Hindawi Publishing Corporation

Journal of Applied Mathematics

Volume 2014, Article ID 254271, 12 pages
http://dx.doi.org/10.1155/2014/254271

Research Article

Multiple Attribute Decision Making Based on Generalized
Aggregation Operators under Dual Hesitant Fuzzy Environment

Chunyong Wang,' Qingguo Li,' and Xiaogiang Zhou"*

I College of Mathematics and Econometrics, Hunan University, Changsha, Hunan 410082, China
? College of Mathematics, Hunan Institute of Science and Technology, Yueyang, Hunan 414006, China

Correspondence should be addressed to Qingguo Li; ligingguoli@aliyun.com

Received 4 January 2014; Accepted 27 March 2014; Published 4 May 2014

Academic Editor: Francis T. K. Au

Copyright © 2014 Chunyong Wang et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly

cited.

We investigate the multiple attribute decision making (MADM) problems with dual hesitant fuzzy information. We first introduce
some basic concepts and operations on dual hesitant fuzzy sets. Then, we develop some generalized dual hesitant fuzzy aggregation
operators which encompass some existing operators as their particular cases and discuss their basic properties. Next, we apply
the generalized dual hesitant fuzzy Choquet ordered aggregation (GDHFCOA) operator to deal with multiple attribute decision
making problems under dual hesitant fuzzy environment. Finally, an illustrative example is given to show the developed method

and demonstrate its practicality and effectiveness.

1. Introduction

Fuzzy set (FS), which is proposed by Zadeh [1], is a powerful
tool to deal with vagueness or nonstatistical imprecision.
Since its appearance, it has received much attention and
wide applications [2-6]. Many celebrated extensions have
been developed including type-2 fuzzy sets (T2FSs) 7], fuzzy
multisets (FMSs) [8, 9], intuitionistic fuzzy sets (IFSs) [10],
interval-valued intuitionistic fuzzy sets (IVIFSs) [11, 12], and
hesitant fuzzy sets (HFSs) [13-17].

Recently, Zhu et al. [18] introduced a dual hesitant fuzzy
set (DHFS) which is another new extension of FSs. It is a
comprehensive set containing FSs, IFSs, FMSs, and HESs as
special cases under certain conditions. By several possible
values for the membership and nonmembership degrees,
respectively, DHFSs can take much more information given
by decision makers into account in multiple attribute deci-
sion making. In their work, some basic operations and
properties for DHFSs were investigated. Then Wang et al.
[19] investigated the multiple attribute decision making
(MADM) problem based on the aggregation operators with
dual hesitant fuzzy information. They also developed some
aggregation operators for aggregating dual hesitant fuzzy

information including dual hesitant fuzzy weighted average
(DHFWA) operator, dual hesitant fuzzy weighted geometric
(DHFWG) operator, dual hesitant fuzzy ordered weighted
average (DHFOWA) operator, dual hesitant fuzzy ordered
weighted geometric (DHFOWG) operator, dual hesitant
fuzzy hybrid average (DHFHA) operator, and dual hesitant
fuzzy hybrid geometric (DHFHG) operator.

However, the existing dual hesitant fuzzy aggregation
operators above only consider situations where all the
attributes in the dual hesitant fuzzy set are independent.
Nevertheless, attributes in DHFSs are usually correlative
in real life. Incidentally, the Choquet integral [20] can
characterize the correlations of the decision data. Motivated
by this idea, we propose a dual hesitant fuzzy Choquet
ordered aggregation (DHFCOA) operator, whose prominent
characteristic is that it can consider both the importance of
the attributes and the correlations of the attributes. It is worth
mentioning that DHFCOA can be regarded as an extension of
DHFWA and DHFOWA. Then, we also generate DHFCOA
operator to GDHFCOA.

To do so, the remainder of this paper is organized
as follows. In the next section, we introduce some basic
concepts related to dual hesitant fuzzy sets, as well as the
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existing dual hesitant fuzzy aggregation operators. Some
generalized aggregation operators for DHFSs are proposed
and their properties are studied in Section 3. In Section 4, we
discuss the families of GDHFCOA operators. In Section 5, we
develop an approach to multiple attribute decision making
problems based on GDHFCOA operator under dual hesitant
fuzzy environment. An illustrative example is also given
to show the effectiveness of the developed approach in
Section 6. We conclude the paper and give some remarks in
Section 7.

2. Preliminaries
Torra [21] generalized FSs to HESs as follows.

Definition I (see [21]). Let X be a reference set; then we define
hesitant fuzzy set on X in terms of a function that when
applied to X returns a sunset of [0, 1].

To be easily understood, Xia and Xu [22] express the HFS
by a mathematical symbol: E = ({x, hg(x)) | x € X), where
hg(x) is a set of some values in [0, 1], denoting the possible
membership degree of the element x € X to the set E. For
convenience, Xia and Xu [22] call h = hgp(x) a hesitant fuzzy
element (HFE) and H the set of all HFEs when there is no
confusion.

Nevertheless, HFS only considers the membership degree
of the element x € X to the set E and ignores the
nonmembership degree. In order to overcome this difficulty,
Zhu et al. [18] generalized HFSs to DHFS.

Definition 2 (see [18]). Let X be a fixed set; then a dual
hesitant fuzzy set D on X is defined as

= {{(xh(x),g9(x) | x € X} )

in which h(x) and g(x) are two sets of some values in [0, 1],
denoting the possible membership degrees and nonmember-
ship degrees of the element x € X to the set D, respectively,
with conditions: 0 < y,# < land 0 < y" + 1" < 1, where
y € h(x),n € glx),y" € h'(x) = Uyen(x) Max{y}, and
ntegtix) = Uyeq(x) max{n} for all x € X. For convenience,
the pair d(x) = {h(x), g(x)} is called a dual hesitant fuzzy
element (DHFE) and denoted by d = {h, g}.

In order to compare two dual hesitant fuzzy elements,
corresponding score function is defined as follows.

