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Abstract: Group decision-making is a very useful technique for ranking the group of alternatives. The ordered
weighted distance (OWD) operator is a new tool in group decision-making problems. In this paper, we apply
the OWD operator on cubic information. We develop a new operator, the so-called cubic OWD (COWD) oper-
ator, and study the different properties of it. We also discuss some particular cases of COWD. Finally, we
develop a general algorithm for group decision-making problems using the COWD operator and give an appli-
cation to the group decision-making problem.

Keywords: Cubic ordered weighted distance operator, cubic set, group decision-making problem, ordered
weighted distance operator.

1 Introduction

The fuzzy set (FS) theory was introduced by Zadeh in 1965. FS has many applications in various fields,
including engineering science, computer science, mathematics, and management science. A pacific model
of real-world problems in various fields such as computer science, artificial intelligence, operation research,
management science, control engineering, robotics, expert systems and many others may not be constructed
because we have many uncertainties to solve these uncertainties. We need some natural tools such as the
probability theory and the theory of FS [45] that have been developed already. For the concepts represented
by FS and intuitionistic FS (IFs), an element with full membership (nonmembership) is usually much easier
to be determined because of its categorical difference from other elements. Most existing distances based
on the linear representation of IFs are linear in nature in the sense of being based on the relative difference
between membership degrees.

FS discuss the case in which the membership is involved. IFs are the generalization of FS. The uncer-
tainty problem does not explain by means of IFs. Therefore, Jun et al. defined the concept of cubic set. In
2012, Jun et al. defined a new theory known as the cubic set theory. This theory is able to deal with uncer-
tain problems. The cubic set theory also explains the satisfied, unsatisfied, and uncertain information,
whereas the FS theory and IFs fail to explain these terms. The cubic set is a generalization of FS and IFs.
The cubic set is a collection of interval valued FS (IVFS) and FS, whereas IFs are only FS. The cubic set has
more desirable information than the FS and IFs. Mahmood and Khan [15] defined cubic hesitant FS (CHFS)
by combining interval valued HFS [4] and HFS [28] and defined some basic operations, and properties, of
CHFS.

The concept of the neutrosophic set (NS) developed by Smarandache [26] and Chang Su Kim and Sma-
randache [27] is a more general platform that extends the concepts of the classic set and FS, IFs, and IVFS.
The NS theory is applied to various parts that extend the concept of cubic sets to the NS. They introduced the
notions of truth-internal (indeterminacy-internal, falsity-internal) neutrosophic cubic sets and truth-external
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(indeterminacy-external, falsity-external) neutrosophic cubic sets and investigated related properties such
that the P-union and P-intersection of truth-internal (indeterminacy-internal, falsity-internal) neutrosophic
cubic sets are also truth-internal (indeterminacy-internal, falsity-internal) neutrosophic cubic sets. Jun et al.
[12] also worked on neutrosophic cubic sets and developed its various properties.

Decision-making in the real world is one of the most important and common activities. The main concept
of the decision-making process is to rank or select the best alternative from the achievable alternatives [7, 8,
10, 22, 30, 46). For addressing an individual, a single expert will not be able to give complete information.
The individual failed to solve decision-making problems. In this regard, it requires more than one expert to
provide decision-making. In group decision-making, every expert gives his/her judgment over a set of alter-
natives based on the criteria of each alternative. Then, it needs to aggregate those information related to the
alternatives in a single decision matrix. Therefore, it needs some operators to aggregate each expert’s judg-
ment information of each alternative.

In 1988, Yager introduced the ordered weighted operator and applied this concept in multiple-attribute
group decision-making problems. The ordered weighted averaging (OWA) operator has a vital role in the deci-
sion-making theory. The reordering procedure is a vital property of the OWA operator. There are many appli-
cations of the OWA operator in different areas [1-3, 5, 6, 11, 16-21, 29, 31, 36, 37, 40—44]. The distance measure
plays a prominent role in the OWA. The OWA generalized using the distance measure used the idea of OWA
operator, introduced the ordered weighted distance (OWD) operator, and also investigated some technique
to find its weights. The important property of the OWD operator is that it can relax (intensify) the influence
of unduly large or small deviations on the aggregation results by assigning them low (high) weights. This
important property makes the OWA operator precisely appropriate to applied various areas, group decision-
making, medical diagnoses, data mining, cluster selection, and pattern recognition. The OWD operator is an
extension of different well-known distance measures.

