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We investigate the multiple attribute decision making (MADM) problems in which attribute values take the form of interval-valued
dual hesitant fuzzy information. Firstly, some operational laws for interval-valued dual hesitation fuzzy elements (IVDHFEs) based
on Einstein operations are developed. Then we develop some aggregation operators based on Einstein operations: the interval-
valued dual hesitant fuzzy Einstein weighted averaging (IVDHFEWA) operator, interval-valued dual hesitant fuzzy Einstein
ordered weighted averaging (IVDHFEOWA) operator, interval-valued dual hesitant fuzzy Einstein hybrid averaging (IVDHFEHA)
operator, interval-valued dual hesitant fuzzy Einstein weighted geometric (IVDHFEWG) operator, interval-valued dual hesitant
fuzzy Einstein ordered weighted geometric (IVDHFEOWG) operator, and interval-valued dual hesitant fuzzy Einstein hybrid
geometric (IVDHFEHG) operator. Furthermore, we discuss some desirable properties of these operators, and investigate the
relationship between the developed operators and the existing ones. Based on the IVDHFEWA operator, an approach to MADM
problems is proposed under the interval-valued dual hesitant fuzzy environment. Finally, a numerical example is given to show
the application of the developed method, and a comparison analysis is conducted to demonstrate the effectiveness of the proposed

approach.

1. Introduction

The fuzzy set [1] has received increasing attention since its
introduction by Zadeh. Various extensions of this theory
have been developed, including the interval-valued fuzzy set
[2], type-2 fuzzy set [3], intuitionistic fuzzy set [4], interval-
valued intuitionistic fuzzy set [5], and linguistic fuzzy set [6].
However, the aforementioned extensions cannot deal with the
situation where it is difficult to determine the membership
of an element to a set owing to ambiguity among several
different values; that is, the difficulty in establishing the mem-
bership of an element to a set does not arise from a margin of
error (as in intuitionistic or interval-valued fuzzy sets) or a
specified possibility distribution of the possible values (as in
type-2 fuzzy set) but instead arises from our hesitation among
a few different values. Recently, Torra and Narukawa [7] and
Torra [8] introduced the concept of hesitant fuzzy sets (HFSs)
to handle such cases. HFSs permit the membership degree

of an element to a set to be represented by a set of possible
values. Hesitant fuzzy aggregation operators have received
increasing attention from researchers recently. Xia and Xu [9]
defined some hesitant fuzzy operational rules and discussed
a series of operators under various conditions. Furthermore,
Xia et al. [10] developed some quasiarithmetic aggregation
operators and some induced aggregation operators for hes-
itant fuzzy information. Zhu et al. [11] defined the hesitant
fuzzy geometric Bonferroni mean (HFGBM), the hesitant
fuzzy Choquet geometric Bonferroni mean (HFCGBM) and
then applied them to MADM problems. Motivated by the
idea of prioritized aggregation operators, Wei [12] developed
some prioritized aggregation operators for aggregating hes-
itant fuzzy information. Zhang [13] extended the classical
power aggregation operators to hesitant fuzzy environment
and then developed the hesitant fuzzy power averaging
(HFPA) operator, generalized hesitant fuzzy power averag-
ing (GHFPA) operator, weighted generalized hesitant fuzzy



power averaging (WGHFPA) operator, hesitant fuzzy power
ordered weighted averaging (HFPOWA) operator, and gen-
eralized hesitant fuzzy power ordered weighted averaging
(GHFPOWA) operator. Lin et al. [14] proposed hesitant fuzzy
linguistic set (HFLS) and developed some hesitant fuzzy
linguistic aggregation operators. In addition to the aforemen-
tioned aggregation operators for hesitant fuzzy information,
many other research topics have also been discussed with the
help of HESs [15-26].

Recently, Zhu et al. [27] proposed dual hesitant fuzzy sets
(DHFSs), which consists of two parts: the membership hes-
itancy function and the nonmembership hesitancy function.
They have investigated some basic operations and properties
of DHEFS. Furthermore, Wang et al. [28] developed some
aggregation operators based on dual hesitant fuzzy elements
(DHFEs), such as the dual hesitant fuzzy weighted averaging
(DHFWA) operator, the dual hesitant fuzzy weighted geo-
metric (DHFWG) operator, the dual hesitant fuzzy ordered
weighted averaging (DHFOWA) operator, the dual hesitant
fuzzy ordered weighted geometric (DHFOWG) operator, the
dual hesitant fuzzy hybrid averaging (DHFHA) operator, and
the dual hesitant fuzzy hybrid geometric (DHFHG) operator,
and then studied some properties of these operators. Ju et
al. [29] developed some aggregation operators with interval-
valued dual hesitant fuzzy information.

It is obvious that the aforementioned aggregation oper-
ators all built on the basic algebraic product and algebraic
sum, which are not the unique operations that can be chosen
to model the intersection and union of IVDHFEs. Einstein
operations include Einstein product and Einstein sum, which
are good alternatives to the algebraic product and algebraic
sum, respectively. Moreover, it seems that there are some
investigations on aggregation techniques using the Einstein
operations on IFSs (or HFSs) for aggregating a collection of
[FVs (or HFEs). Zhao and Wei [30] applied the intuitionistic
fuzzy Einstein hybrid averaging operator and intuitionis-
tic fuzzy Einstein hybrid geometric operator to deal with
MADM problems. Wang and Liu [31, 32] developed some
arithmetic aggregation operators and geometric aggregation
operators by using Einstein operations to aggregate intui-
tionistic fuzzy information. Wang and Liu [33, 34] further
investigated the Einstein operators under interval-valued
intuitionistic fuzzy environments. Zhang and Yu [35] pro-
posed some geometric Choquet aggregation operators using
Einstein operations to deal with MADM problems. Zhao et al.
[36] utilized Einstein operations to develop some hesitant
fuzzy correlated aggregation operators. Wei and Zhao [37]
developed some induced hesitant interval-valued fuzzy Ein-
stein aggregation operators to deal with MADM problems
with hesitant interval-valued fuzzy information. Zhao et al.
[38] developed some hesitant triangular fuzzy aggregation
operators based on the Einstein operations.

Based on the above analysis, we find that how to extend
the Einstein operations to aggregate the interval-valued dual
hesitation fuzzy information is a meaningful work. There-
fore, we will develop some aggregation operators based on
Einstein operations under interval-valued dual hesitant fuzzy
setting. To do that, the remainder of the paper is organized
as follows: Section 2 reviews some basic concepts related
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to HFSs, DHFSs, and IVDHESs. In Section 3, we define
some operational laws for interval-valued dual hesitant fuzzy
element (IVDHFE) based on Einstein operations and develop
some aggregation operators for aggregating interval-valued
dual hesitant fuzzy information based on Einstein opera-
tions of IVDHFE. Section 4 proposes a method to MADM
problems under interval-valued dual hesitant fuzzy setting.
A numerical example is developed to illustrate how to apply
the proposed approach in Section 5, followed by concluding
remarks in Section 6.

2. Preliminaries

In this section, we briefly review some basic notations and
definitions regarding hesitant fuzzy sets, dual hesitant fuzzy
sets, and interval-valued hesitant fuzzy sets.

2.1. Hesitant Fuzzy Sets. Torra and Narukawa [7] and Torra
[8] firstly proposed the hesitant fuzzy set. The concept of
hesitant fuzzy set (HFS) and some operation laws of hesitant
fuzzy elements are given as follows.

Definition 1 (see [9]). Let X be a fixed set; a hesitant fuzzy set
(HFS) on X is in terms of a function that when applied to X
returns a subset of [0, 1]. To be easily understood, Xia and Xu
[9] expressed the HES by a mathematical symbol:

E = {{x,hg (x)) | x € X}, o

where hp (x) is a set of some values in [0, 1], denoting the
possible membership degrees of the element x € X to the
set E. For convenience, Xia and Xu [9] called h = hy(x) a
hesitant fuzzy element (HFE) and H the set of all hesitant
fuzzy elements (HFEs).

