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ABSTRACT

A new fuzzy group decision-making method considering multi-attributes correlation under interval-
valued function is presented, which mainly includes (1) acquiring the group fuzzy preference matrix
and (2) handling the interactions between multiple evaluation attributes. To do that, firstly, the fuzzy
joint Choquet integral based on an interval-valued function is proposed, which not only reflects the
interaction between multiple attributes in a complex and uncertain environment, but also retains the
initial preference of the decision maker. Secondly, a Shapley value with fuzzy measure is applied to
assign each decision maker’s weight, and the fuzzy group preference matrix is acquired by fusing the
fuzzy preference matrices of all decision makers. Finally, a nursing home selection case is depicted
to explain the effectiveness of the proposed technique. The corresponding sensitivity analysis is
operated, which clarifies the reliability and flexibility of the proposed technique.
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1. INTRODUCTION

The multi-attribute group decision making (MAGDM) is to fuse preferences depicted through some
decision makers about evaluation attributes for alternatives (Li, 2007; Fu et al. 2020). The problem of
MAGDM can be seen everywhere in daily life (Tong et al.,2022; Zheng er al.,2023; Chao et al.,2021).
For example, people are concerned about the choice of nursing homes, the choice of cruise ships (Cao
et al.,2022) or the choice of sustainable suppliers (Xu et al.,2019). In the traditional MAGDM, the
evaluation attributes belong to a mutually independent state. Due to the advent of social media, the
environment of MAGDM becomes complicated, which makes the evaluation attributes have a certain
degree of uncertainty, resulting in a certain relationship between evaluation attributes. Therefore,
how to build a new MAGDM method with multi-evaluation attributes correlation is the key problem
addressed in this paper.

One of the key issues is to deal with the correlation between multiple evaluation attributes (Ju
et al.,2020; Chen et al. 2020; Li et al., 2020). In the traditional process of MAGDM, the weights of
evaluation attributes are subjectively given or objectively obtained. This indicates that these evaluation
attributes are independent of each other. However, Due to the advent of social media, the environment
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of MAGDM becomes more and more complex and uncertain, which makes the evaluation attributes
have some correlation with each other (Marichal & Roubens, 2000; She et al.,2021; Teng& Liu,
2021). For example, the evaluation attributes in nursing homes include living environment, hardware
facilities and the literacy of accompanying personnel. The living environment can reflect the good
attitude of the caregivers to work, and the high-quality caregivers also show that their serious attitude
in work makes the living environment of the elderly comfortable. This indicates that there is a positive
relationship between the evaluation attributes of nursing homes.

Choquet integral is an effective way to solve the interaction between multiple evaluation attributes
(Teng& Liu, 2021; Wang et al.,2018; Byiikdzkan et al.,2021]. For example, Teng et al. (2021)
designed a generalized Choquet integral to explore the correlation between evaluation attributes in
MAGDM. At the same time, the Pythagorean fuzzy number based Choquet integral is proposed to
discuss the interaction between multiple evaluation attributes (Byiikozkan et al.,2021). These Choquet
integral methods can not preserve the initial preferences of each decision maker in the merging of all
preference fusion, while fuzzy numbers with interval valued functions can deal with this problem well
(Dubois & Prade, 1980; Qiu,2021; Qiu &Yu, 2023; Li et al.,2018; 2020; Fei et al.,2018; Nan,2014).
In the traditional Choquet integral, the multiple evaluation attributes are local interaction, only some
attributes coalitions are considered. In order to consider all attribute coalitions, hence, the fuzzy joint
Choquet integral based on an interval-valued function is put forward to deal with the correlation
between multiple evaluation attributes in this paper.

Another key issue is how to reflect the global interaction relationship between decision makers.
In traditional MAGDM stage, decision makers’ weights are also subjectively given or objectively
calculated (Hendiani et al.,2020; Liu et al.2019; Xu et al.2019). This also shows that the decision
makers belong to an independent state. With the emergence of Internet media, there is a certain trust
relationship between decision makers, and some scholars regard this trust relationship as a reliability
resource to dominate the weight of decision makers (Lu et al., 2021; Zhang et al., 2020, Teng et al.,
2022; Xu et al.,2020; Liu et al.,2019). For instance, the trust relationship is used to induce the weight
of decision makers (Liu et al.,2019). Ma et al. (2021) formalized the trust relationship as an interaction
weight between two decision makers. Although this reflects the interaction relationship of all decision
makers in the merging of MAGDM. However, this kind of interaction is a local relationship, which
does not make decision makers interact globally to ensure the fairness of weight allocation. Therefore,
the Shapley value is applied in this paper to fairly dominate decision makers’ weights.

Based on the above literature analysis and inspiration, a new fuzzy group decision making method
considering multi-evaluation attributes correlation under interval-valued function is put forward,
which it mainly includes two innovations:

(1) The fuzzy joint Choquet integral based on an interval-valued function is put forward. First, fuzzy
Choquet integral ( F' — CI”) and the fuzzy inverse Choquet integral ( FR — CI ) under an
interval-valued function are put forward, respectively. And then the fuzzy joint Choquet integral
(FJ — CI“ ) under an interval-valued function is proposed, which is composed of the linear

convex combination of F' —CI , and FR— CI#. This FJ — CIH not only reflects the global

interaction between multiple attributes, but also retains the initial preference of the decision
maker.

(2) The new fuzzy group decision making method is presented. First, the Shapley value with fuzzy
measure is applied to assign the weight of each decision maker, which illustrates the global
interaction among decision makers to ensure the fairness of each decision maker. And then, the
fuzzy group preference matrix is acquired by fusing the fuzzy preference matrices of all decision
makers.
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The framework for the article is structured as follows. Some related concepts for fuzzy numbers
and Choquet integral are depicted in Section 2. Section 3 puts forward the fuzzy joint Choquet integral

under interval-valued function. A new FJ — C’]ﬂ based MAGDM approach under interval-valued

function is proposed in Section 4. A nursing home selection case is operated in Section 5. Conclusions
and future works are depicted in Section 6.

