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ENGINEERING MANAGEMENT THEORIES AND METHODOLOGIES

Xi-hua Li, Xiao-hong Chen

Trapezoidal Intuitionistic Fuzzy Aggregation Operator Based
on Choquet Integral and Its Application to Multi-Criteria

Decision-Making Problems

Abstract The Choquet integral can serve as a useful tool
to aggregate interacting criteria in an uncertain environ-
ment. In this paper, a trapezoidal intuitionistic fuzzy
aggregation operator based on the Choquet integral is
proposed for multi-criteria decision-making problems. The
decision information takes the form of trapezoidal
intuitionistic fuzzy numbers and both the importance and
the interaction information among decision-making criteria
are considered. On the basis of the introduction of
trapezoidal intuitionistic fuzzy numbers, its operational
laws and expected value are defined. A trapezoidal
intuitionistic fuzzy aggregation operator based on the
Choquet integral is then defined and some of its properties
are investigated. A new multi-criteria decision-making
method based on a trapezoidal intuitionistic fuzzy Choquet
integral operator is proposed. Finally, an illustrative
example is used to show the feasibility and availability of
the proposed method.

Keywords: multi-criteria decision making, trapezoidal
intuitionistic fuzzy numbers, Choquet integral, fuzzy
measure, aggregation operator

1 Introduction

In the real decision-making problems, information avail-
able to decision-makers is often vague and imprecise. It is,
thus, necessary to study fuzzy multi-criteria decision-
making problems with an intuitionistic fuzzy setting. The
Intuitionistic Fuzzy Set (IFS) theory, which was first
introduced by Atanassov (1986), provides us with a
powerful tool to tackle uncertain and vague information
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in real applications by allocating each element in
intuitionistic fuzzy sets a membership degree and a non-
membership degree. Since its appearance, it has received
more and more attention. Recently, IFS theory has widely
been applied to multi-criteria decision-making problems.
For example, Chen and Tan (1994), Hong and Choi (2000),
Li (2005), Xu and Yager (2006, 2008), Liu and Wang
(2007), Xu (2007), Li, Wang, Liu, and Shan (2008), Wei
(2009), Ye (2009, 2010), Wu and Zhang (2011) presented
some new methods for handling multi-criteria decision-
making problems based on intuitionistic fuzzy sets.
However, the intuitionistic fuzzy set can only express the
extent to which a criterion does or does not belong to a
fuzzy concept “Excellence” or “Good” and IFS only use
discrete domains. Fuzzy numbers are a special case of
fuzzy sets and are of importance for fuzzy multi-attribute
decision-making problems (Abbasbandy & Hajjari, 2009;
Asady & Zendehnam, 2007; Dubois & Prade, 1980;
Vencheh & Allame, 2010). Nehi and Maleki (2005)
introduced the intuitionistic trapezoidal fuzzy numbers as
the extension of intuitionistic triangular fuzzy numbers and
proved some operation for them. The triangular intuitio-
nistic fuzzy numbers and trapezoidal intuitionistic fuzzy
numbers are the extension of intuitionistic fuzzy sets in
another way, which extends discrete set to continuous set,
and they are the extending of fuzzy numbers (Wang &
Zhang, 2009; Ye, 2011).

Furthermore, all above mentioned studies only consider
the situations that all of the elements in intuitionistic fuzzy
sets are independent. However, for real decision-making
problems, there always exist interactive characteristics
among the elements in an uncertain situation. The Choquet
integral is recognized as a useful tool to aggregate
interacting criteria under uncertainty (Choquet, 1954).
The aggregation based on the Choquet integral can deal
with the decision information that may be correlative with
each other. So, it is necessary to use the Choquet integral to
overcome the limitation of independence assumption
among criteria in multi-criteria decision making. Xu
(2010) and Tan and Chen (2010) have paid attention to
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the advantage of using the Choquet integral in real
applications, and proposed some intuitionistic fuzzy
Choquet integral operators using intuitionistic fuzzy sets.

Motivated by the advantages of intuitionistic trapezoidal
fuzzy numbers and the Choquet integral in multi-criteria
decision making, in this paper we propose a trapezoidal
intuitionistic fuzzy aggregation operator based on the
Choquet integral for multi-criteria decision-making pro-
blems. The decision information takes the form of
trapezoidal intuitionistic fuzzy numbers and both the
importance and interaction information among decision
making criteria are considered.