Definition 2 (see [9]). Let h, h;, and h, be any three HFEs;
then some operation laws about HFEs are defined as follows:

K=}

reh
@ Ah=J{1-a-n'}
reh
()
(3) hyoh, = U {ri+r,— 1}
ri€hy,ry€h,
(4) hy®h, = U {rins}.

ri€hy,ry€h,

Definition 3 (see [9]). Let h be a HFE; then the score function
of h is determined as follows:

1
“M=ﬁgzﬂ (3)

reh

where I(h) is the number of the elements in h. For two HFEs,
h, and h,, ifS(h;) > S(h,), then hy > h,;if S(hy) = S(h,), then
hy = h,.



Mathematical Problems in Engineering

2.2. Dual Hesitant Fuzzy Sets. As an extension of HFS, Zhu
et al. [27] developed the concept of dual hesitant fuzzy sets
(DHEFSs), in terms of two functions that return two sets of
membership values and nonmembership values, respectively,
for each element in the domain as follows.

Definition 4 (see [27]). Let X be a fixed set; then a dual
hesitant fuzzy set (DHES) E on X is described as follows:

E={{(xh(x),g(x)) | x e X} (4)

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 E, with the
conditions: y,7 € [0,1] and 0 < y* + 1" < 1, where y € h(x),
negx),y e€h(x)= U, eno max{y}, and ntegix) =
Upeg(x) max{n} forall x € X. For convenience, the pair e(x) =
{h(x), g(x)} is called a dual hesitant fuzzy element (DHFE)
denoted by e = {h, g}.

To compare the DHESs, Zhu et al. [27] gave the following
comparison laws.

Definition 5 (see [27]). Lete, = {h;,g,} and e, = {h,, g,} be
any two DHESs; then the score function of e; (i = 1,2) is
S(e;) = (1/1(h)) Xy en, vi = (1/1(g9) X,eq, 7 (i = 1,2) and the
accuracy function of ¢; (i = 1,2) is P(e;) = (1/1 (1)) X ), e, Vit
(1/1(9:)) Xypeq, M (i = 1,2), where I(h;) and I(g;) are the
numbers of the elements in /; and g;, respectively; then con-
sider the following:

(1) if S(e;) > S(e,), then e, is superior to e,, denoted by
e > ey

(2) if S(e;) = S(e,), then consider the following:

(a) if P(e;) > P(e,), then e, is superior to e,,
denoted by e; > e,;

(b) if P(e;) = P(e,), then e, is equivalent to e,,
denoted by e, =e,.

2.3. Interval-Valued Dual Hesitant Fuzzy Set. In some real-life
decision making problems, decision makers may find it hard
to express their evaluation about an alternative under a spe-
cific attribute with exact and crisp values. Since the interval-
valued fuzzy set is usually more adequate or sufficient to
model real-life decision problems than real numbers, Ju et al.
[29] developed the interval-valued dual hesitant fuzzy set.

Definition 6 (see [29]). Let X be a fixed set; then an interval-

valued dual hesitant fuzzy set IVDHFS) E on X is defined
as

E={{x,h(x),§(x)|xeX}, (5)

where hi(x) and g(x) are two sets of some interval values in
[0, 1], denoting the possible membership degrees and non-
membership degrees of the element x € X to the set E,
respectively, with the conditions: [yL, yU], [17L, r]U] c [0,1]

and 0 < (V)" + (1Y) < 1, where [y*,yY] € h(x), [7",1"] €
3, W) € 1) = Upt ey max(y”}), and (9)" €
g (x)= U150 max{j]U} for all x € X. For convenience,
we call the pair &(x) = {h(x), g(x)} an interval-valued dual

hesitant fuzzy element (IVDHFE) denoted by & = {h, g} and
E the set of all VDHFEs.

Especially, if y* = yY and #* = #Y, then E reduces to a
dual hesitant fuzzy set.

To compare the IVDHFEs, Ju et al. [29] give the following
comparison laws.

Definition 7 (see [29]). Let@ = () = Uyyp. i1tV 1D
(7", 4”1} be an interval-valued dual hesitant fuzzy element;
then

S(@)

1 1 LUy L L, U
_5<@[YL,YZU:]€E<Y Y) l(g)[VILZ (’7 ! )>

nV1eg
(6)

is called the score function of €, and

H(e)

1 1 L U 1 L U
<ﬂ2< REMTEIP I >>
7)

is called the accuracy function of &, where I(h) and I(g) are
the numbers of interval values in /2 and g, respectively.

Theorem 8 (see [29]). Lete; = {711,51} andée, = {flz,’g'z} be any
two IVDHFESs; then one can compare them in terms of the fol-
lowing rules:

(1) if S(&,) > S(&,), then &, > &y;
(2) ifS(&)) = S(&,), then

(@) if H(e;) = H (&,), then &, = &;
(b) ifH(e,) > H(&,), then &, > &;
(c) ifH (e,) < H(&,), then g, <&,.

Based on algebraic operations of IVDHFEs, some inter-
val-valued dual hesitant fuzzy aggregation operators can be
defined as follows.

Motivated by the intuitionistic fuzzy aggregation opera-
tors developed by Xu [39] and Xu and Yager [40], some inter-
val-valued dual hesitant fuzzy aggregation operators can be
defined as follows based on algebraic operations of [IVDHFEs.

Definition 9 (see [29]). Let f (j =1,2,...,n) be a collection

of IVDHFEs and let @ = (w,,w,,...,w,)" be the weight vec-
tor of & (j = 1,2,...,n), with w; € [0,1] and Z;’:l w; =1
then consider the following.



(1) Aninterval-valued dual hesitant fuzzy weighted aver-
age (IVDHFWA) operator is defined as follows:

IVDHFWA (2,,2,,...,82,)

n
= EB wje;
j=1

L)@
= U {{[1‘ (1-v)"
Y 1eh; Ik Teg; j=1

B

(2) An interval-valued dual hesitant fuzzy weighted geo-
metric IVDHFWG) operator is defined as follows:

IVDHFWG (&, 8,,...,¢,)

n
_ Sj
= ® €j
j=1

n I © n L ©
j j
| ' (Vj )" . (Vj ) ’
kY 1eh lnkn1eg; J=t i=1 (9)

Definition 10 (see [29]). Let € (j=1,2,...,n) bea collection
of IVDHFESs, let &,,; be the jth largest of them, and let w =
(wy, w,,...,w,)" bethe aggregation-associated weight vector
with w; € [0,1] and Z;;l w; =1 then consider the following.

(1) An interval-valued dual hesitant fuzzy ordered
weighted averaging (IVDHFOWA) operator is
defined as follows:

IVDHFOWA (&},8,,...,8&,)

n
= EB Wi€s(j)
j=1

-y

n w
L j
) =TT =)
) Ve ok S ) 1€F0() =1
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(10)

(2) An interval-valued dual hesitant fuzzy ordered
weighted geometric (IVDHFOWG) operator is
defined as follows:

IVDHFOWG (&, 8,,...,¢,)

® (Zoip)”

P

n
U ()"
i L1 \Yo(p)
(e Yot 1€t 5 M) 1€t j=1

j=1
oo
(11)

Definition 11 (see [29]). Lete; (j = 1,2,...,n) be a collection
of IVDHEFESs, let w = (w,, ,, . ..,w,)" be the weight vector of
¢ (j=12,...,n),withw; € [0,1] and Z;‘:l w; =1,andletn
be the balancing coefficient which plays a role of balance; then
based on the location weighted vector w = (w;, w5, .. ., wn)T,
such that w; € [0,1] and Z;’:l w; = 1, some interval-valued

i
dual hesitant fuzzy hybrid aggregation operators are defined

as follows.

