision making,” Ap-
plied Mathematical Modelling, vol. 38, no. 9-10, pp. 2543–
2557, 2014.

[24] Q. Wu, L. Zhou, Y. Chen, and H. Chen, “An integrated
approach to green supplier selection based on the interval
type-2 fuzzy best-worst and extended VIKOR methods,”
Information Sciences, vol. 502, pp. 394–417, 2019.

[25] Q. Wu, X. Liu, J. Qin, W. Wang, and L. Zhou, “A linguistic
distribution behavioral multi-criteria group decision making
model integrating extended generalized TODIM and quan-
tum decision theory,” Applied Soft Computing, vol. 98, Article
ID 106757, 2020.

[26] Q. Wu, W. Lin, L. Zhou, Y. Chen, and H. Chen, “Enhancing
multiple attribute group decision making flexibility based on
information fusion technique and hesitant Pythagorean fuzzy
sets,” Computers & Industrial Engineering, vol. 127,
pp. 954–970, 2019.

[27] Q. Wu, P. Wu, L. Zhou, H. Chen, and X. Guan, “Some new
Hamacher aggregation operators under single-valued neu-
trosophic 2-tuple linguistic environment and their applica-
tions to multi-attribute group decision making,” Computers &
Industrial Engineering, vol. 116, pp. 144–162, 2018.

[28] B. Batool, M. Ahmad, S. Abdullah, S. Ashraf, and R. Chinram,
“Entropy based pythagorean probabilistic hesitant fuzzy de-
cision making technique and its application for fog-haze
factor Assessment problem,” Entropy, vol. 22, no. 3, p. 318,
2020.

[29] M. Qiyas, S. Abdullah, S. Ashraf, and M. Aslam, “Utilizing
linguistic picture fuzzy aggregation operators for multiple-
attribute decision-making problems,” International Journal of
Fuzzy Systems, vol. 22, no. 1, pp. 310–320, 2020.

[30] M. S. A. Khan, F. Khan, J. Lemley, S. Abdullah, and
F. Hussain, “Extended topsis method based on Pythagorean
cubic fuzzy multi-criteria decision making with incomplete
weight information,” Journal of Intelligent & Fuzzy Systems,
vol. 38, no. 2, pp. 2285–2296, 2020.

[31] S. Ashraf, S. Abdullah, T. Mahmood, F. Ghani, and
T. Mahmood, “Spherical fuzzy sets and their applications in
multi-attribute decision making problems,” Journal of Intel-
ligent & Fuzzy Systems, vol. 36, no. 3, pp. 2829–2844, 2019.

[32] S. Abdullah and L. Abdullah, “Child development influence
environmental factors determined using spherical fuzzy
distance measures,” Mathematics, vol. 7, no. 8, p. 661, 2019.

[33] S. Ashraf and S. J. I. J. Abdullah, “Spherical aggregation
operators and their application in multiattribute group de-
cision-making,” Journal of Intelligent Systems, vol. 3, no. 2,
2019.

[34] S. Ashraf and S. Abdullah, “Spherical aggregation operators
and their application in multiattribute group decision-

making,” International Journal of Intelligent Systems, vol. 34,
no. 3, pp. 493–523, 2019.

[35] S. A. Muneeza and M. J. I. J. Aslam, “New multicriteria group
decision support systems for small hydropower plant loca-
tions selection based on intuitionistic cubic fuzzy aggregation
information,” Journal of Intelligent Systems, vol. 35, no. 6,
2020.

[36] S. Abdullah and M. Aslam, “New multicriteria group decision
support systems for small hydropower plant locations se-
lection based on intuitionistic cubic fuzzy aggregation in-
formation,” International Journal of Intelligent Systems,
vol. 35, no. 6, pp. 983–1020, 2020.

[37] Z. S. Xu, “Methods for aggregating interval-valued intui-
tionistic fuzzy information and their application to decision
making,” Control and Decision, vol. 22, pp. 215–219, 2007.

[38] D. Kong, T. Chang, Q. Wang, H. Sun, and W. Dai, “A threat
assessment method of group targets based on interval-valued
intuitionistic fuzzy multi-attribute group decision-making,”
Applied Soft Computing, vol. 67, pp. 350–369, 2018.

[39] J. Wan, “Model for evaluating the design patterns of the
Micro-Air vehicle under interval-valued intuitionistic un-
certain linguistic environment,” Journal of Intelligent & Fuzzy
Systems, vol. 30, no. 5, pp. 2963–2969, 2016.

[40] Z. Mu, S. Zeng, and Q. Liu, “Some interval-valued intui-
tionistic fuzzy Zhenyuan aggregation operators and their
application to multi-attribute decision making,” International
Journal of Uncertainty, Fuzziness and Knowledge-Based Sys-
tems, vol. 26, no. 4, pp. 633–653, 2018.

[41] Z. Mu and S. Zeng, “Some novel intuitionistic fuzzy infor-
mation fusion methods in decision making with interaction
among attributes,” Soft Computing, vol. 23, no. 20,
pp. 10439–10448, 2019.

[42] H.M. Elzarka, H. Yan, and D. Chakraborty, “A vague set fuzzy
multi-attribute group decision-making model for selecting
onsite renewable energy technologies for institutional owners
of constructed facilities,” Sustainable Cities and Society,
vol. 35, pp. 430–439, 2017.