Wei et al. [14, 32-35] also worked on different aggregation operators such as the interval valued dual
hesitant fuzzy linguistic geometric aggregation operators, interval valued hesitant fuzzy uncertain linguistic
aggregation operators, and two-tuple linguistic aggregation operators. Zeng et al. [23-25] worked on different
aggregation operators and also discussed the TOPSIS method.

Thus, with the advantage of the above-mentioned aggregation operators, we shall develop a cubic
OWD (COWD) operator. This operator is very effective for the treatment of the data in the form of cubic
numbers (CNs). The main advantage of the COWD operator is that it can alleviate the influence of unduly
large (or small) deviations on the aggregation results by assigning them low (or high) weights. Moreover,
it provides a robust formulation that includes a wide range of particular cases, such as the cubic max
distance, cubic min distance, cubic normalized Hamming distance (CNHD), cubic normalized Euclid-
ean distance (CNED), cubic normalized geometric distance (CNGD), cubic weighted Hamming distance
(CWHD), cubic weighted Euclidean distance (CWED), cubic weighted geometric distance (CWGD), cubic
ordered weighted Hamming distance (COWHD), cubic ordered weighted Euclidean distance (COWED),
cubic ordered weighted geometric distance (COWGD), and generalized cubic OWA operator. Thus, the
decision-maker is able to consider a wide range of scenarios and select the one that is in accordance with
his interests.

This paper is arranged as follows. In Section 2, we review some aggregation operators and the OWD
measures. In Section 3, we develop the COWD operator and study its various properties. In Section 4, we
analyze different types of COWD operators. In Section 5, we briefly describe the decision-making process
based on developed operators, and we give a numerical example in Section 6. In section 7, we discuss the
proposed operator with intuitionistic fuzzy OWA (IFOWA) operator. Section 8 summarizes the main conclu-
sions of the paper.

2 Preliminaries

In this section, we briefly review the OWA operator, the OWA distance (OWAD), and the OWD measure.
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2.1 OWA Operator

The OWA operator introduced by Yager [39] provides a parameterized family of aggregation operators that
include the maximum, minimum, and average criteria. The prominent advantages of the OWA operator is that
the input data are rearranged in descending order and the weights associated with the OWA operator are the
weights of the order positions of the input data rather than the weights of the input data. It can be defined
as follows:

Definition 1: [39] An OWA operator of dimension n is a mapping OWA : R" — R (R is the set of real number) that
has an associated weighting vector W, and 2;’:1w]. =1, j=1, 2, ..., nsuch that the OWA is defined as follows:

OWA(a,, ..., an)=2wl.bj, )
=1

where bj is the jth largest of the a,. From a generalized perspective of the reordering step, it is possible to
distinguish between the descending OWA operator and the ascending OWA operator. The (OWA) operator is
commutative, monotonic, bounded, and idempotent [39].

2.2 OWAD Operator

Recently, Merigd and Gil-Lafuente [20] introduced a new index for decision-making using the OWA operator
to calculate the Hamming distance called the OWAD operator. For two real numbers sets A = {al, a,..., an} and
B={b,, b,, ..., b }, the OWAD operator can be defined as follows:

Definition 2: [20] An OWAD operator of dimension n is a mapping OWAD: R*xR"— R (R is the set of real
numbers) that has an associated weighting w,withw,e [0, 1] and Z::le =1 such that

OWAD(C,, D,), (C,, D), .x(C,, D)= YW, @

j=1
where d, is the jth largest of the |c,~d, |. The OWAD operator is commutative, monotonic, bounded, and idem-

potent. The operator provides a parameterized family of aggregation operator ranging from the minimum to
the maximum distance [20].