(1) An interval-valued dual hesitant fuzzy hybrid average
(IVDHFHA) operator is defined as follows:

IVDHFHA (2,,8,,...,¢,)

n

=D wioy
j=1

- U

Uz Vo €t g ) Mgy 1€ 9ot =t

N



Mathematical Problems in Engineering

(2) An interval-valued dual hesitant fuzzy hybrid geo-
metric IVDHFHG) operator is defined as follows:

IVDHFHG (&,,2,,...,2,)

n .
B @ (ép)”
=

n w
. .L g
- U , (7)™
g Vot 1€l )i €65 =1

=

et}

(13)

in which é,; is the jth largest of interval-valued dual hesitant

fuzzy weighted arguments ¢; (é; = nw;e;, j = 1,2,...,n),and

é(j) is the jth largest of interval-valued dual hesitant fuzzy
weighted arguments ¢; (¢; = (€)™, j = 1,2,...,n).

3. Interval-Valued Dual Hesitant
Fuzzy Aggregation Operators Based on
Einstein Operations

In this section, we will develop some aggregation operators
to aggregate interval-valued dual hesitant fuzzy information
based on Einstein operations. Einstein operations include the
Einstein product and Einstein sum. Einstein product ®, is a
t-norm and Einstein sum @, is a t-conorm [41], where

(1) ae, b= (a+b)/(1+axb);
(2) a®,b=(axb)/(1+(1-a)x(1-b)),V(a,b) € [0,1]%

3.1. Operational Laws for IVDHFEs Based on Einstein Oper-
ations. Let& = (h,§), &, = (h,§,), and & = (hy,3,) be
any three interval-valued dual hesitant fuzzy elements, where
[yiL, yiU] € ﬁ-, [niL,niU] € gi=1,2,and A > 0; then some

operational laws of the IVDHFEs can be defined based on
Einstein operations.

Definition 12. Let &, &), and &, be three IVDHFEs, then we
have the following operational rules:

L L U U
(1) & @6, = U H[”WZ,%W;UH,
2

[vEvY | ehlnt P 1€g;

L+yfyy 1+y

iy

mny

Hl+(1—’1f)(1—77§)’1+(1_;7§f)(1_,151)”}’ i=12

{m mepeml

o+ 1y 1o
Leatng [1]° T

Ly 4 (=) (1) + (1)

U H[(HVL)A-(I-VL)AA (1+VU)A-(1-VU)A”’ 1)

{{ ZO%Y ’ ZWUY ]}}, 1> 0;
Q-+ ) @)+ ()

(2) € ®e, =
[yFyY 1eh; [t V1 eg;
L. L
{[ o+,
L+ niny
(3) Ae =
YraVlehlntnVleg
A
L
e = 2()

V)
[YL,VulegﬂL>WU]€§ { { [ (2- VL)A + (YL)A’ (2- YU)}L + (VU)A ,

”(H'f)A—(l—ﬂL)A (1+ﬂ”)h—(1—ﬂ”)A”}) .

L+ + (=) (1) + (-0



Obviously, the above operational rules are still IVDHFEs.
Some relationships can be further established for these oper-
ations on IVDHFEs.

Theorem 13. Let ¢, €, and &, be any three IVDHFESs; then one
has

(e, oe,=¢,@ée;
(2)e,®e, =¢6,0¢;;
(3) A(e; ®¢&,) = A&, ® A&, A > 0;

@) (5, 08) =&t e, 1 >0.

3.2. Interval-Valued Dual Hesitant Fuzzy Einstein Weighted
Aggregation Operators. Based on the above operational
laws, we develop a new operator, which is defined as follows.

IVDHFEWA (&,,&,,...,8,)

n
EB wje;
j=1
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Definition 14. Let € (j = 1,2,...,n) be a collection of
IVDHEESs; an interval-valued dual hesitant fuzzy Einstein
weighted averaging (IVDHFEWA) operator is a mapping
IVDHFEWA: E" — E, such that

n
IVDHFEWA (2,,,,...,8&,) =
j

(wi2;),

1

(15)

T, . _
where w = (w;,w,,...,w,) is the weight vector of (¢,,8&,,
.»8,) with w; € [0,1] and Z;’Zl wj=1.

Theorem 15. Let Ej (7 = L,2,...,n) be a collection of IVD-
HFEs; then their aggregation value by using the IVDHFEWA
operator is also an IVDHFE, and

- U [Hldl+ﬁ7?—ﬂidl—ﬁfiH?K1+ﬁ77—ﬂidl-ﬁ3f] o
aiciinies, | LL T (14 vE)™ + 05 (1= 91)™ T (L) + T (1-94)”
20T, ()" 20T ()"

|

T . , _
where w = (w},w,,...,w,) is the weight vector of (€,8,,
.»8,) with w; € [0,1] and Z;’:l w;=1.

Proof. The first result follows quickly from Definition 14.
In what follows, we prove (16) using mathematical induction
onn.

(1) When n 1, it is easy to conclude that (16) holds
according to the Einstein operational law (3) in Defi-
nition 12:

IVDHFEWA ()

=w.e

[T (2= n8)" + T () T (2= )™+ T ()

Ii}

(L+yr)" - (1-y1)"
(L+yH) + (1 -yph)™

U]Ehp[*lf”ﬁj]e.% [

i

(1) - (1)
(L)) + (1 =)™

>

2(my)"

(2 =) + (gh)

17)
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(2) Assume that (16) holds for n = k (k > 1); namely,

IVDHFEWA (¢,,8,,...,8&)

k
= EB wje;

j=1

= U {{[Hl;zl(“VJ'L)wj_H’;ﬂ(l‘VjL)wj H§=1(1+Vy)wj‘
lyj>vi 1€hplnyn;leg; [ Y N [1 Y

“ 20T, ()" 20T ()" ”}
T (2= n8)" + T, ()™ Tl (2= 1Y)+ TT, ()™

When n = k + 1, we get

IVDHFEWA (&,,8,, . ..,841)
k+ k
@ @ ® Wyt 1 8k
j=1 j=1
= IVDHFEWA (,,8,,...,8) ® Wy, &,

) U { { [ H’;ZI (1 - Yf)wj - Hl;q (1 _ yf)wj HI;'=1 (1 + YJL'])wj - Hljzl (1 - YJL'])wj :| }
w; - - _ ,
[y N<hy b < Hlf;l (1 * YJL) T+ Hl;:l (1 - YJL) ' Hl;:l (1 + VJU) T+ Hljzl (1 - VJU) j
{ l M le) 20T, ()" ] }
Hl;:l (2 B ”?)wj + HI;:1 (W?)wf Hl;:l (2 - qj@’)wj + H’]le (,ﬁ])wi
"ot Hl(lw’f”)% (0™ ()™ —(l—y&)wl”
et lemontttteon | LL (Tr 7R+ (1=vh) ™ (e yl) ™ + (1-90)™

{ [ 2 (’7II<‘+1)wk+l 2 (’71&11)%+1 :I } }
(2 - ’h%ﬁ—l)whl + (1/II€+1)WH1 (2 - ”]Lcirl)wk+1 + (rlltc]ﬁ-l)whl

(19)

Let k . k o\,
p=1105)"  a=]1C-n)
= j=
k k
a =H(1+yJL) ! b =H(l—y}1‘)w] az_(l+ylf+l)wk+1 b, -