2. PRELIMINARIES
Some concepts and comments with respect to fuzzy numbers and Choquet integral are shown below.

2.1. Fuzzy Numbers

The set B(: is depicted as the class of all bounded closed intervals in R (Diamond & Kloeden, 1990),
namely,

B = {[pl,pR]lpl,pR €ERAp, SpR}~

A fuzzy set ¢ of R is denoted as a membership function U, iR — [0, 1] , and the 7 -level set
of ¢ is depicted through [¢]' = {¢ ER (o) > 77} for ¥ € (0,1]. The [¢] = U, (0] is
presented through the closure of a U”e
4 =
endpoint function ¢, (77) (Dubois and Prade, 1980) And the class of all ¢ is depicted as F .

Definition 1. (Wang & Wu, 2003). Let ¢, € F . Then ¢ is inferiorto ¢ (¢ < ¢) if and only
. 71" 1
if [(b]' = [¢L (n),ch (n)} < [w] = [soL (77)7903 (n)] =9, (77) <y, (n) and ¢, (n) < ¢p (n) for each
ne [0, 1] .

Which the < is reflexive and transitive. And Yo, ¢ € F' are comparable under the < (Syau &

Stanley, 2006a; 2006b).
Definition 2. (Zadeh, 1965). Let ¢ € F, If its the membership function, ¥, (¢}, is

(0] [(ﬁr . A fuzzy number b isa fuzzy set with nonempty sets

¢, (n) Non (n)] Vn € [0, 1} , where it consists of a left endpoint function ¢, (77) and a right

0,  ¢<09>0

9, (e)12=2, o< <o,

0—0
6

=0 <<
0—O0

Thus, (;3 is called a triangular fuzzy number. And é is depicted as & = (Q, o, o') .
Corresponding to its 7 -level set is

9 =

6, (1)@, (n)] = (o —)n+o0.—~(6—0)n+0|n € (0,1]. (1)
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And the image of 7 -level set of b= (Q, o, 0') is shown in Figure 1.
Definition 3. (Li et al,, 2015). Let ¢, € F and z, € R(z, > 0,i =1,2,--,n). Then, it has

i(ﬁéml eF.

i=1

2.2. Choquet Integral

Choquet integral (Choquet, 1953) is an effective way to solve the interaction between multiple
evaluation attributes in MAGDM. The relevant explanation is as follows.

Definition 4. (Choquet, 1953) Ifaset ) = {ql,qz, e qn} is given, it assumes that P (Q) denotes
the set of all sub-coalitions on () . Hence, the fuzzy measure (FM) p is defined through function
e P(Q) — [0,1] , and it yields

(D) ulo)=0:
@ u(Q)=1;
(3) Va,8€P(Q),aC = pla)<
@) VYa,8€P(Q),u(aup)=p(a)

(8):

i ( )JrgM(a)u(ﬂ),ee[fl,oo) and aNf=9g.

Then, the € -FM p is:

llﬁ[(lJre,u(qj))fl, ife = 0. )

3 =1

n(Q)=

Particularly, p (Q) = i:,u(qj ),5 = 0. Thus, € is acquired with the ;L(Q) =1, that is,

J=1

Figure 1. The image of 7 -level set of q; = (Q, 0,0')

A
&

oy
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6+1:ﬁ(1+5u(qj>). 3)

J=1

Definition 5. (Choquet, 1953) Assume that © (6 > 0) is a real valued function and p is a FM
on (@ . Then, the Choquet integral (Clu ) of @(q1>,®(q2),-~-,®(qn) is:

cr,(0(q,).0(q,)0(q,)) = > (“’ (wnm) s (wa(ﬁl)))@(qﬂ(ﬂ) @

J=1

where {a(l),a(Z),~--,a(n)} is a permutation of {1,2,--~,n}, meanwhile, it yields

9(%) = 9(%)) =S @(%(n))’wdn - {qvm’%w“"qaw} and @ i,y =2

3. THE FUZZY JOINT CHOQUET INTEGRAL UNDER
INTERVAL-VALUED FUNCTION

The interval-valued function can well describe preference of each decision maker, and has the advantage
for retaining the original preference of decision makers when all preferences are aggregated. Choquet
integral can well depict the interaction among multiple evaluation attributes. In the traditional Choquet
integral, the multiple evaluation attributes are local interaction, only some attributes coalitions are
considered. In order to consider all attribute coalitions, Meng et al. (2021) proposed the bidirectional
Choquet integral under discrete numbers. Inspired by this, this paper proposes fuzzy joint Choquet
integral. First, the fuzzy Choquet integral based on interval-valued functions are proposed as follows.

3.1. Fuzzy Choquet Integral Based on Interval-Valued Functions
Definition 6. ( F' — C’I“ ) Givenaset (), and it assumes that x is FM and (Z)}., gb?j =0 (j =12, n)
are fuzzy numbers on @) . Then, the fuzzy Choquet integral F' — C’Iﬂ of (51 , gz~52 ,--- and é" is:

P01, (8,6,.6,) = @ [, )~ (=)

% 5)

where {o (1),0(2),~--,0(n)} is a permutation of {1, 2,-~~,n} , meanwhile, it yields
By S Gy S S = g 2y =2
By Definition 1, Definition 3 and Eq. (4), the proposed F' — CI . yields some detailed Theorems,
which are shown below.
Theorem 1. Given a set (), and it assumes that p is FM and gz~5] > 6(j =12, n) are fuzzy
numbers on () . Thus, it gets F—C] (‘517(527“"&71) eF.

Proof. By Definition 1, Definition 3 and Eq (4), it gets F' — CI ( qB ,(571) eF.

I
Theorem 2. Given a set (), and it assumes that y is FM and <5 0
numbers on @ . If ¢~)J. = g%(j = 1,2,~~~,n) . Hence, F — C’IN ((;gl,gzﬁz, : )

Proof. By Definition 1, Definition 3 and Eq. (4), it obtains

( “ n) are fuzzy

Y
=
9,
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F—CI (3,,.6,)=F (¢ )
o) - u( )
Ehleal-rteolf

Theorem 3. Given a set (), and it assumes that y is FM and (5] > f)( j=1 2,~--,n) are fuzzy
numbers on @ . If (51/ , ézl ,---and <Z~>n/ are any permutation of ‘151 , (52 ,---and éﬂ . Hence,
F=Cl(8:6,0.6,) = F =1, (3.6, .3/ .

Proof. Since 95]/ ,&2/ ,--- and QMS"' are any permutation of ¢3l ,gZNzZ ,~-- and giN)n , by Definition 1,
Definition 3 and Eq. (4), it obtains F'—CI (,,6,,+,6,)=F —CI (&1’,&2’, -~-,<;§n’) .