Definition 3 (see [18]). Letd, = {h;, g,} and d, = {h,, g,} be
any two DHFESs; then the score function of d; (i = 1,2) is

%) (h)Zy <g,>z” (=12 @

yeh; NEg;

and the accuracy function of d; (i = 1,2) is

d;) (h)Zy Zﬂ (i=

yeh; WEH

LD,
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where n(h;) and n(g;) are the numbers of the elements in A;
and g;, respectively. Then

(i) if S(d;) > S(d,), then d, is superior to d,, denoted by
d, >dy;
(ii) if S(d;) = S(d,), then
(1) if P(d,) = P(d,), then d, is equivalent to d,,
denoted by d, ~ d,;
(2) if P(d,) > P(d,), then d, is superior to d,,
denoted by d, > d,.

Besides, some new operations on the DHFEs d, d,, and
d, are also introduced in [18]:

(1) d* = Upepeg (Y"1 (1= (L=} A > 05
(2) A = Upepy e 11 = (1= )" (1) A > 05
®) dl ®d2 = UViéhi’YzethliEgi”hEgz{{yl +7, —)’1)’2}, {’71 7]2}};
(4) dl ®d2 = Ul’lehi)}’zehpﬂiegi’ﬂzeﬂz{{Y1yz}’ {’71 +}72_}71’72}}'

Wang et al. [19] developed some aggregation operators
for dual hesitant fuzzy information such as DHFOWA and
DHFOWG operators.

Definition 4 (see [19]). Let dj (j=1,2,...,n) be a collection
of DHEFEs; then we define the dual hesitant fuzzy ordered
weighted average (DHFOWA) operator as follows:

n

) =D (widoy), @

j=1

DHFOWA,, (d,,d,,...

where (o(1),0(2),..., a(n)) isa permutation of (1,2,...,n),
such that d, >

(j-1) 2 g forall j = 2,...,n and w =
(wy, w,, ..., w,)" is the aggregation—assoaated weight vector
such that w; € [0,1], and Z;‘zl w; =1

Definition 5 (see [19]). Let dj (j=1,2,...,n) be a collection
of DHFEs; then we define the dual hesitant fuzzy ordered
weighted geometric (DHFOWG) operator as follows:

DHFOWG,, (d,,d,,....d,) = ® (d))"s )
where (o(1),0(2),... ,a(n)) isa permutation of (1,2,...,n),
such that dy;) > dy; forall j = 2,...,n,and w =

(wy, w,, ..., w,)" is the aggregation-associated weight vector
such that w; € [0,1], and Z;‘zl w; = 1.

In order to weight the elements in X, a fuzzy measure y
is defined as follows.

Definition 6 (see [23]). A fuzzy measure y on the set X is a set
function y : 6(X) — [0, 1] satisfying the following axioms
and 0(X) is the set of all subsets of X:
1) () =0, u(X) = 1;
(2) A < Bimplies u(A) < u(B), forall A,B € X;
(3) u(AUB) = u(A) + u(B) + pu(A)u(B), forall A,B C X
and A N B = ¢, where p € (-1, 00).
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Especially, if p = 0, then the condition (3) reduces to the
axiom of additive measure: u(A U B) = u(A) + u(B), for all
A,Bc Xand ANB = ¢.

If all the elements in X are independent, then we have

AR

x;€A

The discrete Choquet integral is a linear expression up to
a reordering of the elements, which is defined as below.

Definition 7 (see [24]). Let f be a positive real-valued
function on X, and let y be a fuzzy measure on X. The discrete
Choquet integral of f with respect to y is defined by

C.(f) = Zfa(i) [t (Agiy) = u (Aginy)] (7)

where (0(1),0(2),...,0(n)) is a permutation of (1,2,...,n),
such that fy;_1) > f foralli =2,3,...,n, Ay = {x,;) |
jSk},fork>1andA = ¢.

3. Generalized Aggregation
Operators for DHFS

In this section, by introducing parameter A, we will propose
some generalized aggregation operators for DHFSs.

Definition 8. Let dj (j=1,2,...,n) beacollection of DHFEs
and let A > 0; then we define the generalized dual hesitant
fuzzy weighted average (GDHFWA) operator as below:

1/
<@ w dA> , (8

where w = (w;,w,,...,w,)" is the weight vector of d; (j =
1,2,...,n) andwj > O,Z;’:lw]. =1.

GDHFWA,, (d,,d

According to the operational laws of DHFEs, we can get
the theorem below.

Theorem 9. Let dj = {hj,gj} (j = 1,2,...,n) be a collection
of DHFEs; then their aggregated value by using the GDHFWA
operator is also a DHFE, and

GDHFWA,, (d,,d,,...,d,)

o))
et

)

Proof. By using mathematics inductive method, we prove
Theorem 9 as follows.

For n = 2 by the operational laws of DHFEs, we can get

=

Y1€hym €9

{rhfi-
= U {0

wldit: U Hl_(l_)’?)wl}’ (1_(1_’71)A)w1]’}-

y1€hm €9,

vt U -0 h {0 o))

V2€hy1€9,

wldi‘ ® wzdg =
Y1€hy,y2€h01€91m,€9,

{i-a-m))" (-
watont)”= U Hienr) |

Y1€h1:Y2 €M €911,€9,

If Theorem 9 holds for n = k, that is,

GDHFWA,, (d,,d,,...,d;)

- U AlCenr) )
fi-(p1-0-7) 1

(11)

then, when »n = k + 1, by the operational laws for DHFEs, we
have

k+1

D wid]
j=1
k
= <@ wjd?> @ wk+1d£+l

j=1

(W]t



{10020} @,

j=1

k+1 N
-TT-v) " s
yj€hjm;i€g; j=1

- U

(12)

Then, we get

(o))}

(13)

That is, Theorem 9 holds for n = k + 1. Thus, by the principle
of mathematical induction Theorem 9 holds for all 7. O

By Theorem 9, we can prove that the GDHFWA operator
has the following properties.