=1 j=1 (’7k+1)Wk 1 V2= (2 - ’71€+1)Wk 1
=160 w=T10-4)" A

=1 =1 (20)
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then Wit 1€kc41
S ORI | et e |
IVDHFEWA (2, ), ..., &) O AR | PO
- U {{[al_bl Cl_d1” { 2u, 2P, ”}
- , , U, +v, py+q
h Vet alleg; - -0 thia+d, por 1)
{ [ 2uy 2p, ] } } According to the Einstein operational law (1) in Definition 12,
u +v; p+q ’ we have
IVDHFEWA (€,,8,, . ..,8;)
S Ol | ety | B Peerte |
e ke, a +b ¢ +d, u +v, prtaq
PPN URPIN || Fevterd | Bl Pesbeed |l
ot lehn ity i Jegey (P2 T 2T 6 BEV Pt
_ U {{[alaz -bb, o _dldz]} {[ 2uu, 2p1p, ]}} (22)
aa, +bby oc +dd, Uy + ViV, PP+ 4192

v}y 1eh, [0} 1eg;

151 (1 +9] I ) )’
_ J=
[y;,yy]eh%,ng]e%H[n’;:;(l+yf)“’f+n’;=1(1—y,@)“’f I (1Y) + T (1 - )”

that is, (16) holds for n = k + 1. Especially, if o = (1/n,1/n,..., 1/n)T, then the IVD-
According to steps (1) and (2), we know that (16) holds HFEWA operator is reduced to an interval-valued dual hesi-

for any positive integer 7. tant fuzzy Einstein averaging (IVDHFEA) operator, which is
The proof is completed. O  shown as follows:

IVDHFEA (¢,,8,,...,¢,)

1 n
@ ]
n o

- U

[yEaY1ehlntn?1eg;

H[H L) T ()" T () =TT (-0 /” -
[T} 1( )I/H+HJ1(1_Y])1/H [1 -

([ mr mn
H]1 2 ’7])/”+H;l:1(nf)l/n H’}:I (2_’7j) +H11( )l/n
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Theorem 16. Let &; (j = 1,2,...,n) be a collection of IVDHFEWA (8,,&,,...,8,) = €. (24)
IVDHEFEs, then we have the following properties:

@ Idempote;acy{.}[fallij (]L']z 1,2,...,n) are equal and €; Proof. Since &, = & = HIyE YT Al V1, for all j =
=e={{lyy L ily.n W forall j=1,2,...,n,then  1,2,...,n, then

IVDHFEWA (¢,,8,,...,¢,)

Il
—
— e

LyVien; kY 1eq;
lyjovj 1€hjlnyon; 1€G;

l AL ()" AT ) ] } }
H?:] (2 - ”IJL) T+ H;'l:1 (”lf) ' H;lzl (2 - ’75]) T+ H;'lzl (’73]) '

U { 1 !H?_l (1 + yL)wj ~ 17 (1 - YL)wj [T, (1 + YU)wj -1 (1 - YU)wj :I } ,

H;l:l (1+yH)" + H;l:1 (1-yH)" , H;l:l (1+y)" + H;’l:l (1-yY)"

(25)
w w
2T, (n")” 20T, ()
[Ty 2= n") + T (1) T 2= 1) + 1T, (1)
_ { [“VL—(I—VL) 1+V”—(1—YL)” H 2" 2n” ]H
bt itattes, LLLLFYEH (L)) 1oyl (U=yh) [T L2 =7t 4t 2=
L. .U L. U
= U ATl
hyYleh;ntnVeg;
L. .U L. U ~
={ Al ] =
Thus, IVDHFEWA (€,,8,,...,¢,) = &. Proof. Let f(x) = (1 — x)/(1 + x), x € (0,1]; then f'(x) =
The proof is completed. —2/(1 + x)* < 0; that is, f(x) is a decreasing function. Since
. . Lo U - Yo < yf < yE . then, for all j, we have f(y: )< f (ij) <
(2) L(}Joundedness. IfymmUz mlnlijgné]/j | [yi,yj ]Le hj}, F(yE; that is,
Ymin = minlsjsn{y]' | [YJ’Y] ] € h]}’ Ymax =
maxlSan{yf | [Y}) YJU] € h}, ern]ax = maxlngn{yJL.] | 1 - YL 1- V'L 1 - YL
> v7') € Py tisy = minycie {5 | D] € Gb TS — < — P (27)
U . U LU ~ L Lt Vrax  L+Y) T4V
Mmin = Minge,{ny | 15771 € gib fpe =
max, e ;| lnnf) € ghoand ng, =
maxlgjgn{n;] | [1157,7];}] €ghforalj=12...n Lletw = (wl,wz,...,wn)T be the weight vector of (,,8&,,
then we can obtain ...,&,), such that w; € [0,1] and 27:1 w; =1 Then, for all
LU . v w; € [0, 1], we have
{{ [Ymin’ Ymin]} 4 {[rlmax’ ﬂmax }}
< IVDHFEWA (&,,8,,...,¢,) (26) ( e >w]- _ < 1 y}; )wj . ( Toyh )w,- 08)
1+9yk T\ Lyl ) T\ 149 )
< {{ [))rj;lax’ Yrtn]ax]} > {[an;lin’ r]frjlin] }} : i Vmax " Y] " Yinin



1+yr1;1in 1
20 1+ T (=) (1 +9h)”
1+ Pha

L
= 1+ y, <

LTI (L= 28) 7 (1+9E))”
<1+ Yoo

2

= Yﬁnn < 5 L= yrj;‘a";
VT (- 95) /(1)
(29)
that is,
o I () T ()™ Ao Go)
T () T ()
Similarly, we have
ey H’J?:I(Hyf)wj -1, (1 —Vf)wj <V e
ML () T ()

For all j, we have

L U
Ymin + ymin

L U
< Ymax + Ymax’
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where I(1) is the number of interval values in the membership
degrees of IVDHFEWA (&), &,,...,8,).

Let g(y) = 2 - ¥)/y, y € (0,1]; then g'(y) = —2/y* < 0;
that is, g(y) is a decreasing function. Since 7= < 17]; <k

then, for all j, we have g(r% ) < g(nf) < g(nt..); thatis, (2 -
Moy < Q=1D]y < Q=) y. Letw = (0, @y, .., 0,)"
be the weight vector of (&,,&,,...,¢,), such that w; € [0,1]
and Z?:l w; =1 Then, for all w; € [0, 1], we have

2k A\ 2_,1? “i 2\
(o) <(20) < (Bme) o
nmax 17] rlmin

<
qu;lax n=1 ’75 rlrl;lin
(34)
= 2 < - <2_;1]L)w’+1< 2
rlflax - n=1 17‘]; - ﬂr];ﬁn
er;un 1 rl;lax
= < o <
n 7
2 I (@-np)mp)” 1 2
L 2 L
Aaand Mmin S n w; r]max’
o ((2=nf) )™ +1
that is,
2T, ()"
= Nin < — S S M (39)
H]:l (2_’7J) +Hj:1 (}1])
Similarly, we have
21—[(1: ;1[.J i
Wr[r]nn < J 1( 1) U (36)

. @, ” w; < Hmax-
M (2= )" + 1T ()
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That is,

L U
nmin + nmin

L U
< rlmax + nmax’
(37)

where I(g) is the number of interval values in the nonmem-
bership degrees of IVDHFEWA (&, 8,,...,¢,).
So we can get

(YrI;lin + YILn]in) - (ﬂanax + ’71?13)()

<“7=1<1+yf>°°f'—
n 1\%i

N 2H;l=1 (”ly)wj >
i (2= nY)" + T ()"

< (Yrﬁ;ax + Ygax) - (rléin + ﬂgin)
h 2

(38)

Therefore, according to Theorem 8, we have
{{ [Yéin’ yr[n]m]} > { [n;ax’ anI]lax }}

< IVDHFEWA (&,,2,,...,&,) (39)

< {[imae Yo b A i ] 1}

The proof is completed.