Theorem 4. Given a set () , and it assumes that x is FM and (5]. , (5] =0 (j =12, n) are fuzzy
numbers on () . Hence, ¢a(1) < F - CI“ (¢1,¢2,---,¢n) =< qba(”).

Proof. By Definition of F' —CI e it has &a(]) < (;37, =< &“(”) , and based on Definition 1, it has

Moreover, ,u(wn(])) — (wg(],ﬂ)) > 0, it gets
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By Definition 1, ithas ¢, < F ~CI, (66,0, ) = b

Theorem 5. Given a set () , and it assumes that p is FM and éﬂ@j b 6(]' =1, 2,---,n) are fuzzy
numbers on @ . If fi)]. =< ¢, hence, F— C[N (¢1,¢2,...’¢") < F— CIﬂ (@1@2,...7@”).

Proof. Since ¢j i and by Definition 1, it gets

(4,), () <(e,), (n)and (9,), (n) < (&), (n)

Moreover, u(wa(j)) — i (wd(ﬁl)) > 0, it gets

By Definition 1, ithas F — CI (¢,,8,,+.,) < F = CI (,, 3, ®, ).

3.2. Fuzzy Reverse Choquet Integral Based on Interval Valued Function

Next, the fuzzy reverse Choquet integral based on interval valued function is defined.
Definition7.( FR — OIH )Givenaset () ,and it assumes that g is FM and gE}. =0 (j =12, n)

are fuzzy numbers on @ . Then, the fuzzy reverse Choquet integral FR — OI“ of ¢,¢,,--and

FR—CI (¢,,6,,,6,) = @, [u (Wg@-)) - ”(Wcr(f—l) )] %) ©

where {a(l),a(Z),~--,a(n)} is a permutation of {1,2,--~,n}, meanwhile, it yields

iy <y <2 0 Wiy =ty Jand W = 2.

By Definition 1, the proposed FR — CI . also yields some detailed Theorems, which are shown
below.

Theorem 6. Given a set (), and it assumes that y is FM and (;NS] - f)( j=1, 27~--,n) are fuzzy
numbers on @ . Thus, it gets FR — C’Iﬂ ((/31,(52;--,@) eF.

Proof. Similar to the proof of Theorem 1, hence, it is omitted.
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Theorem 7. Given a set (), and it assumes that y is FM and qS =0 (j =12, n) are fuzzy
numbers on @ . If ¢)J. = ¢<j =12, ) Hence, FR — CI (¢1,¢>2, . ,gz~5"> =¢.
Proof. Similar to the proof of Theorem 2, hence, it is omltted.
Theorem 8. Given a set (), and it assumes that p is FM and (5] > 6( j=1 27~--,n) are fuzzy

numbers on @ . If gﬁl/,¢2/,-~-and ¢n/ are any permutation of ¢, ,¢,, --and én. Hence,

FR— CI},, (J)pégv'“vi)n) =FR— CI,‘ (ﬁ/v@,a“',@/) .
Proof. Similar to the proof of Theorem 3, hence, it is omitted.
Theorem 9. Given a set (), and it assumes that p is FM and gi;] > ﬁ(j =12, n) are fuzzy

numbers on @ . Hence, qgg(l) < FR—-CI, (&17(52’...,(;3") < q@a(n) )
Proof. Similar to the proof of Theorem 4, hence, it is omitted.
Theorem 10. Given a set (), and it assumes that ; is FM and éj,cfoj > 0(]’ =1 2,-~~,n> are

fuzzy numbers on @ . If éj <o, hence, FR — CI“ (gz~517q~52,-~~,$") < FR— CI“ (951,¢27~--,¢n).
Proof. Similar to the proof of Theorem 5, hence, it is omitted.
Based on the Definitions of F'— CI . and FR—CI e the fuzzy joint Choquet integral based on
interval valued function is proposed as follows.
3.3. Fuzzy Joint Choquet Integral Based on Interval Valued Function
Definition 8. ( F'J — CI# ) Given a set (), and it assumes that p is FM and q}i =0 (j = 1,2,--~,n)
are fuzzy numbers on (@) . Then, the fuzzy joint Choquet integral F'.J — CI } of QMSI , &2 ,--- and ggn is:

) RO A

where { (2),~--,o(n)} is a permutation of {1 } meanwhile, it yields qﬁ
- <

By = (it | Wy = {0ty gy =@ and

FI=CI (3.4,.8,) = A {@};l [u (wﬁm) - (ww“))

an
W( ) =
Note 1: The above FJ — CI“ based on an interval-valued function is composed of the linear
convex combination of F' — C’Iﬂ and FR — C’Iﬂ. And the frame diagram of corresponding new
FJj—-CI , aggregation operator is shown in Figure 2.

By Definition 1, the proposed F'J — CI . also yields some detailed Theorems, which are shown
below.

Theorem 11. Given a set () , and it assumes that p is FM and qz~5j - f)( j=1 2,--~,n) are fuzzy

numbers on @ . Thus, it gets F'J — CI# (‘é*@»"'vq}n) eF.
Proof. Similar to the proof of Theorem 1, hence, it is omitted.
Theorem 12. Given a set (), and it assumes that x4 is FM and qb > f)( 2, -,n) are fuzzy

numbers on @ . If gi)j = ¢(j =12, ) Hence, FJ — CI (¢1,¢2, . gz~5 ) gg
Proof. Similar to the proof of Theorem 2, hence, it is omltted.
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Figure 2. The frame diagram of new F'J — C’Iu under interval-valued function

A > FI-Cl, < I=4

: The weight of ith ordered | Theith smallest | The weight of ith ordered :
: attributes for F-cI, ‘.: opinion value tﬁ_., t attributes for FR-c7, !
e r(o\an))= e -almn) < by uf{a))-u@) =47y ) u(Py)
! ! 1) 1
1 o " [ e [
'.“[Q\':G’.—.:”—.“[Q‘:fi.m-{!.—:W\']:-”:ﬂ.—: )-ul @, % L ﬂHq,..‘.qf‘.]}*11“5{).\}}:;1[}1}_: J’:”[nt_' |
1 1 i ]
(g m@)= e, ) a(m,) G Lo u(@)-uleMa, )= ulm, )-u(w.)
i | [

Theorem 13. Given a set (), and it assumes that y is FM and &J. f)( 7=12, ,n) are fuzzy

=
numbers on @ . If él’,(;;,... and <Z~>n/ are any permutation of ¢ - and én. Hence,

LBy
FJ—CI (8,8, ) = FJ —CI, ((51’,(;2’7...’(5”’).