This paper is organized as follows. In section 2, we
define the trapezoidal intuitionistic fuzzy numbers and
introduce some operational laws on trapezoidal intuitio-
nistic fuzzy numbers. In section 3, based on a review of the
Choquet integral, a trapezoidal intuitionistic fuzzy aggre-
gation operator based on the Choquet integral is defined
and some of its properties are investigated. In section 4, a
kind of multi-criteria decision making method based on
trapezoidal intuitionistic fuzzy Choquet integral operator is
proposed. In section 5, an illustrative example shows the
feasibility and availability of the proposed method. Finally,
some concluding remarks are drawn in Section 6.

2 Trapezoidal intuitionistic fuzzy numbers

In this section, we briefly review some definitions related to
intuitionistic fuzzy sets, trapezoidal intuitionistic fuzzy
numbers, then the expected values and some operational
laws of trapezoidal intuitionistic fuzzy numbers are
defined.

Definition 1. Let X be a universe of discourse. Then an
intuitionistic fuzzy set 4 in X is given by [1]

A= {(Xopa (). va(x) e € X)} (1)
where 114(x): X — [0,1], v4(x): X — [0,1] with the condition

@)

The numbers u,(x) and v,(x) denote the degree of
membership and non-membership of the element x to the
set 4, respectively. In addition, the degree of hesitancy of x
can be computed as follows:

0<py(x) +vy(x)<1, forallx € X.

4 (x) = 1= py(x)—vy(x) forall x € X 3)

Obviously, if 74(x)=0, then intuitionistic fuzzy set
reduces to a fuzzy set.

A trapezoidal intuitionistic fuzzy number is a special
intuitionistic fuzzy set. According to the studies of Nehi
and Maleki (2005) and Wang and Zhang (2009), we
introduce the definition of a trapezoidal intuitionistic fuzzy
number as follows.

Definition 2. A trapezoidal intuitionistic fuzzy number a
with parameters b <a;<b,<ar,<a3<b3<ay<bhy is
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denoted as d= {(a,a2,a3,a4),(b1,b2,b3,b4); pzva) on a
real number set R, and its membership is defined as
follows:

]%L(x)’ a1<x<a2
a S X Sa;

FR), as<x < ay @
0, otherwise

whereas its non-membership function is defined as follows:
hE(x), by < x<b,

Va by S x < by

hR(x), by<x < by

1, otherwise

®)

va(x) =

L R L R :
where /7 (x), f7(x), h7(x), hz(x) are the left and the right
basis functions of the membership function and non-
membership function, respectively, and

X—da

fi) ="y fa (x) =

a)—a, a,—aj

ag—X

Ha

by—x+vi(x—by)
hl: — 2 a
a(x) bsz]

—by +v;(by—x)
HR _ X7 b3 T Valby
a(x> b4*b3

O<,ud< 1, 0<V§< 1, Ua +V¢3< 1.

We call 7;=1—pu;—v; the degree of hesitancy of a
trapezoidal intuitionistic fuzzy number a. Obviously, if b,=
b3 (hence a,=a3) in a trapezoidal intuitionistic fuzzy
number &, then d reduces to a triangular intuitionistic fuzzy
number.

A useful tool to deal with fuzzy numbers is the a-cuts.
Similarly, Nehi and Maleki (2005) and Ye (2011) proposed
a-cuts in the case of a intuitionistic fuzzy number.
Motivated by these studies, we propose a-cuts in the case
of trapezoidal intuitionistic fuzzy numbers.

Definition 3. Let d be a trapezoidal intuitionistic fuzzy
number. The corresponding a-cuts, i.e., (@*), and (@), are,
respectively, defined as

(@), = {x € Ripalx)>a)

(6)

(@ ) = {x € R[I-vs(x)=a} ™)

In view of the definition, each a-cut is a closed interval.
Hence, we have (a"),=[d}f (a), df7 ()] and (a),=[ad; (@),
dy (a)], where

aj (a) = inf(x € Rlp(x)>a) ®)
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aj (@) = sup(x € Rlug(x)>a) ©)
ay (a) = inf(x € R|1-v;(x)=a) (10)
ay(a) =sup(x € R|1—-vz(x)=a) (11)

Another important concept is the expected value of a
trapezoidal intuitionistic fuzzy number, which is defined as
follows:

Definition 4. Let a be a trapezoidal intuitionistic fuzzy
number in the set of real numbers R. Then, the expected
value EV( ) of d is the center of the expected interval of a,
which is defined by

EV(a) = [EV«(a) + EV(a)]/2 (12)

where [EV«(d), EV'(d)] is the expected interval,
g 1-v;

(f/o af (o)da + Jo ap (a)da)

EVi(a) =

5 , and EVi(a)
_ (fgﬁﬁfj(a)da + féiva&(}(a)da)

2
Theorem 1 Let d = <(a1,a2’a35a4)’(b1:b25b3,b4); /u[i’ vd>
be a trapezoidal intuitionistic fuzzy number in the set of
real numbers R. Thus, its expected value is obtained by

EV(a) =

[na(ar +ay +as + ag) + (1-v5)(by + by + by + b4)]/8
(13)

Especially, if u;=1 (hence v;=0 and (ay,a,,a3,a4)=(b1,
b27b35b4)’ then

EV(a) = (a) +a, + a3 +ay) /4 (14)

Thus, the above equation reduces to the expected value
of a trapezoidal fuzzy number.