Theorem 10 (pseudo-idempotency). Let d; = {h g N ( ] =
1,2,...,n) be a collection of DHFEs. If A = 1, d, ==
d, = d, and their weights w, = w, = -+ = w, = /n, then

GDHFWA (d,,d,,...,d,) > d.
Proof. Letd, = d, = --- =d, = d = {h, g}, where h =
Ve - Vb g = {11125 - - > 11} By Theorem 9, we obtain

d = GDHFWA,, (d,,d,,...,d,)

- U

0 n = (14)
=T10-v) " T :
yj€h;.n;€g; j=1 j=1

Let d = {h, 3}; then we can easily know that h contains k"
numbers while g contains s” numbers. By Definition 3 and
multiplication of polynomial, we acquire

(=) + (=) +

S(J)Zl_ k"

- rll/n)

-y

1/ 1/
(’71 "+
Sn

(15)
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As we all know, f(x) = x'" is concave when x € [0, 1]. By
Jensen’s inequality, we have

(L) (=)™ ek (1)
2
<(U_””*wa+m+u—nUM1 )
- k
= Y1ty + -+ Yk 1/n
- (1- D)

and further,

(=) + (=)™ e (=)

1 —
k" (17)
'Y
k
Similarly, we have
(;7}/”+1'];/n+"'+’751/n) <r,1+112+"'+’75 (18)
s" - s |

So we get

(=) 4 (=) -

_ 1/n]"
S(@)-1- ) (-]

(")
Sfl
Vitht oty mitmpt---+1
B k s
=8(d).
(19)
This completes the proof. O

Remark 11. Theorem10 shows that idempotency of
GDHFWA operator usually does not hold. When A = 1,
GDHFWA degenerates to DHFWA, so Theorem 10 also
indicates that the Theorem 2 in [19] is not correct. To further
clarify this, we give a concrete example in the following.

Example 12. Let A = 1,d, = d, = dy = d =
{{0.6,0.7,0.8},{0.1,0.2}} and let w, = w, = w; = 1/3. By
Theorem 9, we can compute

GDHFWA,, (d,,d,,d;)

= {{0.6,0.636576, 0.68252, 0.636576, 0.669807,

0.71155,0.68252,0.71155,0.748016, 0.636576,
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0.669807,0.71155,0.669807, 0.7, 0.737926,
0.71155,0.737926,0.771057, 0.68252, 0.71155,
0.748016,0.71155,0.737926,0.771057, 0.748016,
(20)
0.771057,0.8} ,
{0.1,0.125992, 0.125992, 0.15874, 0.125992,
0.15874,0.15874,0.2}} .

Then, by Definition 3, we have S(GDHFWA ,(d,,d,,d;)) =
0.563392 > 0.55 = S(d).

Theorem 13 (boundedness). Let d]- = {hj, gj}, (j
1,2,...,n) be a collection of DHFEs, and let
y*—mln{yeh|]—12 ,n},
y* = {yeh|]—12 ,n},
n*—mm{ﬂegjlj—lz ,n}, (21)
n —max{11€g] j=12,.. ,n},

d ={y.n'}t.d" ={y" n}.
Then

d” < GDHFWA,, (d,d,,...,d,) <d". (22)
Proof. By Theorem 9, we get

GDHFWA,, (d,.d,,....d,)

- S}

(23)
By the Definition of y,, y”,7,,%", we know
., 1/ . 1/A
(-f1e-7) <(r-T10-n")

- ™ (24)

. 1/A

) (1 -110 -V*A)wj> '

j=1

Using the condition Z;’:l w; = 1, we acquire

. 1/
Yo < (1 -[10 —V?)%) <y (25)

j=1

Similarly, we obtain

(1—111(1—(1—17,)”)%)%sn*. 26)

j=1 O

’7*31_

5
Theorem 14 (quasi-monotonicity). Let d. = {hj,gj} (G =
1,2,...,n) be a collection of DHEEs, where h; =
Wi Vi - ¥Yicb 95 = WM tje -1yt (G = 1,2,...,n). Let

[T A N .

d] = {hj’, gj} (j ’— 1,,2, .. .,n’) be clmother ,colle,ctzon of’DHE.Es,
where h; =y ¥jpo- - Vikh 95 = Wit mid (G =
L2,...,n). Ify;, < yj'.p,njq > r];.q,forullp =1,2,...,k, forall
q=12,...,s then

GDHFWA,, (d,,d,, ...,d,) < GDHFWA,, (d},d5,....d,,).

(27)
Proof. By Theorem 9, we get

GDHFWA,, (d,.d,,...,d,)

- U

o))

GDHFWA,, (dy, d5, ..., d,)

oy

ey

(28)
Since y;, < Y,p”hq n;q, forall p = 1,2,...,k, forallg =
1,2,...,s, we have
1/A /A
- A \Wi - IM\Wi
-[I-v) ) = -TT0-7) 7 )
J=1 J=1
. 1/2
M\ Wi
(1 T10-0-0)) @
j=1
1/A
L P A\ Y
21—(1—1_[(1—(1—11jq)) > .
=1

Thus, by Definition 3, S(GDHFWA (d,,d,,...,d,)) <

S(GDHFWA,(d},dy,...,d.)). 0

When we need to weight the ordered positions of the dual
hesitant fuzzy arguments instead of weighting the arguments
themselves, GDHFWA can be generalized to GDHFOWA.

Definition 15. Let d; (j = 1,2,...,n) be a collection of
DHFEs and let A > 0; then we define the generalized



dual hesitant fuzzy ordered weighted average (GDHFOWA)
operator as follows:

1/A
GDHFOWA,, (d,,d,,...,d, <€Bw] 00) , (30)

where (0(1),0(2),...,0(n)) is a permutation of (1,2,...,n),
such that dg(;_y) > dy; forall j = 2,...,n, and w =

(wy, w,, ..., w,)" is the aggregation-associated weight vector
such that w; € [0,1], and Z;’zl w; = 1.

According to the operational laws of DHFEs, we can get
the theorem below. As its proof is similar to Theorem 9, we
omit it for simplicity.

Theorem16. Letd; (j=1,2,...,n) bea collection of DHFES;
then their aggregated value by using the GDHFWA operator is
also a DHFE, and

GDHFOWA,, (d,,d,,....d,)

U Gt}
b-(efio-en))

(31)

Then we will discuss some properties of GDHOWA
operator, as their proofs are parallel to Theorems 10, 13, and
14, and we need not to prove them.