Proof. Similar to the proof of Theorem 3, hence, it is omitted.

Theorem 14. Given a set () , and it assumes that p is FM and gsz - 6( i=1 2,--~,n) are fuzzy

numbers on () . Hence, ég(l) < FJ— C’I# (‘51»@"”7?511) =< q@g(n) .

Proof. Similar to the proof of Theorem 4, hence, it is omitted.

Theorem 15. Given a set (), and it assumes that p is FM and ngj,géj > O(j =1, 2,~~-,n> are
fuzzy numbers on @) . If &j <o, hence, F'J — CI# (‘517‘52"""%") < FJ— C’Iﬂ (951’@2""752’”)'

Proof. Similar to the proof of Theorem 5, hence, it is omitted.

4. ANEW FJ —CI -BASED MAGDM APPROACH UNDER INTERVAL-VALUED
FUNCTION

Anew FJ —CI . based MAGDM approach under interval-valued function is designed in this study,

which mainly includes (1) Obtain the group fuzzy preference matrix Stage; and (2) Alternatives
selection Stage. And its a flow chart is presented in Figure 3. The specific implementation stage is
as follows:

Stage 1: Obtain the group fuzzy preference matrix

Stage 1.1: Identify the set of alternatives and criteria

Some decision makers form groups D = {dm1 , dm2,~--,dm”} that communicate with each other
based on their background knowledge and references reading to identify a set of alternatives
S = {51,52,-~-,Sm} and criteria () = {ql,qQ,---,qn}.

Stage 1.2: Given the fuzzy preference matrix F' of dm!'
Based on the definition of fuzzy number with interval-valued function, decision maker

dm! (l =12 --~,h) from different fields, ages and education levels express their fuzzy preference
matrices £ (l = 1,2,~--,h) for (Sz,qj) (z =12-,m;j= 1,2,---,n) .

Stage 1.3: Acquire the group fuzzy preference matrix



International Journal of Fuzzy System Applications
Volume 13 « Issue 1

Figure 3. A flow chart of new F'.J — CI . -based MAGDM approach under interval-valued function
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-
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B = e E
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Suppose that F' :(gi;z) (lzl,?,m,h) are fuzzy preference matrices given by

mxn

dm/ (l =1, 2,~-,h), respectively. Since Shapley value can well reflect the global interaction
relationship between decision makers, moreover, Shapley value with FMs is utilized to calculate the
weights of dm! (I =1,2,--, k) (Shapley, 1953):

#E(h—#E—1
A

X, =

ECD\dm'

A o am) ()

which # F and h present the number in the decision maker’s coalition F' and D . And Y,

represents the weight of the dm' in a cooperative game, which indicates that there is some fairness
h

among the decision makers in the interaction process. And Z X, = 1. Hence, the decision makers’

=1
weights vector is y = (Xszv"'th)' Further, by Definition 3, the fuzzy preference matrices

10
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L

matrix F* = ((5 )

F' = ((Z)Z) (l =1, 2,---,h) of dm/ (l = 1,2,--~,h) are aggregated into a group fuzzy preference

mxn

¢ = X0, B X, 0. B - EBX,gb‘

] =[x lfe), b S o), )

()]

Stage 2: Calculate the attributes’ weight matrix
By the definition of FM, the FM of the attributes’ coalition is calculated. Moreover, the each
order attribute’s weight is computed through the difference between the FMs of the adjacent order

attributes’ coalitions associated with this attribute. For a F* = ((5;) , group fuzzy preference

D ) mxn

values are ranked from small to large about for each q, (j =1, 2,~~,n) about S, (z = 1,2,~~-,m).
Hence, the attributes’ weight matrix is:

C=|: (10)
le Cmn

=] i (11)
wml wmn

Stage 3: Compute total fuzzy preference value of S .

By Definition of FJ — OI# , the total fuzzy preference value of S, (z =12, m) is:
FJ—CI (68,8, ) = Mer_d¢ o (1-2{edv,} (12)

Stage 4: Rank all alternatives.
According to Definition 1, all alternatives S, (z =1 2,~~,m) are ranked. The bigger the

FJ-cI, (é;;, Ry ) . the better the S, (i =1,2,++,m).

5. CASE STUDY

With the increasing aging of the population, the continuous update of the concept of pension, the
increasingly active pension market, the pension model tends to be diversified, and children are busy
with work, there is no more time to take care of their parents, more and more elderly people choose to
enjoy their old age in the nursing home. All kinds of nursing homes appear in everyone’s eyes. However,
how to choose a nursing home that really meets the needs and provides quality services, so that the
elderly and their families can rest assured, this is a problem that many families are confused about.

1"
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Mr. Chen, the children of a working family in Shanghai, is planning to choose a quality nursing
home for their elderly parents. There are many nursing homes in Shanghai, but they do not know much
about these nursing homes and do not know which one to choose. So, through his two consulting friends
who know more about nursing homes, he is planning to choose from three qualified nursing homes

S = {51 .S, 53} . And the evaluation criteria of nursing homes consider the following four criteria:

(1) The living environment of the nursing home (g, );
(2) The basic facilities of the nursing home (¢, );
(3) The basic literacy of nursing staff in nursing homes (¢, );

(4) Medical conditions in nursing homes (g, ).

Moreover, Mr. Chen and his two friends form a team, denoted as D = {dml, am’, dm3} ,to give

their respective fuzzy preference matrices F' :(qgé)mxn (l:172,3.> about (Sl,q].)
(z’ =1237=12, 3,4) by using the following fuzzy numbers: (;NSO = (0, 0,1) & “very bad”
6 = (1,2, 3) & “bad’; §, = (3, 4,5) & “little bad”™; §, = (4, 5,6) & “Medium’; ¢, = (5,06, 7) &

“little good”; ¢, = (7,8,9) < “good”; ¢, = (9,10,10) < “very good”, which the transformed

images of linguistic and triangular fuzzy numbers are shown in Figure 4.