To compare two trapezoidal intuitionistic fuzzy num-
bers, Wang and Zhang (2009) proposed score function and
accuracy function of two trapezoidal intuitionistic fuzzy
numbers.

Definition 5. Let &; and d, be two trapezoidal
intuitionistic fuzzy numbers, S( @)= EV( d\)x (g, —Va,)
and S(d»)= EV(d,) X (uz,—va,) be the score functions of @,
and @, respectively. Let H(d,)= EV(a,)x (ua+ va) and H
(a2)= EV(@2) X (1a,+ va,)be the accuracy functions of @, and
ad,, respectively, then

If S((jl) > S(dz), then dl > (32,

If S(a,)= S(a,), then

(1) IfH(dl) > H(dz), then dl >52;

(2) If H(a,)= H(a,) then d@,= a,.

Definition 6. Let d, and d, be two trapezoidal
intuitionistic fuzzy numbers

a = <(allaa12aa13>a14)>(bl1:b12ab139b14);/~5&] ,Va1>

a = <(021,022,6123,“24),(1721’bzzabz3,bz4);ﬂazava2>
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then we have

a; ® ay = (a1 +ay1, aip +ay, a3 + axy, ai
+ax)), (b1 + by, by + by, by3
+ ba3, biy + bo); pa,

+ Ha, — Ma, Ma,»Va, Va,» (15)

Aray = <(/1a11,16112,1013,16114%(/%11,/11712,117137%14);

1= (1 pg, ) V2 )2 > 0. (16)

Proposition 1. Let a; and d, be two trapezoidal
intuitionistic fuzzy numbers, and d;=ad,9d,, ds-Ad,
where A is a positive real number; then both d@; and d,
are also trapezoidal intuitionistic fuzzy numbers.

Proposition 2. Let a; and d, be two trapezoidal
intuitionistic fuzzy numbers and A; and A, are positive
real numbers, one then obtains

&1@&2 :&2@&1
Aay @ hay = (4 + A)a,

May ® MNay = A (a, + ay)

According to the operational laws of Definition 3, Wang
and Zhang (2009) extended the weighted averaging
operator to trapezoidal intuitionistic fuzzy numbers, and
proposed the trapezoidal intuitionistic fuzzy weighted
averaging operator, which is defined as follows:

Definition 7. Let a;(i=1,2,...,n) be a collection of
trapezoidal intuitionistic fuzzy numbers, and w=(wy,
Wh,...,w,)" be the weight vector of d;, we then define the
trapezoidal intuitionistic fuzzy weighted averaging opera-
tor (TIFWA) as

TIFWA(le,Elz,...,Zln) :ngll S5 szlz D...D anln (17)

Motivated by the order weighted averaging operator
(OWA) proposed by Yager (1988), we extended the OWA
operator to trapezoidal intuitionistic fuzzy numbers and
propose a trapezoidal intuitionistic fuzzy order weighted
averaging operator(TIFOWA), which is defined as follows:

Definition 8. Let a;(i=1,2,...,n) be a collection of
trapezoidal intuitionistic fuzzy numbers, and w=(wy,
Wa,...,w,)" be the weight vector associated with the
TIFOWA, and then TIFOWA can be computed by the
following expression:

TIFWA(ZII,EIZ,...,ZI") :WIZZ(I) S5 szl(2> b..oP anl(n)

(18)

where (i) indicates a permutation on X such that
a~(1)<&(2)<...<d(n).
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3 Trapezoidal intuitionistic fuzzy Choquet
integral operator

3.1 Fuzzy measure and the Choquet integral

The philosophy of the Choquet integral was first introduced
in capacity theory and used as a (fuzzy) integral with
respect to a fuzzy measure proposed by Hohle (1982) and
then rediscovered later by Murofushi and Sugeno (1989,
1991). The Choquet integral is defined to integrate
functions with respect to the fuzzy measures (Murofushi
& Sugeno, 1989).