2.3 OWD Measure

Motivated by the idea of the OWA operator, Xu and Chen [38] developed an OWD measure that can be defined
as follows:

Definition 3: [38] An OWD of dimension n is a mapping OWD : R*x R" — R that has an associated weighting
vector w, with w,e [0,1],j=1, 2, ..., nsuch that z::le =1, according to the following formula:

OWD(4, B) =(§"“wj(d(a0(j), bu().)))‘jl 250, ©)

where d(al,, bi) =| a}.—b}.l is the distance between the real numbers a, and bj and [0(1), 0(2), ..., o(n)] is any per-
mutation of (1, 2, ..., n) such that
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d(aa(H), bo(,q))Zd(aa(;)’ bo(n)’ j=2, ..., n (4)
Remark 1: If 1=1. Then, the OWD measure is reduced to the OWAD operator (2). However, the OWAD and
the OWD are mainly used to aggregate or measure the data, taking the form of the exact numerical in what

follows, we extend these OWD measures to accommodate the situation in which the input data is provided
with CNs.

Definition 4: IVFS is defined to be a mapping from X to [I], where [I] is collection of all closed subintervals
of [0, 1]. The collection of all interval value sets is denoted by [I]". For any A € [I]" and a € X, the membership
degree of an element a € X is denoted by A(x) =[A(x), A*(x)], where A: X — [0, 1] and A*: X — [0, 1] are called
the lower FS and upper FS in X, respectively.

Definition 5: [11] Let X be a fixed nonempty set. A cubic set is an object of the form:

C={(a, A(a), Ma)):aec X}, (5)

where A is an IVFS and 4 is an FS in X. A cubic set C={a, A(a), A(a)) is simply denoted by C=(A, 1). The
collection of all cubic set is denoted by C(X).

1. If AeA(x) forall xe X, it is called the interval cubic set.

2. If Ae¢ A(x) forall xe X, it is called the external cubic set.

3. If AeA(x) or e A(x), itis called the cubic set for all xe X.

Definition 6: [11] Let A=(A, A) and B=(B, 1) be the cubic sets in X such that
1. (Equality) A=B< A=B andA=u;
2. (P-order) Zlngc:»AgB and A <u;
3. (R-order) Ac,B& AcCB andA>u.

Definition 7: [11] The complement of A=(A, A) is defined to be the cubic set

A ={(x, A°(x), 1- A(x))|x € X}.

3 COWD Measure

The OWA operator has a vital role in complex information. The importance of the OWA operator is that the
input information is rearranging the order and the weights related to the OWA operator are the weights of the
ordered position of the input data information. Rather than the weight of the input information distance and
similarity measure of FS, an important research topic in the theory of FS has been studied by many authors
[9, 13]. However, in the literature, there is no such study as an ordered weight measure between cubic sets.
Motivated by the idea of the OWD measure and the OWAD operator, we develop an OWD between cubic sets,
which can not only emphasize the importance of ordered position of each deviation value but also provide
a parameterized family of distance aggregation operators between cubic sets. In this section, we study the
distance between two cubic sets, particularly two CNs. We also define some (COWD) operators. We study the
fundamental properties of these operators.

Definition 8: A real function D:C () xC s(X)—[0, 1] is called a distance measure for cubic sets if D satisfies
the following properties:

1. D(C, C)=D(C, C), forall C, C,eC,(X),

2. D(C, C°)=1 iff Ce p(X),

3. D, C,)=0iff C,=C, forall C, C,eC (X)),

4. If C,<C,<C,, then D(C, C,)<D(C,, C,) and D(C,, C,)<D(C, C,) C, C,, C,eC,(X).
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Definition 9: To measure the deviation between any two CNs C =(la;, a;],A,) and f):([az’ , @], ), we
define the following distance measure between two CNs.