1

Lemma 17 (see [42]). Let a;>0,w;>0,j=12,...,n and
n —_— .
Yo wj = 1; then

H“}Uj < Y wia; (40)
=1 =1
with equality if and only ifa; = a, = --- = a,.

To compare the aggregated values between the IVD-
HFEWA operator and IVDHFWA operator in (8), we give the
following theorem.

Theorem 18. Lete; (j = 1,2,..., n) be a collection of IVD-
HFEs and let 0 = (w,w,,...,w,)" be the weight vector of
(€,8,..., g,) withw; € [0,1] and 3, w; = 1; then
IVDHFEWA (8,,8,,...,¢,) < IV'DHFWA (g,,8,,...,8,) .
(41)

Proof. According to Lemma 17, for any [yJI.‘, yJU] € fzj, j=
1,2,...,n, we have

n

[0 TT0-n)"

j=1

(42)

Thus, we have
M (L+9f) " =TT (1-95)"
[T (1 yE) + T (1-vE)”

2T} (1- Vf)wj
[ (L)) + I (1-97)”

n

- [T,

j=1

=1-

(43)
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Similarly, for any [;1;“, 17;]] € l~1j, j=12,...,n wehave

21_[;‘:1 (W]L')wj -
M, (2= b)) + T ()" 5

(44)
2T ()" U
M 2-79)" + T ()7 54

That is,

1 I (L 9))” =TT (1-vp)”
Z ( wj I j

I
ik leh;

1y ( 2017 ()"
L It 1eg; H;l:l (2 - ”JL)wj + H?=1 (’7]L‘)wj

20T, ()" >
I 2=y + T ()

+

1
>Z_z

4 ntl1eg;

(T +F16)")
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that is,

) (H?—1(1+Vf)w"-ﬂ?1(l-w)
[T (L f)” + T (1=9)”

l _
LykaYen;

11(1+n) (I-Vﬁj)‘”>
] 1(1+Y]) (I‘Yy)wj
1 ( (ﬂ?)wj
L [, 1111651 j=1 2 ’7] +HJ 1(’7;)

21—[7:1 (Wy)wj )
U\Yi

B
B

Jj=1

1 o
Ly ( 6 T108) )
4 ntalleg; \ =1
(46)

where [, and [, are the numbers of interval values in
the membership degrees and nonmembership degrees of
IVDHFEWA (2,,8,,...,¢,), respectively; I, and I, are the
numbers of interval values in the membership degrees
and nonmembership degrees of IVDHFWA (&,,&,,...,¢,),
respectively. Therefore, according to Theorem 8, we obtain

IVDHFEWA (2,,&,,...,¢,) < IVDHFWA (&,,&,,...,8,) .

(47)
The proof is completed. 0

Definition 19. Let Ej (j = L,2,...,n) be a collection of
IVDHEES; an interval-valued dual hesitant fuzzy Einstein
weighted geometric IVDHFEWG) operator is a mapping

(45 [VDHFEWG: E" — E, such that
IVDHFEWG (2,,8,. ..,2,)
n
-®4
=1
- { { [ 215 ()" M 0)) } } .
h9V el bt 1€, T (2= v) 7+ T (v]) ™ T (2= 0)) 7 + 1T (o))

T (1) T (1) = T (1) } } } ,
[l +11 ‘

{[HJ 1(1+’71)
H] 1(1+’7]) "’H;L:l(l_ﬂf)wj)

where w = (w;, w,,..., wn)T is the weight vector of (€},¢,,
..»&,) withw; € [0,1] and Z?:l w;=1.
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Especially, if w (1/n,1/n,..., l/n)T, then the IVD-
HFEWG operator is reduced to an interval-valued dual

IVDHFEG (&}, &,,. ..

_ ® ~1/n

&)

21_[7 1 (Vf)l/n

13

hesitant fuzzy Einstein geometric (IVDHFEG) operator.
Consider

2T} (VJU )l/n

U

lyFaY1eh,lntn1eg;

H?:l(z_)’]) +HJ 1( )l/n H?:l

()" T

(2 B y]U)l/n + H?zl (y]U)l/n

1( )l/n HJI(I_”J)

1/n

)l/n

[T}-
[T}

Similar to the IVDHFEWA operator, the IVDHFEWG oper-
ator also has the properties of idempotency and bounded-
ness.

,n) be a collection of

Theorem 20. Let €; (j 1,2,...

IVDHFEs and let = (w,,w,, ...,w,)" be the weight vector
of (€1,8,...,8,) withw; € [0,1] and }_, w; = 1; then

IVDHFWG (,,&,,...,&,) < IV'DHFEWG (2,,&,,...,¢,).
(50)

This theorem can be proved similar to Theorem 18.

IVDHFEOWA (&,,&,,. ..

&)

(o) "+ T

1-n;) " I
1—71])1/" IT; 1(1+f1])1/"+1'[]1(1—f1])1/”

3.3. Interval-Valued Dual Hesitant Fuzzy Einstein Ordered
Weighted Aggregation Operators. Motivated by the idea
of the ordered weighted averaging (OWA) [43] and the
ordered weighted geometric [44] operators, we develop some
interval-valued dual hesitant fuzzy Einstein ordered weighted
aggregation operators.

Definition 21. Let g (j = 1,2,...,n) be a collection of
IVDHFES, let & be the jth largest of them, and let w
(wy, w,, ..., w,)" be the aggregation-associated weight vec-
tor, such that w; € [0,1] and Z;’Zl w; =1 then an interval-
valued dual hesitant fuzzy Einstein ordered weighted aver-
aging (IVDHFEOWA) operator is a mapping IVDHFEOWA:
E" — E, where

21‘[;’:1 (’7§<j))wi

(- Va(j))Wj [T (L) - T3, (1 Yg(j))wj |
j u \Yi n u \Yi ’
L+ Va(j)) 1T (1 - ”am)

20T, ()™

[T (2 - ’If?(j))wj + 115 (

where (0(1),0(2),...,0(n)) is a permutation of (1,2,...,n),

such thate,(;_;) > &, forall j =2,3,...,n

AR} - >

M) T (2=n) "+ T ()

(51)

Especially, ifw = (1/n,1/n, ..., l/n)T, then the IVDHFE-
OWA operator reduces to the IVDHFEA operator in (23).
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Similar to IVDHFEWA and IVDHFEWG operators, the
IVDHFEOWA operator also has the properties of idempo-
tency and boundedness. In addition, it has the property of
commutativity shown as follows.

Theorem 22 (commutativity). Let (€},8,,...,e,) be a collec-
tion of IVDHFEs and let (€,,&,,...,€,) be any permutation of
(€,,8,,...,8,); then

IVDHFEOWA (2,,&,...,&,)
(52)

n

= IVDHFEOWA (&},8),...,2,).

Proof. Since (€),&,,...,&,) is a permutation of (&}, &,,. ..,&,),
-~ - .

we have &, ;) = &;) forall j = 1,2,...,n. Then, based on

Definition 21, we obtain

IVDHFEOWA (¢,,8,,...,8,)
= IVDHFEOWA (,8,...,&,).

n

The proof is completed. O
IVDHFEOWG (&,,&,, ..., 2,)
n
- i
‘® €a(j)
j=1

2T} (vhp)”

Mathematical Problems in Engineering

Theorem 23. Let €; (j = 1,2,...,n) be a collection of IVD-

HFEs and let w = (wy,w,,...,w,)" be the aggregation-

. . n
associated weight vector, such that w; > 0 and }; , w; = 1;
then

IVDHFEOWA (&,,8&,,...,¢,) < IV/DHFOWA (&,,&,,...,¢,).