) (234) (7,89) (4,56) (9,10,10) ) (1,2,3) (7,8,9) (345) (910,10)
F'=(0,01) (123) (7.89) (456) |,F*=[(0,01) (123) (7.89) (4,56) |,
(1,273) (9,10,10) (0,0,1) (7,8,9) (4,5,6) (3,4,5) (5,6,7) (4,5,6)
3 (1,2,3) (56,7) (456) (567
P = (0,0,1) (3,4,5) (5,6,7) (9,10,10).
(4,56) (345) (7.89) (123

Figure 4. The transformed images of linguistic and triangular fuzzy numbers

F 3
4
|
very [bad little bad Medium little good
1 — — — — — — — — — — — — — — — — — — — — — — —
B
0 4 5 6 R

12



5.1. Calculation Steps

1) Obtain the group fuzzy preference matrix
According to Eq. (1), the fuzzy preference matrices of all the above decision makers are
transformed into the following preference matrices with interval-valued functions:

[2+77,477]]
0,1-7|
[1—1—77,3—77]
[1+77,3—77]
[0,1—77]
[44—77,6—77]
[1+n,3—n]
[071—7]]

P+m97ﬂ
P+m3—ﬂ
P+mm]
P+m9—ﬂ
h+m3—ﬂ
P+m5fﬂ
b+m7—ﬂ
P+m5—ﬂ
| |

44n6—n
T+19-n
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Since the weights of dm' (l =12 3) in this paper are calculated by the Shapley value based on

fuzzy measure, it is a global interaction relationship between dm' ,dm” and dm®. Hence, there are
a total of 2° = 8 coalitions of dm',dm’ and dm®. And the 8 cases for different coalitions of three
decision makers dm' (l =12, 3) are mainly shown in Figure 5.

Let fuzzy measures of decision makers’ coalitions be u(dml) = 0.1,,u(dm2> = 0.25,

,u(dml,dmZ) = 0.4,u(dm1,dm3) = 0.8,u(dm2,dm3) = O.G,M(dml,dmZ,de) = landp (@) =0.

By Eq.(8), it has x, = 0.34,x, = 0.25 and x, = 0.41. Then, the group preference matrix [Fcr

with interval-valued function is

Figure 5. The 8 cases for different coalitions of three decision makers dm' (l =12, 3)
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[134 47,334 —n| [6.18+n,818 7 [3.75 41,575 —n|  [7.36 4 1,8.77 — 0.417
[F}’ = [0,1—1] (18247382 -5  [618+n818—n [6.05+n,7.64—0.59)|.
[2.98 47,498 —n] [5.0447,6.7-0.66n] [4.1240.667,5.78 —n]  [3.79+7,5.79 — |

2) The best nursing home choice
Based on the Definition of F'J — CI B Hence, there are a total of 2 = 16 coalitions of 4,54, 4,

and g, of the nursing home. But, the ¢ ,q,,q, and ¢, of the nursing home also belong to global
interactions. Thus, the different coalitions of the four evaluated attributes q, ( j=12, 3,4) of the

corresponding nursing home have 16 cases as shown in Figure 6.
Let the fuzzy measures of the attributes’ coalitions of the nursing home be

u({ql}) = 0.2/1({%}) = O.lS,u({qS}) =0.3, u({qJ) = 0.2. Sinceithas u({ql,q2,qs,q4}) =1,
by Eq. (3), it gets £ =0.527 . Moreover, according to Eq. (2), it gets

u({qpqz}) = 0.3658,u({q1,q3}> - 0.5316,u({q1,q4}) — O.4211,,u({q2,q3}) — 0.4737,
u({qz,q4}) - O.3658,u({q3,q4}) - 0.5316,u({q1,q2,q3}) — 0.7236,
n({g,a,0,}) = 06044, 1 ({0, q,.0,}) = 0.7877, ({4, 4,.0,}) = 0.7236.

By Definition 4, it has u(@) = 0. By Definition of F.J — CIH , for each S, (z =12, 3) , the
following result is obtained regarding the ranking of preference values for each q; ( 7=123, 4) of
the nursing home.

e For S ,thepreferences rankingabout g, q,, ¢, and g, of the nursinghome s 1“1 <9, 20, <9,
for each 1 € [O, 1] .
e For S, ,the preferences ranking about ¢,,q,, ¢, and g, of the nursing home is N; < ~;2 < ~2“4 =< N;,J

for each n € [0,1].
e For S, ,the preferences ranking about g, q,,q, and ¢, of thenursinghomeis ¢; < ¢;, < &, < ¢,
foreach n € [0, 1].

And by Eq. (11), it has

0.2764 0.1658 0.3578 0.2
¢=10.2764 0.192 0.3 0.2316 (13)
0.2764 0.15 0.3237 0.2499

and

0.2 0.192 0.3316 0.2764
¥ =10.2 0.1658 0.3956 0.2386|. (14)
0.2 0.2123 0.3666 0.2211
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Figure 6. The 16 cases of different coalitions for the q, ( j=12 3,4) of the nursing home
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By Definition of F' —CI ; and Eq. (13), it obtains

|F—CT, (81,,00,,80,,85, )| =[4:200+ ,6.001 - 0.8821)
[F —~CI, (8,85, 85,6 )]" = [3.605 + 0.72367,5.233 — 0.89441
[F — CT (84,86, 65,, 61 )]" = [3.860 -+ 0.88997,5.699 — 0.949n).

34

Moreover, based on Definition of F'R — CI . and Eq. (14), it gets
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[FR—CI, (8,,0,,5,,0., )| = [4.732 + 1,6.569 — 0.8369]
[FR—CT, (85,, 05,85, )|| = [4.190 +0.89,5.892 — 0.902¢)

[FR—CI, (8,.65,,04,.65,)| = [4.014 + 0.8757,5.818 — 0.9281).

[FJ I (8,,85,.8,. 6 )}’ = [4.471 +9,6.330 — 08597

FT—CI (85, 00,,65,,5,)| = [3.897 +0.76181,5.563 — 0.8982
([FT— 1 (8,.65,,04,.65, )| = [3.937 + 0.88241,5.758 — 0.9385n)].

For each n € [0, 1], by Definition 1, it has

FJ — C];l ((5261’(&202’@0:;’&204) < FJ— C]# (égl’(gsz’(;;ii’égzl) < FJ— CI;L (¢1C1’é1627¢f37¢1c4)'

Thus, S| is chosen as the best nursing home.
In summary, based on the advantage of interval-valued functions, the above computational results
are ranked the same under each 7 -cut set with 7 € [0, 1] . This shows the reliability and rationality

of the FJ —CI . based on interval-valued functions.