Theorem 17 (pseudo-idempotency). Let ] = {h g]} ( ]
1,2,...,n) be a collection of DHFEs. If A = 1,d, ==
= w,

d, = d, and their weights w, = w, = --- = /n then
GDHFOWA,,(d,,d,,...,d,) > d.
Theorem 18 (boundedness). Let dj = {h]-,gj} (G =

1,2,...,n) be a collection of DHFEs, and d~,d" are defined
as before; then
d” < GDHFOWA,, (d,,d,,...,d,) <d". (32)

Theorem 19 (quasi-monotonicity). Let d; = {h;, g;} (j =

1,2,...,n) be a collection of DHEEs, where h; =
{lea)/jZ)'--;yJ‘k})gj = {71]‘])17]'2)---’11]‘5} (] = 1,2,...,7’1). Let
T A N .

dj = {hj’, gj} (j ,— 1,’2,...,n,) be clmother ’collelctzon of’DHl.EEs,
where hj = {Vijjz’-'-’ij}’ffj = {77j1”7j2’-~->’7{s} ( =
L2on) If Yoty S Yoppflotia 2 Mo(jq or
all p = 2,0k for all g = 1,2,...,s), where
(0(1),0(2),...,0(n) is a permutatzon of (1,2,...,n),
such that dg(;_y) > da(]-),d;(j_l) U(] yforall j =2,....m
then

GDHFOWA,, (d,,d,, ..., d,)
(33)
< GDHFOWA,, (d\.d,,....d,).

n
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By Theorem 16 and commutative law of multiplication,
we can easily draw the commutativity of GDHFOWA oper-
ator.

Theorem 20 (commutativity). Let dj (j = 1L,2,...,n) bea
collection of DHFEs; then
GDHFOWA,, (d,.d,,....d,)
(34)

= GDHFOWA,, (d}.d},....d.,),

s
where d; (j = 1,2,...
1,2,...,n).

,n) is any permutation of d; (j =

Next, we will develop the dual hesitant fuzzy Choquet
ordered aggregation (DHFCOA) operator and develop it to
GDHFCOA.

Definition 21. Let d; (j = 1,2,...,n) be a collection of
DHFEs, and let p be a fuzzy measure on X; then we call

DHFCOA,, (d,,d,,....d,)

—@(( (Aap) -

(35)
#(Aoion)) o)

the dual hesitant fuzzy Choquet ordered aggregation (DHF-
COA) operator, where ((1),0(2), ...,0(n)) is a permutation
of (1,2,...,n), such that d,(;_y) > dy(; forall j = 2,3,...,n,
Agy = x5y | j <k}, fork > 1,and A ;) =

The DHFCOA operator can be easily transformed into the
following form by induction on #:

DHFCOA,, (d,d,,....d,)

_@ ( ( U(J)

~1(Agin)) o)

‘| {1 - ﬁ(l - Vau))M(A”W”‘Aw—w)} ,

j=1

{ﬁ(ﬂ ('))”(Aa(j))_ﬂ(Ac(jl))} }
o(j .
j=1

(36)

- U

Vo)) €h() Mot) €9o())

Obviously, this aggregated value is still a dual hesitant fuzzy
element.

Particularly, if u({x,()}) = w(Ay;) — u(Aginy)> j =
1,2,...,n; then DHFCOA operator degenerates into
DHFWA operator. If u(A) = ijeA pt(xj), forall A € X,

let wj = M(AU(])) - ,u(Ag(j—l))> ] = 1,2,...
w = (wl,wz,...,wn)T,wj > 0,j = L2,...,n and
Z';zl w; = 1; then DHFCOA operator reduces to DHFOWA
operator.

,1n, where



Journal of Applied Mathematics

Definition 22. Let d; (j = 1,2,...,n) be a collection of
DHFEs, A > 0, and ljet p be a fuzzy measure on X; then we
call

GDHFCOA,, (d, dy, ... d,,)
" 1/A
:<@(#(A ) ~ #AgG1)) am>
=1

(37)

the generalized dual hesitant fuzzy Choquet ordered aggre-
gation (GDHFCOA) operator, where (0(1),0(2),...,0(n)) is
a permutation of (1,2,...,n), such that dy;_;) > dg; for
all j = 2,3,...,n, Ay = {xg(j | j < kb fork > 1, and
AO‘(O) = (/5

Theorem 23. Letd; (j =1,2,...,n) bea collection of DHFES;
then their aggregated value by using the GDHFCOA operator
is also a DHFE, and

GDHFCOA, (d,,d,,....d,)

- U

" 1/A
H(AU(J)) .“( a(j— 1)
¥i€ho(j)111€90() =1
1/A
n A\ KA 1A g(j-1)
(60 |
j=1

(38)

Proof. By using mathematics inductive method, we prove
Theorem 23 as follows.
For n = 2, by the operational laws of DHFEs, we can get

dﬁu): . UE {{V?}’{l_(l_nl)A}}’
d(/}(z) = U {{V;}’{l_(l_ﬂz)A}}’

V2€h502)12€90(2)

(u (Aa(l)) Il (Aa(o

- U

A
) )) d[)‘(l)
,\)M(Aa(l))—ﬂ(Aa(o))}
Y1€h6x1)M €901

oo

2\ HA)—1(Ag)
f(1-a-n)) H,

(1 (A — 1 (Aw)) dﬁ(z)

_ U { { 1- (1 _ y}t)ﬂ(Aa(z))—ﬂ(Aa(l))}
= 2 b

V2€h5(2) 12 €902
A\ H(As@)—1(Asy)
[(1-Gomp el

>

(1 (Asy) — 1 (Ase)) dﬁ(l) ® (u (A —1(As

2 M EAg() (A1) }
= 1- ,
Vieha(i)L"J’jega(j) 1 { g< )

) N WA r(Ag(rry)
1-(1-T - (t-n;) ,
j=1

(4 (A )~ (Ao ) 1, 80 (A o)) — 1 (Ag)) i)

5 1/A
- U (o) L
Yi€hoi) M €90(j) j=
2 A \HAG()-HA(j-1) -
{1—(1—1—[(1—(1—;1].)) ) H»
j=1

(39)

)) da(Z)

—

If Theorem 23 holds for n = k, that is,

GDHFCOA,, (d,(1)» dy(a) - -

)
- U

. /1
Ag()) = Ag(-1)
¥;€ha(p1€ 90 ()) =1
1/A
k _
2 \H A8 A (1)