(54)

This theorem can be proved similar to Theorem 18.

Definition 24. Let e; (j = L2,...,n) be a collection of
IVDHFEs, let &) be the jth largest of them, and let w =

(w, w,,. .., wn)T be the aggregation-associated weight vec-
tor, such that w; € [0,1] and Z;;l w; = 1; then an interval-
valued dual hesitant fuzzy Einstein ordered weighted geo-
metric (IVDHFEOWG) operator is a mapping [VDHFE-

OWG: E" — E, where

2T} ()™

- U

L U T L U 1es
Yoy Yoty 1 €hat) Moy Moy 1€00i)

[T, (1+ ’7§<j>)% ~ 17 (1~ ’7§<j>)Wj [T, (1+ ’73(1))% -

[Tj-: (2 - Vﬁ(j))wj + [T (V&j))wj | [T (2 - Vfr]w)wj +1j (V}fjo‘))wj

[T5=1 (1 + Wﬁu))wj 1T (1 - ’7§<j>>wj ) [T, (1 * ’73(1))% 1T (1 - ”z[rj(ﬁ)wj

where (0(1),0(2),...,0(n)) is a permutation of (1,2,...,n),
such that&,(;_;) > &, forall j =2,3,...,n.

Especially, ifw = (1/n,1/n,...,1/n)", then the IVDHFE-
OWG operator reduces to the IVDHFEG operator in (49).

Theorem 25. Let €; (j = 1,2,...,n) be a collection of IVD-
HFEs and let w = (wy,w,,...,w,)" be the aggregation-

. . n — .
a;socmted weight vectot, such thatwj € [0,1] and ZFl w; =1
tnen

IVDHFOWG (2,,&,, ..., €,)

(56)
< IVDHFEOWG (&,,&,,...,8,) .

This theorem can be proved similar to Theorem 18.

(55)

3.4. Interval-Valued Dual Hesitant Fuzzy Hybrid Aggregation
Operators Based on Einstein Operations. From Definitions
14-24, we can see that the IVDHFEWA and IVDHFEWG
operators only weight the importance of interval-valued dual
hesitant fuzzy argument itself, while the IVDHFEOWA and
IVDHFEOWG operators only weight the importance of
ordered position of each argument. Therefore, weights rep-
resent different aspects in both weighted aggregation (IVD-
HFEWA and IVDHFEWG) operators and ordered weighted
aggregation (IVDHFEOWA and IVDHFEOWG) operators.
To solve this drawback, in what follows, we will propose some
interval-valued dual hesitant fuzzy Einstein hybrid aggrega-
tion operators, which weight both the given interval-valued
dual hesitant fuzzy arguments and their ordered positions.
Motivated by the hybrid aggregation operators [45], which
consider both the given arguments and their ordered posi-
tions, in what follows, we will propose some interval-valued
dual hesitant fuzzy Einstein hybrid aggregation operators.
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Definition 26. Let g (j = 1,2,...,n) be a collection of

IVDHEFEs, let w = (w;, w,, ...
€ (j=12...,nwithw; €[0,1],
the balancing coefficient which plays a role of balance; then an

,w,)" be the weight vector of

IVDHFEHA (¢,,8,,...,¢,)

n
=E|? (wjéaip)
P

- U
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interval-valued dual hesitant fuzzy Einstein hybrid averaging
(IVDHFEHA) operator is a mapping E" — E with the

LU ; L .U R
[Vu(j) )ya(]’) ] Eha(j):[rlo(j) ’”U(j)]Egu(j)

iiw; =1,andletnbe  aggregation-associated weight vector w = (w, w,,..., w,)’,
such that w; € [0,1] and Z;‘:l w; =1
n L\Yi n L\Yi n U \Wi n U \Wi
[T (1 +9a) " T (=) T (L 95) ™ = T (1 - 9)
n 1 . I wj n 1 . L w;? n 1 .U wj n 1 .U wj ’
T (14 75) 05 (1= 0ky) T 05 (1498) + 05 (1-35)
n L \Wi n .U \Wi
[T (’10( j)) 20T (”a(j))
n L \Wi n (.r \¥ n v \Yi n (.u \Y ’
[T5- (2 - ”o(j)) 1T (”a(j)) [Tj- (2 - ”a(j)) + 1T (”ou))
(57)

where é,(;) is the jth largest of interval-valued dual hesitant
fuzzy weighted arguments é; (¢; = nw;e;), (i = 1,2,...,n).
w = (w,w,...,w,)" is the weight vector of ejand w =

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

Especially, if w = (1/n,1/n,..., l/n)T, then the IVD-
HFEHA operator reduces to the IVDHFEWA operator in
(16). Ifw = (1/n,1/n,..., l/n)T, then the IVDHFEHA oper-
ator reduces to the IVDHFEOWA operator in (51).

Theorem 27. Let €; (j = 1,2,...,n) be a collection of IVD-
HFEs, let @ = (w,,w,,...,w,)" be the weight vector of €

(j = L2,...,n), with w; € [0,1], Z;':le = 1, and let

IVDHFEHG (&}, ¢, ...,8,)
n w.
= ® ea(jj)
j=1

2T} (7))

w = (W, w,y,...,w,) be the aggregation-associated weight
vector, such that w; € [0,1] and Z;’l=1 w; =1 then

IVDHFEHA (&,,8,,...,¢,) < IVDHFHA (&,,8,,. ..

&)
(58)

This theorem can be proved similar to Theorem 18.

Definition 28. Lete; (j = 1,2,...,n) be a collection of IVD-
HFEs, let w = (0, w,,... ,wn)T be the weight vector of ¢;

(j =1,2,...,n), withw; € [0,1], Z}ll w; = 1,and let n be
the balancing coefficient which plays a role of balance; then an
interval-valued dual hesitant fuzzy Einstein hybrid geometric
(IVDHFEHG) operator is a mapping E" — E with the
aggregation-associated weight vector w = (w;, wy,...,w,)"
such that w; € [0,1] and Z;’Zl w; =1

>

2T} (#5)”

U .

AR} >

w; w w; w;
. L J n ~L 7 n ~U J n U J
(755 Vat V€hyliig g o ) €95 [Tj= (2 - Ya(j)) + 1T (Vau)) [Tj= (2 - Va(j)) + 115 (Va( j))

[T (1+ ﬁﬁ(j))wj ~ [T (1~ *750))% [T (1+ "7'5](1))% ~ [T (1~ "75(1))%

I, (1 ’750'))% + 1T
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where ;) is the jth largest of interval-valued dual hesitant
fuzzy weighted arguments é; (¢, = &), (i = 1,2,...,n).
w = (w,w,...,w,) is the weight vector of ¢ and w =

(w, wy,. .., wn)T is the aggregation-associated weight vector,
such that w; € [0,1] and 27:1 w; =1

Especially, if w = (1/n,1/n,...,1/n)", then the IVD-
HFEHG operator reduces to the IVDHFEWG operator in
(49). If « = (1/m1/n,...,1/n)", then the IVDHFEHG
operator reduces to the IVDHFEOWG operator in (55).

Theorem 29. Let €; (j = 1,2,...,n) be a collection of IVD-

HFEs, let w = (w;,wy, ..., w,)" be the weight vector of & (j =
1,2,...,n), withw; € [0,1], Z;.lzl w; =1, and let w = (wy, w,,

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

IVDHFHG (&,,&,,...,¢,) < IVDHFEHG (&,,&,,...,&,) .

(60)

This theorem can be proved similar to Theorem 18.