5.2. Sensitivity Analysis

To better explain the advantages of the proposed technique, it performs the following sensitivity
analysis. The ranking results of nursing homes S, , S, and S, with potential under different parameters
A are shown in Table 1 and Figure 7 below.

Table 1. Ranking of S1’ 52 and 53 under different parameters \

A Ranking
0 S >8,>8,
0.25 S >5, >,
0.5 S, >8,>56,
0.75 S5 >5,>8,
1 S >8,>56,
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Figure 7. Ranking of nursing homes .S , S, and S, with qualifications under different parameters \

S;—e—S, Sy

1 /\/T‘\/.// 0.25
\ vl
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From Table 1 and Figure 7, it can be obtained that the most optimal nursing home S, is constant,
which clarifies the reliability of the proposed method. However, as the parameter A changes, the
ranking results of S, and S, are transformed when the parameter A is varied from 0 to 1. In
particular, when the parameter A is equal to 1, FJ — CI# is degenerated to F — CIN. The
corresponding ranking results of alternative nursing home under the ' — CI . is 5, > 8, > 5,.When
the parameter A isequalto 0, F'.J —CI . is degenerated to F'R — CI L The corresponding ranking
results of alternative nursing home under the FR — C’Iﬂ is § > 5, > S, . It can be seen that the
ranking results of F' — CI p and FR—CI , are different. In summary, this not only shows the advantage

of FJ —CI , but also clarifies the flexibility of the proposed technique.

5.3. Comparative Analysis

In order to better show the effectiveness and reliability of this paper, this paper makes the following
comparative analysis with the existing references, as shown in Table 2.

Table 2. Comparative analysis with the existing references

References Preference Whether to Retain | Relationships Among Attributes
Expression the Original Opinion Decision Makers Interaction
Wang et al. (2018) Fuzzy number No No Local interaction
Teng et al. (2021) Probabilistic linguistic No No Local interaction
Meng et al. (2021) Exact number Yes No Global interaction
The proposed Method Fuzzy number Yes Yes Global interaction
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Although fuzzy numbers (Wang et al. 2018) or probabilistic language (Teng et al. 2021) are used
to express their opinions, they do not retain the original opinions of experts in the process of opinion
aggregation, and decision makers do not communicate with each other. These proposed methods of
Choquet integral integration are merely local interactions between attributes.

In order to deal with the problem of local interaction between attributes, Meng et al. (2021)
proposed bidirectional Choquet integral. However, they only use exact numbers to express their
opinions, and do not reflect the interaction between decision makers. The interval-valued function
can not only express their own opinions well, but also guarantee the original opinions of decision
makers. Inspired by these, the fuzzy joint Choquet integral based MAGDM under interval-valued
function proposed in this paper not only reflects the interactive relationship between decision makers
to retain the original opinions of decision makers, but also reflects the global interaction between
attributes. Therefore, the method proposed in this paper has certain advantages compared with the
traditional references.

6. CONCLUSION AND FUTURE WORKS

Anew FJ—CI ., based MAGDM approach under interval-valued function is put forward and then

this proposed method is applied to the selection of nursing homes, which it mainly includes the
following three contributions:

(1) The FJ—-CI . based on an interval-valued function is proposed. First, the fuzzy numbers with
interval-valued functions are applied through decision makers to depict their preferences in
complex and uncertain environments. And then, the F — CIN and the FR — CIN based on

interval-valued functions are put forward, respectively. And the F'J — CI } based on an interval-
valued function is designed, which is composed of the linear convex combination of the F' — CI p

and the FR — CI . with interval-valued functions. This not only reflects the interaction between

multiple evaluation attributes, but also retains the initial preference of the decision maker.

(2) The new fuzzy MAGDM approach is presented. First, the Shapley value with FMs is applied to
assign the each decision maker’s weight, which illustrates the global interaction relationships
among decision makers to ensure fairness of decision makers. Moreover, the fuzzy group
preference matrix is acquired through fusing the fuzzy preference matrices of all decision
makers.

(3) The proposed technique is applied to the nursing home selection by family members, and the final
results not only reflect the global interaction between members, but also clarify that there is a
certain positive correlation between different evaluation attributes of nursing homes. Therefore,
the proposed technique is effective and reliable.

This article also has some limitations. Since decision makers have different knowledge levels,
ages and identities, these decision makers have certain differences. Therefore, in the future, the
technology proposed in this paper will be integrated into the group consensus model (Liu et
al.,2019; Lu et al.,2021; Cao et al.,2021) to explore the impact of multiple attributes interaction
on consensus results. In addition, the techniques presented in this paper can also be applied to
other fields (Yu, 2024; Tang, 2023, Wang & Chen, 2023; Guo & Zheng,2023). such as network
security (Yu, 2024).

18



International Journal of Fuzzy System Applications
Volume 13 « Issue 1

REFERENCES

Byiikozkan, G., Gocer, F., & Uztiirk, D. (2021). A novel Pythagorean fuzzy set integrated Choquet integral
approach for vertical farming technology assessment. Computers & Industrial Engineering, 158, 107384.
doi:10.1016/j.cie.2021.107384

Cao, M. S., Liu, Y. J., Gai, T. T., Zhou, M., Fujita, H., & Wu, J. (2022). A comprehensive star rating approach
for cruise ships based on interactive group decision making with personalized individual semantics. Journal of
Marine Science and Engineering, 10(5), 638. doi:10.3390/jmse10050638

Cao, M. S., Wu, J., Chiclana, F., & Herrera-Viedma, E. (2021). A bidirectional feedback mechanism for
balancing group consensus and individual harmony in group decision making. Information Fusion, 76, 133—144.
doi:10.1016/j.inffus.2021.05.012

Chao, X. R., Kou, G., Peng, Y., Herrera-Viedma, Y., & Herrera, F. (2021). An efficient consensus reaching
framework for large-scale social network group decision making and its application in urban resettlement.
Information Sciences, 575, 499-527. doi:10.1016/j.ins.2021.06.047

Chen, Z. H., Ming, X. G., Zhou, T. T., & Chang, Y. (2020). Sustainable supplier selection for smart supply chain
considering internal and external uncertainty: An integrated rough-fuzzy approach. Applied Soft Computing,
87, 106004. doi:10.1016/j.as0c.2019.106004

Choquet, G. (1953). Theory of capacities. Annales de I’Institut Fourier, 54, 113—153.