Definition 10: Let C = (la,, 51], A,y and D=(la,, a+2], A,) be any two CNs. Then, the distance between C and
D isdenoted by d_(C, D) and defined as follows such that

~ 7 1 - - + +
d. (C, D)=§[Ia1—a2|+|a1—a2|+|/11—/12|], 6)

cs

is called cubic distance (CD) between two CNs. The cubic distance exhibits nonnegativity, commutativity,
reflexivity, and triangle inequality. These properties can be demonstrated by the following theorem:

Theorem 1: For any three CNs C=(A4, 1), (:‘1 = (ill, 4,), and C‘Z = (le, A,), then
1. Nonnegativity: d_(C,, C,)>0,

2. Commutativity: dcs<61, 62>=dcs<62’ (:"1>,

3. Reflexivity: d_(C, C)=0,

4. Triangle inequality: dcs<(:’l, C)+ dcs(é, C‘z) > dcs((j‘l, (:’2>.

Proof. The proofs of properties 1-3 are straightforward. The proof of property 4 is given as follows:
Since

a-a+a-a|=|a-a+a-ata-a+a-a|,
<|a,-a+a-al+|a-a,+a-a,|.
Also| A, — A, |=| A, A+ A=A |<|A —Al+]A=1, ]
1, - o+ =« 1,- -, + =+
§(|a1—a2|+|al—a2|+|/11—/12|)S§(|a1—a|+|al—a|+|/ll—/1|)
+%(|a-a‘2|+|a-a*2|+|/1—/12|),
thatisd_(C,, C,)<d (C,, C)+d_(C, C,),
d (C, C)+d (C,C,)=d (C, C,).

This completes the proof.

3.1 COWD Operator

Based on the above information, let CS(X) be the set of all CNs, and let C =(C1’ Cs s Cn) and
D= (Dl, D, .., Dn) be the two sets of CNs. Then, we can define the cubic weighted distance (CWD) operator
and COWD as follows. Let us denote Q as the set of CWD operator.

Definition 11: A CWD operator of dimension n is a mapping CWD : Q"x Q"— [0, 1] that has an associated

weighting vector W=(w,, w,, ..., w ) with we [0, 1] such that z::le =1, according to the following formula:

CWD(C, D) =(iwj(dcs(é,-, ﬁj))*Jl L A>0. @
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The CWD will bring us the additional advantages of the comparison between CNs. This is the reason that
we adopt the CWD measure in this paper.

Definition 12: A COWD operator of dimension n is a mapping (COWD) : Q"x Q" — [0, 1] that has an associated
weighting vector W=(w,, w,, ..., w ) with w,e [0, 1] and 2::1‘”} =1 according to the following formula:

~ o~ n ~ ~ A
COWD(C, D):[Ew(dcs(ca ,D, ))AJ A>0, ®)
= J [ 0

where [0(1), 0(2), ..., 6(n)] is any permutation of (1, 2, ..., n) such that

d(aﬂ(ifl)’ o(j- 1)) d(a i)’ )’ j=2, R (B (9)

0(])

The COWD operator is an extension of the OWD measure and the OWAD operator for situations where the
available information cannot be assessed with exact numbers but it is possible to use CNs. It uses the main
characteristics of the OWD measure and the OWAD operator. The main advantage of this operator is that
it can relieve (or intensify) the influence of unduly large (or small) deviation on the aggregation results by
assigning them low (or high) weights. An interesting issue is the determination of the weighting vectors asso-
ciated with the OWD measures. In the literature, we find a lot of methods for determining the OWA weights
that can also be implemented for the IFOWD operator, such as the Gaussian distribution-based method [36]
and the least squares-based method. For determining the weighted method OWA [3, 5, 6, 11, 17, 19, 41, 42, 44],
we give other three ways to determine the weighting vectors:

1. Let
dcs(ca(i)’ Da(/)) j=1, 2, ...,n, (10)
Z 1dcs(Co(1)’ Da(n)
thenw, >w,>0,j=1,2,...,n-1,and z;w], =1
j=
2. Let
—d
ot “(C,» D, ;) el m A1)
> € b (€, D)
then 0<w, <w,j=1,2,..,n-1,and Z:‘Wi =1
j=
3. Let
dz':s(Ca(j)’ u(]) chs( a(j)? u(])) (12)
and
d (d (CU() a(j) ) d;s(éa(i)’ 0(1))) |d (CU(] 0(1)) d (CU() U()))| (13)