{1—(1—]_[(1—(1—;7j) >

=1

(40)

then, when #n = k + 1, by the operational laws for DHFEs, we
have

@ (1 (A00y) = 1 (Acgny)) dagy
= (gk? (1 (o) -~ (Aﬂ(jl)))dg(j)>

2
EB(M( a(J+1) M a(;) d o(k+1)

k
=< {{1 1_[ (Ag(y)—#(Aq(j- 1))} i
)’J‘Ehv(]) 1i€9otj) j=1
u(A g(])) u(A, a(j— 1)
{H@—@—m) )
j=1

® (/’l (Aa(j+1)) —H (Aa(j))) dg(kﬂ)



- U

Vi€ho(j)1€do())

]
J ,
j=1

{ﬁ (1 - qj)A>H(Ao(j))—M(Aa(j4>) } } |

(41)

Then, we get

< D (4 (i) - 1 (Ay) "y >1//\

j
k+1 1/A
_ 1— A H(Ag(j)),u(Ao(j_l))> ’
{{fie-
i)
j=1

(42)

I
—

-

Vi€ho()1i€9o(j)

That is, Theorem 23 holds for n = k + 1. Thus, by the principle
of mathematical induction, Theorem 23 holds for alln. [

Parallel to Theorems 10, 13, 14, and 20, we can prove the
similar properties of GDHFCOA operator as follows.

Theorem 24 (pseudo-idempotency). Let dj = {hj,g]} ( j =
1,2,...,n) be a collection of DHFEs. If A = 1,d, =d, = -+ =
d, =d, and u(A,;) - P‘(Aa(; 1)) =1/n, j=1,2,...,n, then
GDHFCOA (dl,afz,...

Theorem 25 (boundedness). Let dj = {hj,gj} (G = 1,2,

..,n) be a collection of DHFEs, and d”,d" are defined as
before; then

d < GDHFCOA(d,,d,,...,d,) <d". (43)

Theorem 26 (quasi-monotonicity). Let d {h g]} (j ]
1,2,...,n) be a collection of DHEES, where h; =

Win Vi Vieh 9j = WMo o1k (G = 1,250.5m). Let
[N AN N .
d; = {hj’, gt G - 1,,2, . ,n,) be crmother ,colle,ctzon of’DH]'EEs,
where h; = {le’ij""’ij}’g,j = {’7]‘1”71'2“--”7]'5,} G =
LZoom If Yop S Voiplloig 2 Moig(for
al p = 1,2,...k for all q = 1,2,...,s), where
(a(1),0(2),. ..,a(n)) is a permutation of (1,2,...,n),
such that d,(;_y) 2 da(j),d;(j_l) > d;(j) forall j =2,...,n,
then
GDHFCOA,, (d,,d,,...,d,)
! ! ! (44)
< GDHFCOA,, (d,d5,....d).
Theorem 27 (commutativity). Let dj (j = 1,2,...,n) be a
collection of DHFEs; then
GDHFCOA, (dy.d,,....d,)
(45)

= GDHFCOA, (d},d},....d.,),
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.
where d; (j = 1,2,...
1,2,...,n).

,n) is any permutation of dj (G =

4. Families of GDHFCOA Operators

In this section, different types of GDHFCOA operators are
considered. When we change the parameters, GDHFCOA
operator can be reduced to various operators.

Theorem28. Letd; (j =1,2,...,n) bea collection of DHFEs,
A > 0, and let y be a fuzzy measure on X. If we denote
w; = ‘u(AU(j)) - M(Ag(j_l)),j = 1,2,...,n, then w; €
[0,1], Z?:l w; = 1 and GDHFCOA operator is reduced to

n 1/A
GDHFOWAw(dl,dZ,...,dn)=<' w]d§(1)> . (46)

Theorem 29. Let dj (j=1,2,...,n) bea collection of DHFESs,
A > 0, and let y be a fuzzy measure on X. We denote w; =
M(AG(])) - AM(AG(]—I))’J = ]., 2,.. .M. Ifdl > dZ > e > dn,
then the GDHFOWA operator is reduced to

" /A
dn)=<€B wjd;> SNC
j=1

Theorem 30. Letd; (j=1,2,...,n) be a collection of DHFESs
and let p be afuzzy measure on X. We denote w; = u(A ;) -
UlAgi-p)j = 1L2,...,n. If A = 1, then the GDHFOWA
operator and GDHFWA operator are reduced to DHFOWA
operator and DHFWA operator, respectively.

GDHFWA,, (d,,d,, ...,

Theorem 31. Let dj (j =1,2,...,n) be a collection of DHFEs,

A > 0, and let w = (wy,wy,...,w,)" be the aggregation-
. . n
lessoczated weight vector such that w; € [0,1], and ijl w; =

1) Ifw = (1,0,... ,0), then the GDHFOWA operator is
reduced to the following:

GDHFOWA,, (dy,d,,...,d,) = d,q, = max; {d;}. (48)

(2) Ifw = (0,0,..., 1)T, then the GDHFOWA operator is
reduced to the following:

GDHFOWA,, (dy,d,,...,d,) = d,,) = min; {d;}. (49)

5. An Approach to Multiple

Attribute Decision Making with Dual
Hesitant Fuzzy Information

In this section, we will utilize the GDHFCOA operator
to multiple attribute decision making under dual hesitant
fuzzy environment. The following assumptions or notations
are used to represent the MADM problems for evaluation
of theses with dual hesitant fuzzy information. Let A =
{A,A,,...,A,} be a discrete set of alternatives, and let



Journal of Applied Mathematics

G = {G;,G,,...,G,} be the state of nature. If the decision
makers provide several values for the alternative A; under the
attribute G; with anonymity, these values can be considered
as a dual flesitant fuzzy element d;; = {h;;, g;;}. Suppose
that the decision matrix D = (d;j),uy, is the dual hesitant
fuzzy decision matrix, where d;; = {h;;, g;j}, (i = 1,2,...,m,
j = 1,2,...,n) are in the form of DHFEs. In the following,
we apply the GDHFCOA operator to the multiple attribute
decision making problems for evaluation of theses with dual

hesitant fuzzy information.

Step 1. Confirm the fuzzy measures p of attributes of G and
attributes sets of G.