Diamond, P., & Kloeden, P. (1999). Metric spaces of fuzzy sets. Fuzzy Sets and Systems, 100, 63-71. doi:10.1016/
S0165-0114(99)80007-4

Dubois, D., & Prade, H. (1980). Fuzzy sets and systems-theory and application. Academic Press.

Fei, W, Li,D. F,, & Ye, Y. F. (2018). An approach to computing interval-valued discounted Shapley values for
a class of cooperative games under interval data. International Journal of General Systems, 47(8), 794-808.
DOI: .2018.152390310.1080/03081079

Fu, Q., Song, Y. F,, Fan, C. L., Lei, L., & Wang, X. D. (2020). Evidential model for intuitionistic fuzzy multi-
attribute group decision making. Soft Computing, 24(10), 7615-7635. doi:10.1007/s00500-019-04389-2

Guo, Y. N., & Zheng, Y. J. (2023). Configuration Pathways to Enhance Green Total Factor Productivity: A
Fuzzy Set Qualitative Comparative Analysis. International Journal of Fuzzy System Applications, 12(1), 16.
doi:10.4018/1JFSA.326798

Hendiani, S., Liao, H. C., Ren, R. X., & Lev, B. (2020). A likelihood-based multi criteria sustainable supplier
selection approach with complex preference information. Information Sciences, 536, 135-155. doi:10.1016/j.
ins.2020.05.065

Ju, Y. B, Liang, Y. Y., Luis, M., Wang, A., Chien, C.-F., Dong, P., & Santibanez Gonzalez, E. D. R. (2020). A
new approach for heterogeneous linguistic failure mode and effect analysis with incomplete weight information.
Computers & Industrial Engineering, 148, 106659. doi:10.1016/j.cie.2020.106659

Li, D. F. (2007). Compromise ratio method for fuzzy multi-attribute group decision making. Applied Soft
Computing, 7(3), 807-817. doi:10.1016/j.as0c.2006.02.003

Li, D. F, Ye, Y. F. (2018). A simplified method for computing interval-valued equal surplus division values of
interval-valued cooperative games. International Journal for Uncertainty Quantification, 8(6), 527-542. DOLI:
201802171410.1615/Int.J. UncertaintyQuantification.

Li, D. F, Ye, Y. F,, & Fei, W. (2020). Extension of generalized solidarity values to interval-valued cooperative
games. Journal of Industrial and Management Optimization, 16(2), 919-931. doi:10.3934/jimo0.2018185

Li, H., Wang, W,, Fan, L., Li, Q. Z., & Chen, X. Z. (2020). A novel hybrid MCDM model for machine tool
selection using fuzzy DEMATEL, entropy weighting and later defuzzification VIKOR. Applied Soft Computing,
91, 106207. DOIL: .2020.10620710.1016/j.asoc

Li, L., Liu, S. Y., & Zhang, J. K. (2015). On fuzzy generalized convex mappings and optimality conditions for
fuzzy weakly univex mappings. Fuzzy Sets and Systems, 280, 107-132. doi:10.1016/].fs5.2015.02.007

19


http://dx.doi.org/10.1016/j.cie.2021.107384
http://dx.doi.org/10.3390/jmse10050638
http://dx.doi.org/10.1016/j.inffus.2021.05.012
http://dx.doi.org/10.1016/j.ins.2021.06.047
http://dx.doi.org/10.1016/j.asoc.2019.106004
http://dx.doi.org/10.1016/S0165-0114(99)80007-4
http://dx.doi.org/10.1016/S0165-0114(99)80007-4
http://dx.doi.org/10.1007/s00500-019-04389-2
http://dx.doi.org/10.4018/IJFSA.326798
http://dx.doi.org/10.1016/j.ins.2020.05.065
http://dx.doi.org/10.1016/j.ins.2020.05.065
http://dx.doi.org/10.1016/j.cie.2020.106659
http://dx.doi.org/10.1016/j.asoc.2006.02.003
http://dx.doi.org/10.3934/jimo.2018185
http://dx.doi.org/10.1016/j.fss.2015.02.007

International Journal of Fuzzy System Applications
Volume 13 - Issue 1

Liu, X., Xu, Y. J., Montes, R., & Herrera, F. (2019). Social network group decision making: Managing self-
confidence-based consensus models with the dynamic importance degree of experts and trust-based feedback
mechanism. Information Sciences, 505, 215-232. doi:10.1016/j.ins.2019.07.050

Liu, Y., Eckert, C., Bris, G. Y., & Petit, G. (2019). A fuzzy decision tool to evaluate the sustainable performance
of suppliers in an agrifood value chain. Computers & Industrial Engineering, 127, 196-212. doi:10.1016/j.
cie.2018.12.022

Lu, Y. L., Xu, Y.J., Herrera-Viedma, E., & Han, Y. (2021). Consensus of large-scale group decision making in
social network: The minimum cost model based on robust optimization. Information Sciences, 547, 910-930.
doi:10.1016/5.ins.2020.08.022 PMID:32904482

Ma, X.J., Gong, Z. W., Wei, G., & Herrera-Viedma, E. (2022). A new consensus model based on trust interactive
weights for intuitionistic group decision making in social networks. IEEE Transactions on Cybernetics, 52(12),
13106-13119. DOI: .2021.310084910. 1109/TCYB

Marichal, J. L., & Roubens, M. (2000). Determination of weights of interacting criteria from a reference set.
European Journal of Operational Research, 124(3), 641-650. doi:10.1016/S0377-2217(99)00182-4

Meng, F. Y., Chen, S. M., & Tang, J. (2021). Multicriteria decision making based on bi-direction Choquet
integrals. Information Sciences, 555, 339-356. DOI: .2020.10.05510.1016/j.ins

Nan, J. X., & Li, D. F. (2014). Linear programming technique for solving interval-valued constraint matrix
games. Journal of Industrial and Management Optimization, 10(4), 1059-1070. doi:10.3934/jim0.2014.10.1059

Qiu, D. (2021). The generalized Hukuhara differentiability of interval-valued function is not fully equivalent to
the one-sided differentiability of its endpoint functions. Fuzzy Sets and Systems, 419, 158—168. doi:10.1016/].
fss.2020.07.012

Qiu, D., & Yu, Y. (2023). Some notes on the switching points for the generalized Hukuhara differentiability of
interval-valued functions. Fuzzy Sets and Systems, 453, 115-129. doi:10.1016/].fss.2022.04.004

Shapley, L. S. (1953). A Value for n-Person Game. Princeton University Press.