Then, we define
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1-d"(d(C,,, D )
Z (1 d (dcs(Ca(])’ 0(})) d (C”(’),DUU)))

)d(C

W a(j)’ 0(1)

n

1
1- |d (Co(l)’ o(}))_;zti—ldcs( a(j)? 0(l)| (14)

2 (1-|d, (CU(] 0(1) z411 CS( oGy "(’)D

thenw,>0,j=1,2, ..., n, and Z;Wj =1.
i
We find that the weight vector derived from Eq. (10) is a monotonic decreasing sequence, the weight
vector derived from Eq. (11) is a monatomic increasing sequence, and the weight vector denved from Eq. (14)

D ) to the mean Z D s

=1 cs 0()’)’ a(j
the larger is the weight w,. We take an example to explain the above formulas and find the different weights
of Egs. (10), (11), and (14), respectively.

combines the above two cases, that is, the closer is the value d_ (CU G

Example 1: Let {a,, a,, a,} be a nonempty set and C and D are any two cubic sets defined as follows:
C={(0.3, 0.4], 0.5), {[0.5, 0.6], 0.4), {[0.8, 0.9], 0.9)},
D={{[0.4, 0.5], 0.3, {[0.2, 0.4], 0.2), {[0.7, 0.8], 0.3)}.

Then,

5 o= 1
d,(C,, D)=3(0.3-04+]0.4-0.5|+|0.5-03])=0.1333,

Similarly, we have
d (C,,D,)=0.2333, d_(C,, D,)=0.2666,
then, we have

dcs (é

()’ Um) 0.2666, d_ (C

o D,0)=0.2333, d(C,,,, D,;)=0.1333.

If we apply Eq. (10), then we can get the weighting vector w=(0.4210, 0.3684, 0.2105). Suppose 4 =3 for
three cases. Therefore, we calculate the distance between C and D using COWD operator, and we get the
following result:

1
COWD(C, D)=[(0.4210(0.2666)’ +0.3684(0.2333)* + 0.2105(0.1333)’|* = 0.2358.

If we use Eq. (11), then we find the weighting vector w=(0.3147, 0.3254, 0.3597) and calculate the COWD
using Eq. (8) such that

1
COWD(C, D)=[(0.3147(0.2666)* +0.3254(0.2333)* + 0.3597(0.1333)’]* = 0.2214.

Similarly, using Eq. (14), we can find the weighting vector W, and z;lzle =1. Hence, w=(0.3333, 0.3333,
0.3333) and we calculate the COWD using Eq. (8) such that

1
COWD(C, D)=[(0.3333(0.2666)° + 0.3333(0.2333)’ + 0.3333(0.1333)’]* = 0.1957.
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The COWD operator is commutative, monotonic, bounded, idempotent, nonnegative, and reflexive, but
it does not accomplish always the triangle inequality. These properties can be proven with the following
theorems:

Theorem 2: [Commutativity (OWA) aggregation]. Assuming that fis the (COWD) operator, then

(€, B, ..., DY) =F(C!, D), ....(CL, D)),

where ((C, D)), ...,(C,, D,)) is any permutation of the arguments ((C/, D/), ...,(C!, D))).

Proof. Let

£, B, ....(C,, D))= [zw (., B,,) j

FUE B, - (C, ﬁ;»:[iw,.(dcs(c/(,), ) ]

Because ((év f)l), s ((fn, f)n)) is the permutation of the arguments
(«cl, f)l/), ..., (C!, D)) and we have
dcs(CO()) a(j)

f(C,, D), ..., (C, D) =f(C!, D, ..., (C/, D).