Step 2. Utilize the decision information given in matrix D
and the GDHFCOA operator

4

= GDHFCOA,, (d,d,, ..., d,)

n 1/A
- (@ <” (A‘T(j)) —H (Aa(j—l))) di@)
- U G_H(l—yh)”mm)_“mau1)) >1M
J >

B

i€ho()Mi€90(j) j=1
n Wt -stans
A a(jy ™ o(j-1)
(160 )
=1
(50)
to derive the overall preference values d; (i = 1,2,...,m) of
the alternative A;.
Step 3. Calculate the scores 5([12) (i = 1,2,...,m) of the
overall dual hesitant fuzzy values d; (i = 1,2,...,m) by
Definition 3.
Step 4. Rank all the alternatives A; (i = 1,2,...,m) in
accordance with the scores s(d;) (i = 1,2,...,m) and select
the best one(s).
Step 5. End.

Remark 32. The advantages of the generalized dual hesitant
fuzzy Choquet ordered aggregation (GDHFCOA) operator
lie in four aspects.

First, there is a fuzzy measure g in the GDHFCOA
operator, which can be regarded as an extension of the
weight vector. Sometimes, some attributes may have little
importance, respectively, but when they gather together, they
become very important. In order to deal with this situation,
we can use the fuzzy measure to define a weight on not only
each attribute but also each combination of attributes.

Second, our method does not assume the independence
of one attribute from another and it can deal with the
situation where the attributes are correlative. Traditional
additive aggregation operators, such as DHFWA operator and
DHFOWA operator, are all based on the assumption that
the attributes are independent, and each attribute is given a
fixed weight representing its importance during the decision

process. Nevertheless, they do not consider the addition
of the importance of individual attribute, and as a result,
they cannot get reasonable results when the attributes are
correlative. In real decision problems, since there are often
interdependent or interactive phenomena among attributes,
the overall importance of an attribute is not only determined
by itself, but also by other attributes. So our method is a good
choice to solve the real decision making problems.

Third, the GDHFCOA operator can accommodate situ-
ations in which the input arguments are dual hesitant fuzzy
information. As dual hesitant fuzzy set is a comprehensive
set containing FSs, IFSs, FMSs, and HESs as special cases, our
method can be widely used.

Fourth, the GDHFCOA operator has an additional
parameter A which controls the power. If the parameter takes
different values, the proposed operators can be evolved into
many special aggregation operators, which make decision
making more flexible and can meet the different needs of
different decision makers. That is to say, the decision makers
can choose the value of the parameter according to their
preferences and interests.

6. Numerical Example

Thus, in this section, we will present a numerical example
(adapted from [19, 25]) to show evaluation of theses with dual
hesitant fuzzy information in order to illustrate the proposed
method. There are five theses A; (i = 1,2,3,4,5), and we
want to select the best one. Four attributes are selected by
experts to evaluate the theses: (1) G; is the language of a
thesis; (2) G, is the innovation; (3) Gj is the rigor; (4) G,
is the structure of the thesis. In order to avoid influencing
each other, the experts are required to evaluate the five
theses A; (i = 1,2,3,4,5) under the above four attributes in
anonymity and the decision matrix D = (d;;)s , 4 is presented
in Table 1, where d,-j = {hij, gij}, (i=1,2,3,4,5j=123,4)
are in the form of DHFEs. The fuzzy measure of attribute
G; (j = 1,2,...,4) and attribute sets of G are as follows:
w(G,) = 0.30, u(G,) = 0.35, u(G;) = 0.30, u(G,) = 0.22,
u(G,G,) = 070, u(G,G;) = 0.60, u(G,,G;) = 0.55,
u(G,,G3) 0.50, u(G,,G,) = 045, u(G;,G,) = 040,
(G, G,,G;3) = 0.82, u(G,,G,,G,) = 0.87, u(G,,G;,G,) =
0.75, u(G,, G, G,) = 0.60, u(G,,G,,G;,G,) = 1.00.

6.1. The Decision Making Steps. Next, we apply the developed
approach to evaluate these theses with dual hesitant fuzzy
information.

Step 1. We use the decision information given in matrix D
and the GDHFCOA operator to obtain the overall preference
values d; of the thesis A; (i = 1,2, 3,4, 5). Take thesis A, for
example, we have (take A = 1)

d, = GDHFCOA, (d,,d}5,dy3,dy4)

1/A
AM\H(Ao()—#(Ag(j-1y)
(1 _ y]) j J ,

4

= U <1_
Yi€ho(j)Mi€90()) j=1
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TaBLE 1: Dual hesitant fuzzy decision matrix D.
G, G, G, G,
A, {{0.4,0.5},{0.5}} {{0.5,0.6}, {0.2,0.3}} {{0.3,0.4},{0.5}} {{0.4,0.6},{0.2,0.3}}
A, {{0.5,0.6},{0.1,0.3}} {{0.2,0.4,0.5}, {0.4}} {{0.2},{0.6,0.7,0.8}} {{0.5},{0.3,0.4}}
A, {{0.5,0.8},{0.2}} {{0.1},{0.7,0.8}} {{0.2,0.3,0.4},{0.6}} {{0.4,0.6,0.7},{0.3}}
A, {{0.5},{0.4}} {{0.4,0.6,0.8}, {0.2}} {{0.1,0.2}, {0.6}} {{0.4},{0.5,0.6}}
A, {{0.4,0.6},{0.2}} {{0.2,0.3,0.4},{0.6}} {{0.4,0.5},{0.2}} {{0.1,0.3,0.4},{0.6}}

4 N
e —

j=1

={{0.425697,0.437091, 0.468033, 0.478587, 0.448517,
0.459459, 0.489171, 0.499306, 0.468844, 0.479382,
0.507999, 0.51776, 0.489949, 0.500069, 0.527549,

0.536922}, {0.331053, 0.344751, 0.38153,0.397318}} .
(51)

When assigning different values to the parameter A, we can
obtain different dual hesitant fuzzy values.

Step 2. Calculate the scores s(cZ) (i = 1,2,3,4,5) of the

overall dual hesitant fuzzy values d; (i = 1,2,3,4,5) of the
thesis A;. Please see Table 2.

Step 3. According to the scores s(d;) of the overall dual
hesitant fuzzy values Jl (i=1,2,...,5),werankall the theses
A; (i=1,2,3,4,5) by comparing laws of DHFEs. The results
are shown in Table 2.