She, L. L., Han, S. L., & Liu, X. W. (2021). Application of quantum-like Bayesian network and belief entropy
for interference effect in multi-attribute decision making problem. Computers and Industrial Engineering, 157,
107307. DOI: .10730710.1016/j.cie.2021

Syau, Y. R., & Stanley Lee, E. (2006a). Fuzzy Weirstrass theorem and convex fuzzy mappings. Computers
& Mathematics with Applications (Oxford, England), 51(12), 1741-1750. doi:10.1016/j.camwa.2006.02.005

Syau, Y. R., & Stanley Lee, E. (2006b). Preinvexity and Fl-convexity of fuzzy mappings through a linear
ordering. Computers & Mathematics with Applications (Oxford, England), 51(3-4), 405-418. doi:10.1016/j.
camwa.2005.10.010

Tang, L. (2023). A Two-Tuple Linguistic Model for the Smart Scenic Spots Evaluation. International Journal
of Fuzzy System Applications, 12(1), 20. DOI: .32995910.4018/IJFSA

Teng, F., Du, C. T., Shen, M. J., & Liu, P. D. (2022). A dynamic large-scale multiple attribute group decision-
making method with probabilistic linguistic term sets based on trust relationship and opinion correlation.
Information Sciences, 612, 257-295. doi:10.1016/.ins.2022.07.092

Teng, F., & Liu, P. D. (2021). A large group decision-making method based on a generalized Shapley probabilistic
linguistic Choquet average operator and the TODIM method. Computers and Industrial Engineering, 151,
106971. DOI: .2020.10697110.1016/j.cie

Tong, H. G., Zhu, J. J., & Tan, X. (2022). Two-stage consensus reaching process for matching based on the
cloud model in large-scale sharing platform: A case study in the industrial internet platform. Soft Computing,
26(7), 3469-3488. doi:10.1007/s00500-022-06732-6

Wang, G. X., & Wu, C. X. (2003). Directional derivatives and subdifferential of convex fuzzy mappings and
application in convex fuzzy programming. Fuzzy Sets and Systems, 138(3), 559-591. doi:10.1016/S0165-
0114(02)00440-2

20


http://dx.doi.org/10.1016/j.ins.2019.07.050
http://dx.doi.org/10.1016/j.cie.2018.12.022
http://dx.doi.org/10.1016/j.cie.2018.12.022
http://dx.doi.org/10.1016/j.ins.2020.08.022
http://www.ncbi.nlm.nih.gov/pubmed/32904482
http://dx.doi.org/10.1016/S0377-2217(99)00182-4
http://dx.doi.org/10.3934/jimo.2014.10.1059
http://dx.doi.org/10.1016/j.fss.2020.07.012
http://dx.doi.org/10.1016/j.fss.2020.07.012
http://dx.doi.org/10.1016/j.fss.2022.04.004
http://dx.doi.org/10.1016/j.camwa.2006.02.005
http://dx.doi.org/10.1016/j.camwa.2005.10.010
http://dx.doi.org/10.1016/j.camwa.2005.10.010
http://dx.doi.org/10.1016/j.ins.2022.07.092
http://dx.doi.org/10.1007/s00500-022-06732-6
http://dx.doi.org/10.1016/S0165-0114(02)00440-2
http://dx.doi.org/10.1016/S0165-0114(02)00440-2

International Journal of Fuzzy System Applications
Volume 13 « Issue 1

Wang, W. Z., Liu, X. W., & Qin, Y. (2018). A fuzzy Fine-Kinney-based risk evaluation approach with extended
MULTIMOORA method based on Choquet integral. Computers & Industrial Engineering, 125, 111-123.
doi:10.1016/j.cie.2018.08.019

Wang, Y. E., & Chen, X. G. (2023). An Improved TOPSIS Method Based on a New Distance Measure and Its
Application to the House Selection Problem. International Journal of Fuzzy System Applications, 12(1), 19.
doi:10.4018/1JFSA.328529

Xu, X. H., Zhang, Q. H., & Chen, X. H. (2020). Consensus-based non-cooperative behaviors management in
large-group emergency decision-making considering experts’ trust relations and preference risks. Knowledge-
Based Systems, 190, 105108. doi:10.1016/j.knosys.2019.105108

Xu,Z.,Qin, J. D., Liu, J., & Martinez, L. (2019). Sustainable supplier selection based on AHPSort II in interval
type-2 fuzzy environment. Information Sciences, 483, 273-293. doi:10.1016/j.ins.2019.01.013

Yu, G. F. (2024). A multi-objective decision method for the network security situation grade assessment under
multi-source information. Information Fusion, 102, 102066. doi:10.1016/j.inffus.2023.102066

Zadeh, L. A. (1965). Fuzzy sets. Information and Control, 8(3), 338-353. d0i:10.1016/S0019-9958(65)90241-X

Zhang, Z., Gao, Y. A., & Li, Z. L. (2020). Consensus reaching for social network group decision making
by considering leadership and bounded confidence. Knowledge-Based Systems, 204, 106240. doi:10.1016/].
knosys.2020.106240

Zheng, Q. H., Liu, X. W., Wang, W. Z., Wu, Q., Deveci, M., & Pamucar, D. (2023). The integrated prospect
theory with consensus model for risk analysis of human error factors in the clinical use of medical devices.
Expert Systems with Applications, 217, 119507. doi:10.1016/j.eswa.2023.119507

21


http://dx.doi.org/10.1016/j.cie.2018.08.019
http://dx.doi.org/10.4018/IJFSA.328529
http://dx.doi.org/10.1016/j.knosys.2019.105108
http://dx.doi.org/10.1016/j.ins.2019.01.013
http://dx.doi.org/10.1016/j.inffus.2023.102066
http://dx.doi.org/10.1016/S0019-9958(65)90241-X
http://dx.doi.org/10.1016/j.knosys.2020.106240
http://dx.doi.org/10.1016/j.knosys.2020.106240
http://dx.doi.org/10.1016/j.eswa.2023.119507