As for the multi-criteria decision-making problems, in
the Choquet integral model with criteria dependent, a fuzzy
measure for criteria is used to define a weight on each
combination of classifiers, thus making it possible to model
the interaction among criteria. Fuzzy measure was first
introduced by Sugeno (1974), which makes a monotonicity
instead of additive property. The definitions of fuzzy
measures and the Choquet integral are as follows
(Murofushi & Sugeno, 1989).

Definition 9. Let X be a finite set, and P(X) be the power
set of X. A fuzzy measure on Xis a set function y: P(X) —
[0,1] if the following conditions hold:

(1) w(p)=0, y(X)=1 (boundary conditions);

(2) If 4,BeP(X) and 4 C B then u(4)<u(B) (mono-
tonicity).

w(C) in Definition 9 can be viewed as a measure on the
grade of subjective importance of decision criteria set C. In
addition to the usual weights on criteria taken separately,
weights on any combination of criteria are also defined, as
follows.

Definition 10. Let y be a fuzzy measure on X. The
Choquet integral of function f; X — R with respect to u is
defined as

€)= S folwldg) - vldan)] (19

n
i=1

Zfib(i)3azfib(i)4)
i=1 i=1

where (i) indicates a permutation on X such that
(j(]) < d(z) <...< d(,,) and T,:l//(A([)) - W(A([+ 1)).
Proof. The first result can be easily proved by Definition

TIFC(a,,....a,)

(Zfia(i) 1 azfia(i)zazfia(i)s azfia(m)’(zfib(i) 1 azfib(i)za
i=1
;1 *ll[(l
i=1

Tiagy = ((T1an)T1a0)2:T18(1)3:T18(134)>(T16 1y 1,11 512,11 513,715 (1)4) 31 = (1*%“))

Tdp) = ((rza(z)l,r2a<2)2,rza(2>3,rza(2)4),(rlb(1)1,rlb(1>2,rlb(1)3,11b(1)4);1— (1 —Ma(2)>
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where (i) indicates a permutation on X such that
f(l)Sf(z)SSf(,,) holds. In addition, A(i):{X(i),...,X(n)},
Ay =9

Since the Choquet integral model does not need to
assume independency of one criterion from another, it can
be used in nonlinear situations. The fuzzy integral of f with
respect to y gives the overall evaluation of an alternative.
When the criteria are independent, the fuzzy measure is
additive, and the Choquet integral coincides with the
weighted arithmetic average method. That is,

¢, =3 ) 0)
i=1

3.2 Trapezoidal intuitionistic fuzzy Choquet integral opera-
tor

Based on Definition 10, we use the Choquet integral to
develop a novel operator on trapezoidal intuitionistic fuzzy
numbers as follows:

Definition 11. Let w be a fuzzy measure on X, and let
a;(i=1,2,...,n) be a collection of trapezoidal intuitionistic
fuzzy numbers on X. The Choquet integral of 4; with
respect to y is then defined as

TIFC(ay,...,d,) =

1

21

T =

am () —w( A

where (i) indicates a permutation on X such that
(j(]) <d(2) <. <d(,,). In addition, A([): {X(i),...,X(,,)} ,
Ay 1)=¢ is satisfied.

Theorem 2. Let G= {(a1,ai2,a13,a14)(bi1,b:2,b:3,b1a); Ha
Vﬁ,) (i=1,2,...,n) be a collection of trapezoidal intuitionis-
tic fuzzy numbers on X and y be a fuzzy measure on X.
Thus, the value by using TIFC operator in Eq. (21) is also a
trapezoidal intuitionistic fuzzy numbers, and it can be
transformed into the following form by induction on #:

n

i=1 i=1 i=1 i=1

(22)

n

- lu’?l(,-) )Ti 3H(V&(i) )7i

i=

11 and Proposition 1. Now we prove Eq. (22) by using
mathematical induction on 7.
For n=2, according to the Definition 6, we have

T 7 >
Va,

‘L'z Tz >
Va,)
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Because the following relationship holds
El] @ az -
+ Ha, = Ha, Ha,-Va, Va,)

we have

2
E T4
=

1 1=1

2
Zrlb

i=1 i

TIFC(&],az) = lerl @ 5127:2 =

That is, for n=2, Eq. (22) holds.