6.2. Discussion. From Table 2, we find that the values
obtained by the GDHFCOA operator become bigger as the
parameter A increases. Moreover, the rankings are different
when we choose different values of A. The trends are shown in
Figure 1 as the parameter values range from 0 to 4. We denote
the score s(c?;) asY; (i=1,2,...,5) for short in Figure 1. From
Figure 1, it can be clearly seen that

(1) when A € (0,0.947173], the ranking of the five theses
iSAy>A; >A,>A; > Ag;

(2) when A € (0.947173,1.14939], the ranking of the five
thesesis A, > A, > A} > As > As;

(3) when A € (1.14939, 1.47194], the ranking of the five
thesesis A, > A, > A, > Ay > Ag;

(4) when A € (1.47194, 1.64355], the ranking of the five
thesesis A, > A, > A; > A > Ag;

(5) when A € (1.64355,2.43027], the ranking of the five
thesesis A, > A; > A, > A} > Ag;

(6) when A € (2.43027,2.85024], the ranking of the five
thesesis A, > A; > A, > A > Ay

(7) when A € (2.85024, 4], the ranking of the five theses
iISA; >Ay>A,>A; > A

0.25

Scores

(X =1149
[Score = 0.105]

0.05

— Y — 7,
Y, Ys
R Y3

FIGURE I: Scores for theses obtained by GDHFCOA operator.

Obviously, the decision makers can choose different param-
eters according to their interests, which make the decision
more flexible.

6.3. Comparative Analysis. In order to show the merit of
the proposed method, we utilized some existing methods to
solve this numerical example. As the GDHFCOA operator
is an ordered weighted operator, we choose DHFOWA and
DHFOWG rather than DHFWA and DHFWG. Then, we
utilized the method proposed by Wang et al. [19] to solve this
illustrative example. For simplicity, we omit the calculation
process and only list the results in Tables 3 and 4.

From Table 2-Table 4, we can compare these methods as
follows.

(1) During the calculation, we can find that the weight
vectors can be obtained by the source decision
information in our method. As a result, different
decision data will acquire different weight vectors
automatically. However, for DHFOWA operator and
DHFOWG operator, the weight vectors must be given
by experts in advance. Thus, the proposed method is
more objective and reasonable than Wang’s method
[19].
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TABLE 2: Scores of the dual hesitant fuzzy values obtained by GDHFCOA operator.

s(d,) s(d,) s(dy) s(d,) s(ds) Ranking
A=0.5 0.113941 0.108192 0.060358 0.13701 0.0873121 Ay >A >A, > Ay > Ay
A=1 0.119733 0.120391 0.0951852 0.150743 0.101029 Ay >A, A > Ay > Ay
A=1.5 0.125836 0.132388 0.127193 0.164 0.11447 Ay >A, A3 > A > A
A=2 0132178 0.143864 0155721 0176611 0127319 Ay > Ay > Ay > A > A,
A=25 0138683 0154615 0.180793 0.188531 0.139405 A, > Ay Ay > Ag > A,
A=3 0.145275 0.16455 0.202751 0199774 0150659 Ay > A > Ay > Ag > A,

TABLE 3: Scores for theses obtained by DHFOWA operator.

Weight vectors s(él]) s([fz) S(&;) 5(54) 5(55) Ranking
w = (0.35,0.1,0.42,0.13)" 0119733 0.115672 0.0818534 0.098652 00279722 A, > A, > A, > A, > A,
w = (0.3,0.25,0.32,0.13)" 0147745 0.120391 0120942 0.100435 0.077588 A >Ay > Ay > A, > Ag
w = (0.25, 0.25,0.25,0.25)T 0.119935 0.0584848 0.054057 0.0421476 0.0458413 A A, A >A; > A,
w= (0.3,0.3,0.22,0.18)T 0.157777 0.113094 0.135685 0.100415 0.101029 A Ay >A,>A; > A,

TABLE 4: Scores for theses obtained by DHFOWG operator.

Weight vector s(c?l) s(c?z) 5(53) 5(674) 5(55) Ranking

w = (0.35, 0.1,0.42,0.13)T 0.0692636 0.00329123 —0.13716 —0.0344067 —0.0970861 A A, A >A; > A,
w = (0.3,0.25,0.32,0.13)T 0.0958579 0.0129617 —0.0911802 —0.0205423 —0.0447992 A >A, A > Ay > Ay
w = (0.25, 0.25,0.25,0.25)T 0.0645639 —0.0802401 -0.19675 —0.0988189 —0.0822588 A >A, A > A, > Ay
w= (0.3,0.3,0.22,0.18)T 0.104939 —0.0109346 —0.0973555 —0.0317627 —0.0200345 A >A, A > A, > Ay

(2) Tables 2 and 3 have some common scores such as
S(d;) = 0.119733. This indicates that DHFOWA
operator is a special case of GDHFCOA operator
under certain conditions, which has been pointed out
in Theorem 30.

(3) We find that the rankings in Table 2 are quite different
from Tables 3 and 4. The reason may be that there
are interdependent or interactive phenomena among
attributes in this numerical example. From another
perspective,

1(G)) +u(G,) +u(Gs) +u(Gy)
= 0.30 +0.35 + 030 + 0.22 > 1 (52)

= V(Gl)Gz>G3’G4)

also tells us that the attributes are correlative.
The GDHFCOA operator can perform aggregation
of attributes when they are correlative. However,
DHFOWA and DHFOWG operators always suppose
that the attributes are independent, and each attribute
is given a fixed weight subjectively. So the GDHFCOA
operator is a better choice here.

(4) When we change the parameter A, we get different
rankings in Table 2. This indicates that the GDHF-
COA operator have an additional parameter A, which
makes decision making more flexible and can meet
the needs of different types of decision makers.