[43] J. Lan, H. Zou, and M. Hu, “Dominance degrees for intervals
and their application in multiple attribute decision-making,”
Fuzzy Sets and Systems, vol. 383, pp. 146–164, 2020.

[44] S. Zeng, S.-M. Chen, and K.-Y. Fan, “Interval-valued intui-
tionistic fuzzy multiple attribute decision making based on
nonlinear programming methodology and TOPSIS method,”
Information Sciences, vol. 506, pp. 424–442, 2020.

[45] F. Meng, X. Chen, and Q. Zhang, “An approach to interval-
valued intuitionistic uncertain linguistic multi-attribute
group decision making,” International Journal of Machine
Learning and Cybernetics, vol. 6, no. 5, p. 859, 2015.

[46] Z. Xu, “A method based on linguistic aggregation operators
for group decision making with linguistic preference
relations∗1,” Information Sciences, vol. 166, no. 1-4, pp. 19–30,
2004.

[47] H. Nguyen, “A new interval-valued knowledge measure for
interval-valued intuitionistic fuzzy sets and application in
decision making,” Expert Systems with Applications, vol. 56,
pp. 143–155, 2016.

[48] X. Li, J. Li, X. Fang et al., “Case studies of the sponge city
program in China,” in Proceedings of the World Environ-
mental and Water Resources Congress, pp. 295–308, West
Palm Beach, FL, USA, May 2016.

[49] Z. Xu, “Uncertain linguistic aggregation operators based
approach to multiple attribute group decision making under
uncertain linguistic environment,” Information Sciences,
vol. 168, no. 1-4, pp. 171–184, 2004.

Mathematical Problems in Engineering 15



[50] P. D. Liu, “Some geometric aggregation operation with
intuitionistic uncertain linguistic variables and their appli-
cation to group decision making,” Applied Mathematical
Modelling, vol. 05, p. 032, 2012.

[51] L.-E. Wang, H.-C. Liu, and M.-Y. Quan, “Evaluating the risk
of failure modes with a hybrid MCDM model under interval-
valued intuitionistic fuzzy environments,” Computers & In-
dustrial Engineering, vol. 102, pp. 175–185, 2016.

[52] T. Murofushi, “A technique for reading fuzzy measure（I）:
the Shapley value with respect to a fuzzy measure,” in Pro-
ceedings of the 2nd Fuzzy Woekshop, pp. 39–48, Nagaoka,
Japan, 1992.

[53] J.-Y. Dong, L.-L. Lin, F. Wang, and S.-P. Wan, “Generalized
Choquet integral operator of triangular atanassov’s intui-
tionistic fuzzy numbers and application to multi-attribute
group decision making,” International Journal of Uncertainty,
Fuzziness and Knowledge-Based Systems, vol. 24, no. 05,
pp. 647–683, 2016.

[54] J. Y. Dong, L. L Lin, F. Wang, and S. P. Wan, “Generalized
Shapley Choquet integral operator based method for inter-
active interval-valued hesitant fuzzy uncertain linguistic
multi-criteria group decision making,” IEEE Access, vol. 8,
pp. 202194–202215, 2020.

[55] J. Y. Dong, L. L. Lin, F. Wang, and S. P. Wan, “Multi-attribute
decision making based on triangular atanassov’s intuitionistic
fuzzy number Choquet integral operator,” Chinese Journal of
Management Science, vol. 22, no. 3, pp. 121–129, 2014.

[56] Z. S. Xu and J. Chen, “On geometric aggregation over interval-
valued intuitionistic fuzzy information,” in Proceedings of
Fourth International Conference on Fuzzy Systems and
Knowledge Discovery FSKD, pp. 466–471, Haikou, China,
2007.

[57] N. Ploskas and J. Papathanasiou, “A decision support system
for multiple criteria alternative ranking using TOPSIS and
VIKOR in fuzzy and nonfuzzy environments,” Fuzzy Sets and
Systems, vol. 377, pp. 1–30, 2019.

[58] S. Ramalingam, “Fuzzy interval-valued multi criteria based
decision making for ranking features in multi-modal 3D face
recognition,” Fuzzy Sets and Systems, vol. 337, pp. 25–51,
2018.

[59] C. Li and M. Huang, “Isotope-based water-use efficiency of
major greening plants in a sponge city in northern China,”
PLOS ONE, vol. 14, no. 7, Article ID e0220083, 2019.

[60] H. Liu, Y. Jia, and C. Niu, “Sponge city concept helps solve
China’s urban water problems,” Environmental Earth Sci-
ences, vol. 76, no. 14, p. 473, 2017.

[61] Y.-S. Xu, S.-L. Shen, Y. Lai, and A.-N. Zhou, “Design of
sponge city: lessons learnt from an ancient drainage system in
Ganzhou, China,” Journal of Hydrology, vol. 563, pp. 900–908,
2018.

[62] R. R. Yager, “On ordered weighted averaging aggregation
operators in multicriteria decisionmaking,” IEEE Transactions
on Systems, Man, and Cybernetics, vol. 18, no. 1, pp. 183–190,
1988.

[63] I. Dewancker, M. McCourt, and S. Ainsworth, “Interactive
preference learning of utility functions for multi-objective
optimization,” Science China Earth Sciences, vol. 1612, Article
ID 04453, 2016.
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