Zz’ ag
Zfib(i)s
i=1

Then, for n=Fk+ 1, by Definition 6, we have

Zra

TIFC (al,...,ak) -

Tiy1d(it)

k
Zfia(m
i=1
k
,Zfz’b(z’)4)§1 - 1_!(1
i=1 i=
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(a1 + azp,a1n + axya13 + ar3,a14 + a24),(b11 + bay,bia + byp,bis + bo3,big + bos)ipia,

2 2 2 2
,Zfia(i)a,Zfia(i)4),(zfib(i)1 ,Zfib(z)z
i=1 i=1 i=1 i=1

2 n

2
D uba)il =10 —pa )" ] 10va, )"

i=1 i=1

Assuming that for n =k, Eq. (20) holds, i.e.,

k k k
azfia(i)4)v(zfib(i)1 azfz’b(z’)b
i=1 i=1

i=1

k
pa )L T(va

i=1

= (T 1 At 1) U Th1 Q1125 Tk 1 D 4135 Tk 418 01)4) (T 1 D k1) 15Tk 1 Dt 12Tk 1D 1135 Tk 1 D118

Th+1 Tl
1= (1 _'LL‘}(HI)) ’vﬁ<k+1)>

According to Definition 11 and Definition 6, we have

TIFC(ay,....a541) =

k41

Io-

k+1 k+1

i=1
k+1 k+1

Zfz‘b(msz
i=1 i=1
This means that for n=k+ 1, Eq. (22) holds. Therefore,
for all n, Eq. (22) always holds.
In the following, we consider some special cases of TIFC
operator.
Proposition 3. Let all elements a; (i=
TIFC operator be independent, thus

k+1

1,2,...,n) in the

wlag) = w(dm) —wdi) (23)
In this case, the TIFC operator reduces to the trapezoidal
intuitionistic fuzzy weighted averaging operator (TIFWA),
ie.,
TIFWA(a,,a,,...

Ja,) =y(ay)a; © y(ay)a, @ ...

@ y(a,)ay 24

k+1

(Zfia(i) 1 eZTia(i)ZezTia(iB ’ZTia(iM)s (Zfz‘b(z’) 1 ,Zfib(i)b
i=1 i=1 i=1

a;t) D Apy ) Thy 1

k+1 k+1

i=1 i=1
k+1

);1— Hlfua ,ljm

Proposition 4. Let @; (i=
TIFC operator. If

1,2,...,n) be the element in the

||
= w;forall BC {a,...a,} (25)
i~
where |B| is the cardinal number of B, then
w; = (V’(A(i))*‘//(A(iH)) (26)

n
where w;=0, i=1,....n and Za)i = 1. In this case, the
i=1
TIFC operator reduces to the trapezoidal intuitionistic
fuzzy ordered weighted averaging operator (TIFOWA),
ie.,
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TIFOWA(a,, as,..., a,) intuitionistic fuzzy numbers on X and y be a fuzzy measure

on X. If the values of all d; are identical, i.e., d=d= {(ay,

=wian) ®ap) ® ... ®o,ay (27)  ay,a3,a4),(b1,b2,b3,b4); 1z, va) , then the Value aggregated

where (i) indicates a permutation on X such that by using TIFC Opel{??é (12 fs fogo)w i a (28)
ag < agp) <..< A(n)-

Proposition 5. Let = {(a1,a1,a:3,@:4),(bi1,b2,b:3,bis); Proof. According to Theorem 2, ifa=a (i=1,2,...,n), we

Uas vd) (i=1,2,...,n) be a collection of trapezoidal then have

n n n n n n
( E T,dy, E T,dp, E 7,d3, E Tia4)’ ( E Tiblﬂ E Tib29
i=1 i=1 i=1 i=1 i=1 i=1

TIFC(ay,...,.a,) = z”:p Zn:f‘
(Zfz‘b3,zfz’b4);1*(1*/ﬁa)i:1 (vg) =1

i=1 i=1

Note that

Zn:ﬁ = [p(4q)) —w(d)] + [W(dp) —w(Ade)] + -+ [ (Ap) (A p)]
= w(A)) —wApen) =1

Therefore, one obtains TIFC(4;,..., d,)= d. vﬁ) (i=1,2,...,n) be a collection of trapezoidal intuitionistic
Proposition 6. Let d=(a;1,a2,a13.a:4), (bi1,bi2,bi3,b1a); tta,  fuzzy numbers on X and y be a fuzzy measure on X. Let

a” = ((min(g;1), min(a;), min(aj;), min(a4)),(min(b;; ), min(b;, ), min(b;3 ), min(byy ) ); min(pz, ), max vz, ))
a" = ((max(a; ), max(ay), max(a;), max(as)),(max(by ), max(b; ), max(b;3 ), max (b)) max (psz, ), min(v;, ))
Then we have Proof. It is obvious that & and & are trapezoidal

intuitionistic fuzzy numbers. By Theorem 1, we first
computed the expected value and score function of @, a*,
a” <TIFC((aj,...a,)<a" (29) and TIFC((dj,..., d,) as follows:

1 4 4
EV(a) = 3 lml_in (u;,’,) ZI: ml_in(ai]-) + <1 — max (v;l’,)> Z ml_in(bl-]-)l

1 4 . 4
EV(a') = 3 lmlax(p&[)z;m?x(aij) + <l ~ min (v&[)) Zmax(bl])]

=

4 n

EV(TIFC(Z:l,...,Zzn)):l Kl H (1-41g,) )24: y T (1

i=1 Jj=1 i=

()')

Tz‘bmf]

|

i J

1 i=1

S(@) =EV(a@) x (miin(,ug,l_) - mlax(v;,i)> S(@")=EV(a") x (mgx(uai) - ml.in(va,.)>
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S(TIFC(ay,....a,))

= EV(TIFC(a,...a,))

. (1li[(lu%)ffﬁ(v%)n.)

i=1 i=1

Since 4 ;) 2 A(i11), T=W(A@)-w(Ai 1)) =0 holds. Thus,

we have

n n

=T min(ug)" <1114, )"

i=1 i=1

<1 fﬁ(l - mlax(,ug,l_))f"

=1
and

n n n

17H(max(v&[))f" <1 H(va())r’ <1- H 1- mm(va DK

=1 ! i=1 =1

ie.,
n . "
1= (1 - min(y, )); <I-[](1- fl(n)n
! i=1
n - 7
<1-T](1- max(py )7
i=1 !
and
y Ti n y Ti
1-max(v; ))& <1-|[|(vz. )"<1-min(v;))=
L i=1
Note that

ZT = (w(dp)-y(dp)) + (v(dp) -ydz)) + -
+(w(Aw) —v( )

=y(dn)) —y(Ap) =
Thereby, we have "
mm max( ;,‘)
l:l !
and
lfmax i<1 Hl va( <1 lmin( )

i=1

On the other hand, note that
n

4
a; <Z Tia () S ZZ ,-m?x(a,-j)

Jj=1 i=1 Jj=1 i=1

4

n
E T; l’l’lln
i=1

J=1

n

and
n 4 n 4
g E rmln(b,/ E E ;b ,SE ; max(b;)
j=1 i=1 j=1 i=1 Jj=1 i=1 !
ie.,
4 n 4
Emmy<§ T;a;) SEmax,j
_]:1 i=1 j=1 !
and
4 n 4
E mm(b,, )< g g ibi ,Sg max (b;)
== T

Consequently, we have

EV(a )<EV(TIFC(&,....a,)) <EV(a")

In view of the above, we have

min (j15,) <1-[](1

,M%))Ti < mlaX (“5’1‘)
=1

and

n

1—max (va)<1-|](1- Va, )’f<1—m1n (va)

1:1

Thus

n n
miin (1a,) — max (va) <1 *1—!(1 — Hag )" *H(Vam)n
1= =
< max (p; ) — min (v;)
As a result, we have
EV(a )

X (miin (112,) — max (v;,,,)> <EV(TIFC(ay,....a,))

n

(- T1(1 )" T,

—1 =1

) <EV(@")

() - min () )

this can be further written as
S(a ) <S(TIFC(ay,....a,) <S(a")

According to Definition 5, we have
a <TIFC(ay,...a,) <a'

This implies that Eq. (29) holds. This completes the proof
of the proposition.
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4 Multi-criteria decision making method
based on trapezoidal intuitionistic fuzzy
Choquet integral operator

Multi-criteria decision making is the process of choosing
the best alternative from some feasible alternatives based
on multiple criteria. In each of these decisions, decision
makers have several criteria to consider. Generally, in real
decision-making problems, much information available to
decision makers is vague and imprecise. Trapezoidal
intuitionistic fuzzy numbers can effectively deal with
uncertain and vague information in real applications. In the
following, we fist describe the multi-criteria decision
making problems with trapezoidal intuitionistic fuzzy
setting.

For a multi-criteria decision making problem, let 4 ={a;,
as,...,a,,} be a set of alternatives, C={cy,cs,...,c,,} are n
decision criteria. Assume the preference value of alter-
native a; on the criteria ¢; is a trapezoidal intuitionistic
fl.lZZy number t,‘j: <(a,~j1,a,~j2,a,~j3,a,~j4), (bijl’bijZabij3’bij4); /,t[”,
v,ﬁ) (i=1,2,...m and j=1,2,...,n), thus the characteristic of
alternatives can be expressed by the intuitionistic fuzzy
numbers.