7. Conclusion

In this paper, we have investigated the multiple attribute
decision making (MADM) problem based on the GDHFCOA
operator with dual hesitant fuzzy information. Firstly, some
operational laws of dual hesitant fuzzy elements and score
function of dual hesitant fuzzy elements as well as existing
aggregation operators have been introduced. Then, motivated
by the ideal of Choquet integral, the generalized dual hesitant
fuzzy Choquet ordered aggregation (GDHFCOA) operator
has been developed. Its advantage is that it can consider the
importance of the attributes as well as the correlation among
the attributes, which makes it more feasible and practical.
At the same time, we have introduced several generalized
aggregation operators for DHFS such as GDHFWA, and
discussed their basic properties. As different parameters
can be chosen in these generalized aggregation operators,
the decision becomes more flexible. Furthermore, we have
discussed the families of GDHFCOA operator. Next, we have
applied the GDHFCOA operator to multiple attribute deci-
sion making problems with dual hesitant fuzzy information.
Finally, an illustrative example for evaluation of theses has
been given to demonstrate its practicality and effectiveness. In
the future, we will consider the monotonicity of GDHFCOA
operator and apply the dual hesitant fuzzy multiple attribute
decision making to other domains.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.



12

Acknowledgments

The authors would like to thank the editor and the anony-
mous referees for their valuable comments, which have been
very helpful in improving the paper. This work was supported
by the National Natural Science Foundation of China (no.
11371130), Research Fund for the Doctoral Program of Higher
Education of China (no. 20120161110017), and China Postdoc-
toral Science Foundation (no. 2012M521515).

References

[1] L. A. Zadeh, “Fuzzy sets,” Information and Computation, vol. 8,
pp. 338-353, 1965.

[2] V. Derhami, “Similarity of learned helplessness in human
being and fuzzy reinforcement learning algorithms,” Journal of
Intelligent and Fuzzy Systems, vol. 24, pp. 347-354, 2013.

[3] M. H. Khooban and M. R. Soltanpour, “Swarm optimization
tuned fuzzy sliding mode control design for a class of nonlinear
systems in presence of uncertainties,” Journal of Intelligent &
Fuzzy Systems, vol. 24, no. 2, pp. 383-394, 2013.

[4] W. C. Lee and J. W. Wu, “Reply to ‘open problemof fuzzy
confidence interval for fuzzy process capability index?” Journal
of Intelligent and Fuzzy Systems, vol. 24, no. 1, pp. 1-3, 2013.

[5] S. Mathew and M. S. Sunitha, “Cycle connectivity in fuzzy
graphs,” Journal of Intelligent & Fuzzy Systems, vol. 24, no. 3, pp.
549-554, 2013.

[6] A.F. Meyabadi and M. Ehsan, “Aheuristic fuzzy decision-based
solving of redispatching problem for congestion management
in restructured power systems,” Journal of Intelligent and Fuzzy
Systems, vol. 24, pp. 563-574, 2013.

[7] L. A. Zadeh, “The concept of a linguistic variable and its
application to approximate reasoning, Part I Information
Sciences, vol. 8, pp. 199-249,1975.

S. Miyamoto, “Multisets and fuzzy multisets,” in Soft Computing
and Human-Centered Machines, Z. Q. Liu and S. Miyamoto,
Eds., pp. 9-33, Springer, Berlin, Germany, 2000.

[8

[9] S. Miyamoto, “Remarks on basics of fuzzy sets and fuzzy
multisets,” Fuzzy Sets and Systems, vol. 156, no. 3, pp. 427-431,
2005.

[10] K. T. Atanassov, “Intuitionistic fuzzy sets,” Fuzzy Sets and
Systems, vol. 20, no. 1, pp. 87-96, 1986.

[11] K. Atanassov and G. Gargov, “Interval valued intuitionistic
fuzzy sets,” Fuzzy Sets and Systems, vol. 31, no. 3, pp. 343-349,
1989.

[12] Z. Xu, “A method based on distance measure for interval-
valued intuitionistic fuzzy group decision making,” Information
Sciences, vol. 180, no. 1, pp- 181-190, 2010.

[13] Z. S. Xu and X. L. Zhang, “Hesitant fuzzy multi-attribute
decision making based on TOPSIS with incomplete weight
information,” Knowledge-Based Systems, vol. 52, pp. 53-64, 2013.

[14] Z. Xu and M. Xia, “On distance and correlation measures of
hesitant fuzzy information,” International Journal of Intelligent
Systems, vol. 26, no. 5, pp. 410-425, 2011.

(15] D.J. Yu, W. Y. Zhang, and Y. J. Xu, “Group decision making
under hesitant fuzzy environment with application to personnel
evaluation,” Knowledge-Based Systems, vol. 52, pp. 1-10, 2013.

[16] G. Wei, “Hesitant fuzzy prioritized operators and their appli-
cation to multiple attribute decision making,” Knowledge-Based
Systems, vol. 31, pp. 176-182, 2012.

Journal of Applied Mathematics

[17] M. M. Xia, Z. S. Xu, and N. Chen, “Some hesitant fuzzy
aggregation operators with their application in group decision
making,” Group Decision and Negotiation, vol. 22, pp. 259-279,
2013.

[18] B. Zhu, Z. Xu, and M. Xia, “Dual hesitant fuzzy sets,” Journal
of Applied Mathematics, vol. 2012, Article ID 879629, 13 pages,
2012.

(19] H. J. Wang, X. E Zhao, and G. W. Wei, “Dual hesitant fuzzy
aggregation operators in multiple attribute decision making,
Journal of Intelligent and Fuzzy Systems, vol. 26, pp. 2281-2290,
2014.

[20] G. Choquet, “Theory of capacities,” Annales de I'Institut Fourier,
vol. 5, pp. 131-295, 1953.

[21] V.Torra, “Hesitant fuzzy sets,” International Journal of Intelligent
Systems, vol. 25, no. 6, pp. 529-539, 2010.

[22] M. Xia and Z. Xu, “Hesitant fuzzy information aggregation
in decision making,” International Journal of Approximate
Reasoning, vol. 52, no. 3, pp. 395-407, 2011.

[23] M. Grabisch, T. Murofushi, and M. Sugeno, Fuzzy Measures and
Integrals, vol. 40 of Studies in Fuzziness and Soft Computing,
Physica, New York, NY, USA, 2000.

[24] Z.Y. Wang and G. J. Klir, Fuzzy Measure Theory, Plenum Press,
New York, NY, USA, 1992.

[25] T.-Y. Chen, “Optimistic and pessimistic decision making with
dissonance reduction using interval-valued fuzzy sets,” Infor-
mation Sciences, vol. 181, no. 3, pp- 479-502, 2011.