4. An Approach to MADM with
Interval-Valued Dual Hesitant
Fuzzy Information

In this section, we apply the aggregation operators proposed
above to multiattribute decision making with interval-valued

& = IVDHFEWA (2,2, ...,¢,)

n
-D s
=1
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dual hesitant fuzzy information. Let A = {A},A,,..., A}
be a finite set of m alternatives, let C = {C,,C,,...,C,} be
the set of n attributes, and let w = (w;, w,,... ,wn)T be the
weight vector of attributes Cj (j=1,2,...,n) with wj € [0,1]

and Z;.’Zl w; = L. Suppose that E = (e, isan interval-

valued dual hesitant fuzzy matrix, where &; = {fli]-, gij} is in
the form of IVDHFE given for alternative A; (i = 1,2,...,m)
with respect to attribute C; (j = 1,2,...,n), with ﬂ-j =

U[Y,‘lj’yg]eﬁij{[yi{;’ yiLJ']]} and g;; = U[nfj,ﬂijleéij{[né’”g]}' Then, to
determine the most desirable alternative(s), the VDHFEWA
operator is utilized to develop a multiattribute decision
making method with interval-valued dual hesitant fuzzy
information by the following steps.

Step 1. Obtain the interval-valued dual hesitant fuzzy matrix.
The decision makers provide their evaluations about alter-
native A; under attribute C;, denoted by the interval-

{Eij, ﬁ,-j}
{U[yf?)yg]gﬁﬁ{[)}ilj» Y,(J]]}: U[”I{}ﬁg]egij{[ﬂi[}’ }73]}}’ (1 = 1’ 2) e, MG
j=12,...,n).

valued dual hesitant fuzzy elements &;

Step 2. Compute overall assessments of alternatives. Utilize
the IVDHFEWA operator to aggregate all the rating values
ej (j = 1,2,...,n) of the ith line and get the overall rating
value &; corresponding to alternative A; (i = 1,2,...,m);
that is,

U HIH}’_I(HYI-?)%—H?J
Ve H?:l (1 + Y,I]) "+ H;lzl

[Y{;»]’g]eziﬁ[?]{},mj

(1-9))" T (L) - T (- 95)” ] } , (61)
(19" I VT (- 9)”

()"

(e Ii
1_[3'1=1 (2 - WiLj)wj + H;Ll (WiLj)wj H;Ll (2 B ’75)% + H;';l (’75)%

where w = (@, ,,...,w,)" is the weight vector of attributes

C;(j = 1,2,...,n), such that ; € [0,1] and Z;’zl w; =
1. Note that ¢ is in the forms of IVDHFEs, and it can be
denoted by & = {h, 3}, by = Upye oy, (27 1) and g, =

U[nfw,"]ea-{["iL’ ’7;‘U]}-

Step 3. Compare the score values S(&;) of overall assess-
ments values €; (i = 1,2,...,m) using score function by

AR L, .U
S(ei) - 2 <l(fll) [%LZ (Vz yz )

,V,-U]efli

1 L, U
“1(3) Z (’If 1 )>
9 ba1eq

(62)
where l(%i) and I(g;) are the numbers of interval values in
h; and g, respectively. If S(g;) = S(¢,), then we need to
calculate the accuracy values P (¢;) and P (&,) of alternatives
A;and A, (i,t = 1,2,...,m) by the following:

P<a>=§<@[ Y (F)

1 L U
+@ Z (ﬂi 1 )>

(63)

yEyY1eh;
[UiL”IiU leg;
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Step 4. Rank all feasible alternatives A; (i = 1,2,...,m)
according to Theorem 8 and select the most desirable alter-
native(s).

Step 5. End.

5. Illustrative Example

5.1. An Example. In this section, a MADM problem adapted
from [34] is used to illustrate the developed procedure. In
[34], Wang and Lee considered a software selection problem
in which the alternatives are the software packages to be
selected and the criteria are the attributes under consid-
eration. The manger of a computer center at a university
wishes to select a new information system to improve work
productivity. After preliminary screening, four alternatives
A; (i = 1,2,3,4) remain on the candidate list. And
three attributes are under consideration: (1) the cost of the
hardware/software investment (C,), (2) the contribution to
the performance of the organization (C,), and (3) the effort
to transfer from the current system (C;). The weight vector
of attributes Cj (j = 1,2,3)isw = (0.35,0.25, 0.4)T. The
experts evaluate the software packages A; (i = 1,2, 3,4) with
respect to attributes C ; (j = 1,2,3) and the evaluations are
expressed in the form of IVDHEE. In what follows, we use
the MADM method proposed in Section 4 to select the most
desirable software package(s).

Step 1. Determine the interval-valued dual hesitant fuzzy
matrix E = (€;)axs shown in Tablel, where g; is the
evaluation value about the alternative A; with respect to the
attribute C; and it is in the form of IVDHFE.

Step 2. Utilize (61) to aggregate all the rating values €;; of
alternative A; (i = 1,2, 3,4) on all attributes C; (j=1273)
into overall assessment values &; (i = 1,2,3,4), which are
shown as follows:

&, = {{[0.3000,0.4663] , [0.3410, 0.4663] ,
[0.3410,0.5101] , [0.3257, 0.4663] ,
[0.3659, 0.4663] , [0.3659,0.5101]
[0.3359, 0.5000] , [0.3758, 0.5000] ,
[0.3758,0.5419] , [0.3610, 0.5000] ,
[0.4000, 0.5000] , [0.4000, 0.5419] ,
[0.3743,0.5368] , [0.4129, 0.5368] ,
[0.4129,0.5765] , [0.3986, 0.5368] ,
[0.4363,0.5368] , [0.4363, 0.5765]} ,

{{0.1523,0.3000] , [0.2000, 0.3000] ,
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[0.1694, 0.3229] , [0.2218, 0.3229] ,
[0.1523,0.3324] , [0.2000, 0.3324] ,

[0.1694,0.3573], [0.2218,0.3573]}} ;

g, = {{{0.2975,0.3986],[0.3758,0.4761] ,

[0.4181,0.5193] , [0.2730, 0.3986] ,
[0.3526,0.4761] ,[0.3958,0.5193] ,
[0.3370,0.4401] , [0.4129,0.5141]
[0.4537,0.5551] , [0.3131, 0.4401] ,
[0.3905,0.5141] , [0.4323,0.5551]}
{{0.2311,0.3729] , [0.2717,0.3729] ,

[0.2759,0.4235] , [0.3229, 0.4235]}} ;

&, = {{{0.3171,0.4761],[0.3616,0.5193],

[0.4106, 0.5684] , [0.3659, 0.5000] ,
[0.4086,0.5419] , [0.4554, 0.5892] ,
[0.3928,0.5265] , [0.4345, 0.5668] ,
[0.4799,0.6122] , [0.3526, 0.4761] ,
[0.3958,0.5193] , [0.4432, 0.5684] ,
[0.4000, 0.5000] , [0.4414, 0.5419] ,
[0.4865,0.5892] , [0.4261, 0.5265] ,
[0.4663,0.5668] , [0.5101, 0.6122]}
{{0.1280, 0.3000] , [0.1688, 0.3000] ,
[0.1523,0.3229] , [0.2000, 0.3229] ,
[0.1488,0.3613] , [0.1956, 0.3613] ,

[0.1767,0.3878] , [0.2311, 0.3878]}} ;

g, = {{{0.3659,0.5101], [0.4554, 0.5598] ,

[0.3928,0.5362] , [0.4799, 0.5840] ,
[0.4000, 0.5765] , [0.4865,0.6211] ,

[0.4261,0.6000] , [0.5101, 0.6427] ,
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TABLE 1: Interval-valued dual hesitant fuzzy decision matrix.