To handle this multi-criteria decision making problems
with trapezoidal intuitionistic fuzzy setting, we propose the
following procedure:

Step 1. With the preference value of alternative a; (i=
1,2,...,m) on the criteria ¢; (j=1,2,...,n) which is described
by a trapezoidal intuitionistic fuzzy number 7 ;= {(a;1,a;2,
a,~j3,a,~j4), (b[jlabz_‘jZ;bij3ab[j4); /ut,/a V[ﬂ_) (l: 1,2,...,]’}’1 and j:
1,2,...,n), the decision matrix D =(t ;;),,x, can be obtained.

Step 2. Standardize decision matrix D. One can obtain
the normalized decision matrix D=(7;),,x, using the
following transformation.

= [ (% @z @ @y ) by b bys Dy -
i = T ot pr oot |0\ o pr pr Tt M Vi
07 67 070 07 67 079

j e Qp (30)
- 0. 0. 67 6 0 0. 67 6
Fij = L’L’L’L) I N >§M?iv:"7,-
a,-j4 aij3 aijz aijl bl]4 blj3 blj2 bljl J v
j € Qc 31D

where 6 = mlax(b,ﬂ),@f = miin(biﬂ), and Qp and Q are

the benefit and cost criteria, respectively.

Step 3. For each alternative a; (i = 1,...,m), according to
Definition 5, by score functions S and accuracy functions
H, rank the normalized preference value 7 ; of alternative
a; (i=1,...,m) on the criteria ¢; (f = 1,2,...,n) such that 7 ;) <
F it 1).

Step 4. Confirm the fuzzy measures on criteria of C.
There are many methods that can be used to obtain fuzzy
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measures, such as linear methods (Marichal & Roubens,
1998), quadratic methods (Grabisch, 1996a, 1996b),
statistics and neural networks methods (Wang, 1995;
Wang, Klir, & Wang, 1998).

Step 5. Aggregate the normalized preference value 7 ; in
the ith line of normalized decision matrix D=(7 #)mxn INLO
an overall normalized preference value da~= {(a;1,an.a:,
ais),(bi1,bi2,bi3,bia); ts, vd) (i=1,2,...,m) by using trape-
zoidal intuitionistic fuzzy Choquet integral operator:

n
TIFC(?iI""jin) = i@l ?10) [W(A(])) B l//(A(/+1))] (32)
where (j) indicates a permutation such that @) <d)<... <
d(n)' In addition, AU):{CU),...,C(,,)}, A(n+ 1):¢.

Step 6. According to Definition 5, compute the score
function S(d;) and accuracy function H(d,), then compare
the overall normalized preference value a; (i=1,2,...,m)
related to alternative a; (i=1,2,...,m). The alternative with
the biggest @; can be considered as the best alternative.

5 lllustrative examples

In this section, we apply the procedure that is proposed in
the previous sections to the multi-criteria decision-making
problem of computer software selection. It is assumed that
a computer center wants to select a new information system
to enhance work efficiency. Now suppose that after
carefully consideration, there are three alternatives {ai,a,,
as} of which core competences can be evaluated by the
following criteria:

(1) costs of software and hardware (c;);

(2) contribution to organizational performance improve-
ment (¢,); and

(3) outsourcing software developer’s reliability (c3).

Step 1. A group of experts are invited to consider these
alternatives {aj,a,,as}. After careful analysis of their
characteristics, the experts give the following decision
matrix D =(7;)3 3.

711 = ((0.5,0.6,0.7,0.8),(0.4,0.6,0.7,0.8);0.7,0.2)
7y = ((0.3,0.4,0.5,0.6),(0.2,0.4,0.5,0.7);0.4,0.3)
73 = ((0.4,0.5,0.6,0.7),(0.3,0.4,0.6,0.8);0.5,0.3)
71, = ((0.6,0.7,0.8,0.9),(0.5,0.7,0.8,0.9);0.8,0.1)
7 = ((0.2,0.3,0.5,0.6),(0.2,0.3,0.5,0.6);0.7,0.1)

73, = ((0.2,0.4,0.5,0.6),(0.1,0.3,0.5,0.6);0.7,0.2)
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715 = ((0.3,0.4,0.5,0.6),(0.3,0.4,0.5,0.7);0.4,0.5)
7y, = ((0.5,0.6,0.7,0.8),(0.4,0.6,0.7,0.8);0.5,0.2)

733 = ((0.6,0.7,0.8,0.9),(0.6,0.7,0.8,0.9);0.7,0.2)

Xi-hua Li, Xiao-hong Chen

Step 2. Among the criteria concerned, ¢; is of cost type,
and ¢; (i=2,3,4) are the benefit criteria. According to Eqs.
(30) and (31), 6; =0.2, and 65 =67 = 0.9, thus, the
normalized decision matrix D=(7 ;)33 can be computed as
follows:

711 = ((0.25,0.2857,0.3333,0.4),(0.25,0.2857,0.3333,0.5);0.7,0.2)

7oy = ((0.3333,0.4,0.5,0.6667),(0.2857,0.4,0.5,0.1);0.4,0.3)

731 = ((0.2857,0.3333,0.4,0.5),(0.25,0.3333,0.5,0.6667);0.5,0.3)

712 = ((0.6667,0.7778,0.8889,1),(0.5556,0.7778,0.8889,1):0.8,0.1)

7or = ((0.2222,0.3333,0.5556,0.6667),(0.2222,0.3333,0.5556,0.6667);0.7,0.1)

F3o = ((0.2222,0.4444,0.5556,0.6667),(0.1111,0.3333,0.5556,0.6667);0.7,0.2)

713 = ((0.3333,0.4444,0.5556,0.6667),(0.3333,0.4444,0.5556,0.7778);0.4,0.5)

3 = ((0.5556,0.6667,0.7778,0.8889),(0.4444,0.6667,0.7778,0.8889);0.5,0.2)

723 = ((0.6667,0.7778,0.8889,1),(0.6667,0.7778,0.88889,1);0.7,0.2)

Step 3. For each alternative a; (i=1,2,3), according to
Definition 5, the normalized preference value 7 is
reordered such that 7;;<7;; 1), as follows:

1y = T3> @) =T "13) = s

201y = 1215 F22) = 7123, I'2(3) = 7225

r3(1) = 731, I'3(2) = 32, I'3(3) = 733

Step 4. Suppose the fuzzy measures on criteria of C as

follows:

l//(C]) = 04, W(C2> = 039 W(C?)) = 03, l//(C] ’02)

= 0.8, w(cy,c3) = 0.6, w(cy,e3) = 0.7, w(c,ce3) = 1.

Step 5. According to Egs. (21) and (22), aggregate the
normalized preference value 7 ; in the ith line of normalized
decision matrix D=(F;),,», into an overall normalized
preference value a= </(ai1aai2:ai37ai4)>(bil>bi25bi3abi4); Has
Vd,-> (7=1,2,3) by using trapezoidal intuitionistic fuzzy
Choquet integral operator:

a; = ((0.7333,0.8847,1.0889,1.2867),(0.7,0.8847,1.0889,1.4778);0.8587,0.0692)

a, = ((0.7889,0.9667,1.2111,1.4892),(0.6364,0.9667,1.2111,1.8222);0.7426,0.0487)
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a; = ((0.6143,0.8778,1.0556,1.2667),(0.5278,0.8,1.1556,1.4334);0.85,0.06)

Step 6. According to Definition 5, compute the score
function S(a;) (i=1,2,3):

S(a;) =0.7198, S(a,) = 0.6696, S(as) = 0.6837.
Then, we can obtain
a, > as > a
Therefore, the order of the alternatives is a;,a3,a,. Hence
the best alternative is a;.

6 Conclusions

As an extension of intuitionistic triangular fuzzy numbers
and intuitionistic fuzzy sets, intuitionistic trapezoidal fuzzy
numbers can express more adequate and flexible informa-
tion and thus have a stronger expression ability to deal with
the uncertain information. Most existing studies usually
consider the situations with independent criteria. However,
for real decision-making problems, there always exist
interactive characteristics among the elements in an
uncertain situation. In this paper, a trapezoidal intuitionistic
fuzzy aggregation operator based on the Choquet integral is
proposed for multi-criteria decision-making problems, in
which the preference values for an alternative are expressed
by trapezoidal intuitionistic fuzzy numbers. The proposed
operator has the ability to deal with interaction information
among decision making criteria. It is shown that the
trapezoidal intuitionistic fuzzy weighted averaging opera-
tor (TIFWA) and the trapezoidal intuitionistic fuzzy
ordered weighted averaging operator (TIFOWA) are
special cases of the operator proposed in this paper. In
addition, two operational laws and the expected value of
the trapezoidal intuitionistic fuzzy number are introduced
and some of properties of the proposed operator are
investigated. An algorithm to tackle the multi-criteria
decision making problems with trapezoidal intuitionistic
fuzzy setting has been presented. For illustration purposes,
the proposed procedure has been applied to a computer
software selection problem.

Although the example has shown the stronger capability
of the trapezoidal intuitionistic fuzzy numbers and some of
their operators to deal with the uncertain information, they
should be further illustrated in some actual fields, such as
pattern recognition and medical diagnosis. We expect some
new operators on trapezoidal intuitionistic fuzzy numbers
to be investigated in future studies.
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