C, G, Cs
A {{[0.3,0.4],[0.4, 0.5], [0.5,0.6]}, {{[0.3,0.5],[0.4,0.5]}, {{[0.3,0.5],[0.4,0.5],[0.4,0.6]},
! {[0.2,0.3],[0.2,0.4]}} {[0.2,0.3],[0.3,0.4]}} {[0.1,0.3],[0.2,0.3]}}
{{10.3,0.4], [0.2,0.4]}, {{[0.2,0.3],[0.4,0.5], [0.5, 0.6]},
A2 {{10.4,0.5], [0.5,0.6]}, {[0.3, 041} {[0.2,0.3], [0.4, 0.5]}} ([02,0.4], [0.3,0.4]}}
B {110.3,0.5], [04, 051}, 102,041, [0.4,05], [0.5,0.6]}, 1{10.4,0.5], [0.5,0.6], [0.6, 0.7},
3 {[0.2,0.3],[0.3,0.5]}} {[0.1,0.3],[0.2,0.4]}} {[0.1,0.3],[0.2,0.3]}}
A {{[0.3,0.4], (0.4, 0.6], {{[0.4,0.5],[0.5,0.6]}, {{{0.4,0.6],[0.6,0.7]},
4 [0.5,0.8]},{[0.1,0.2]}} {[0.2,0.3],[0.2,0.4]}} {[0.1,0.2],[0.1,0.3]}}
0.4363,0.6635] , [0.5193,0.7007] , 0.3368,0.5000] , [0.3764, 0.5000] ,
0.4614, 0.6832] , [0.5419, 0.7186]} , 0.3764,0.5427] , [0.3618, 0.5000] ,
{10.1193,0.2218] , [0.1193,0.2610], [0.4000,0.5000] , [0.4000, 0.5427] ,
0.1193,0.2396] , [0.1193,0.2814]}} . 0.3778,0.5376] , [0.4150, 0.5376] ,
(64)

[0.4150,0.5771] , [0.4013,0.5736] ,

Step 3. Compare the magnitude of the different overall
assessments values €; (i = 1,2,3,4) using score function
according to (62):

[0.4371,0.5376] , [0.4371,0.5771]},

{{0.1516,0.3000] , [0.2000, 0.3000] ,

S(e,) =0.1882  S(&,) = 0.0907; [0.1677,0.3224] , [0.2213,0.3224],

(65)
S(&)=02229;  S(e,)=0.3512. [0.1516,0.3318] , [0.2000, 0.3318] ,
Step 4. Rank all the alternatives A; (i = 1,2,3,4) according [0.1677,0.3565] , [0.2213,0.3565]}} ;
to Theorem 8. Since S (€,) > S(&;) > S(¢;) > S (&), then the
ranking of the alternatives is shown as follows: A, > A; > &, = {{[0.3004,0.4013],[0.3764,0.4767]

A, > A,. Therefore, the most desirable alternative is A ,.

[0.4203,0.5214] , [0.2766, 0.4013] ,
5.2. Comparison with Other Methods. To test the validity of

the proposed method, the evaluation results in Section 5.1 [0.3553,0.4767] , [0.4006, 0.5214] ,
are compared with that from the other method proposed by
Ju et al. [29]. The main difference between the two methods [0.3436, 0.4463] , [0.4150, 0.5160] ,
is due to the aggregation process. Specifically, in the process
of aggregating the attributes’ values, the method proposed in [0.4561,0.5573] , [0.3213, 0.4463] ,

this paper uses the IVDHFEWA operator that is based on the
Einstein t-norms and t-conorms, while the method presented
in [29] uses the IVDHFWA operator that is based on the
algebraic t-norms and f-conorms.

Therefore, if we use the IVDHFWA operator instead
of the IVDHFEWA operator in Step 2 in Section 5.1, the
aggregated results €; (i = 1,2, 3,4) with respect to the rating
values &; (i = 1,2,3,4, j = 1,2,3) are shown as follows:

[0.3951,0.5160] , [0.4377, 0.5573]} ,
{[0.2305,0.3722] , [0.2711,0.3722] ,

[0.2741,0.4229] , [0.3224, 0.4229]}} ;

&, = {{[0.3195,0.4767], [0.3674,0.5214],
&, = {{[0.3000,0.4671],[0.3419,0.4671], (0.4214,0.5734] . [0.3667, 0.5000]

[0.3419,0.5126] , [0.3265,0.4671], [0.4113,0.5427] ,[0.4615, 0.5924],

[0.3667,0.4671] , [0.3667, 0.5126] , [0.3950,0.5271] , [0.4375,0.5675] ,
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[0.4855,0.6145] , [0.3553,0.4767] ,
[0.4006, 0.5214] , [0.4518, 0.5734] ,
[0.4000, 0.5000] , [0.4422, 0.5427] ,
[0.4898, 0.5924] , [0.4267,0.5271]
[0.4671,0.5675] , [0.5126, 0.6145]} ,
{{0.1275,0.3000] , [0.1682, 0.3000] ,
[0.1516,0.3224] , [0.2000, 0.3224] ,
[0.1469, 0.3587] , [0.1938, 0.3587] ,
[0.1747,0.3855] , [0.2305, 0.3855]}} ;
g, = {{[0.3667,0.5216] , [0.4615, 0.5655] ,
[0.3950, 0.5390] , [0.4855,0.5891] ,
[0.4000, 0.5771] , [0.4898, 0.6230] ,
[0.4267,0.6000] , [0.5216, 0.6435] ,
[0.4371,0.6682] , [0.5214, 0.7042] ,
[0.4622,0.6862] , [0.5427,0.7203]}
{{0.1189,0.2213] , [0.1189, 0.2603] ,

[0.1189,0.2378] , [0.1189, 0.2797]}} .
(66)

Similarly, the score function values of the €; (i = 1,2, 3,4)
can be calculated according to (62); the results are shown as
follows:

S (&) = 0.1897; S (&,) = 0.0946;
(67)
S (&) = 0.2266; S(e,) = 0.3544.

Obviously, the ranking order of the four alternatives is
A, > Ay > A, > A,, which is exactly the same as that
obtained in Section 5.1.

It is interesting to point out that the score values
obtained by the IVDHFEWA operator are smaller than those
obtained by the [IVDHFWA operator, which is consistent with
Theorem 18.

From the above analysis, we can clearly find that the
proposed approach is effective. In addition, when the decision
makers show some kind of pessimistic attitude towards the
decision making problems, they can choose the IVDHFEWA
operator, which has more merits in characterizing the pes-
simistic attitude than the IVDHFWA operator.
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6. Conclusions

The traditional dual hesitant fuzzy aggregation operators
are generally suitable for aggregating information taking the
form of numerical numbers, and yet they will fail in dealing
with interval-valued dual hesitant fuzzy information. In this
paper, we investigate the MADM problems in which the
attribute values take the form of interval-valued dual hesitant
fuzzy information. Firstly, we propose some operational laws
for IVDHFEs based on Einstein operations. Then, we develop
some interval-valued dual hesitant fuzzy Einstein aggregation
operators: the IVDHFEWA operator, IVDHFEWG operator,
IVDHFEOWA operator, and IVDHFEOWG operator. Some
desirable properties of these operators and the relationship
between the developed operators and the existing ones are
investigated. To emphasize the importance of ordered posi-
tion of each argument and the importance of the argument
itself, we also proposed the IVDHFEHA operator and IVD-
HFEHG operator, respectively. In addition, we put forward
an approach to deal with MADM problems under interval-
valued dual hesitant fuzzy setting. Finally an illustrated exam-
ple is given to show the developed method, and a comparison
analysis is also conducted to demonstrate the effectiveness
and superiority of the proposed approach. All the aggregation
operators proposed in this paper are based on the assumption
that the attributes in a given set are independent; that is, we
only consider the addition of the importance of individual
elements. However, in many practical situations, the elements
in a set are usually correlative. Therefore, how to deal with the
situations in which the arguments in a question are correlative
is our future work.
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