J=d, (C’ y() )) for all j, and then

Note that the commutativity of the COWD can also be studied from the context of a distance measure,
which can be proven with the following theorem:

|
Theorem 3: (Commutativity-distance measure) Assuming that fis the COWD operator, then
f(C,, D), ..., (C,, D) =f((D, C), ....(D,, C,).
Proof. Let
1
~ ~ ~ ~ _ n ~ A.
(@€, D), .., €, Dn))—[ > (e, (C, D) ]
: 1
~ ~ i
(D, C), .. ,C))= [Zw (d,(D,,,C,,) J
Because
d (C,D)=d (D, C) forallj, then
dcs(éa(i)’Da(l)) d ( a(j)? a(J}) ] 1,2,
H

Theorem 4: (Monotonicity). Assuming that fis the COWD operator, let M=(y,, y,, ..., 7,) be the set of CNs if
d(C,D)=d(C,y,) forallj. Then,
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FUC, D), ..y (€, D2 F(C, 7)), oos (€, 7).

Proof. Let
F(@, D), e (G, D) (ZW @i s am))l]l
FUC 7)), oo (C‘n:V,,))=[j2:,w (d,(C 07 Um))ﬁ]i.

Because

dcs((fj, f).) >d_(C,, y,) forallj, then

d,(C,) D,;)2d,(C,i;0 7, =1, 2,

a(j)?

Theorem 5: (Boundary). Assuming that fis the (COWD) operator. Then,

min|éj—Dj|Sf((Cl; f)l)’ ~--a(Cn’ Dn))gmaXIC,-—Dj |.
J J

Proof. Let max, |Cj —Di |=r and min}. |C]. —D}. |=s, where 2}=1Wi =1. Then,

F(C D), s € BY=| W, (€, D,

IN

iw}r‘)]l =(r’1(iwj) =7,

F(Cy D), o € DY)=| S, (A (€, D, )V |

[\

1 1
n B n A
R R ! _
Sws' [ < s 3w, | =
j=1 j=1

Theorem 6: (Idempotency) Assume that f is the COWD operator if |C}.
f(c,D,), ..., (C,D))=d.

Proof. Let
f(C, D), ...r €, ﬁn»{iw (@,(Cis D »]

Because dcs(fi, ﬁl,):d for all j, then dcs((:' Da(j)):d’ j=1,2,...,n

a(j)?

DE GRUYTER

—f)].|=d for all j. Then,



DE GRUYTER M. Shakeel et al.: COWD Operator and Application in Group Decision-Making = 449

Theorem 7: (Nonnegativity) Assuming that fis the COWD operator, then

f(C, D), ..., (C, D))=>o0.

Proof. It is straightforward and thus omitted. |

Theorem 8: (Reflexivity). Assuming that fis the COWD operator, then

f(C,, C), ... (C, C))=0.

Proof. Let
1
N

f(C, C)r .o € é")){iwj(d“(éam, ém)))l]

4 Families of COWD Operators

Using a different manifestation in the weighting vector w and parameter A, we are able to obtain a
wide range of particular types of the COWD operator. The selection of the particular case (or other cases)
found in the COWD depends on the particular interest of the decision-maker in the specific problem
considered.

4.1 Analyzing the Weighting Vector w

By choosing a different manifestation of the weighting vector in the COWD operator, we are able to obtain
different types of distance measures, such as the cubic maximum distance, cubic minimum distance, cubic
normalized distance (CND), CWD, step COWD, median COWD, olympic COWD, and centered COWD.

Remark 2: For example, the cubic maximum distance, cubic minimum distance, step COWD, CND, and CWD
are obtained as follows:
1. The cubic maximum distance is found if w,=1and w,=0 for j=1.

The cubic minimum distance if w =1and w,=0 forallj#n.

More generally, if w,=1and w,=0 for all j # k, we get the step COWD operator.

2

3

4. The CND is formed when W, :% for allj.

5. The ~CWD ~is obtained when the ordered position of dCS(Cj, Dj) is the same as the ordered position of the
d.(C, D{;(;))-

a(j)’

4.1.1 Analyzing the Parameter A

Remark 3: If A =1, then the COWD measure is reduced to the COWHD operator:
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COWHD(C, D):iw (d,(C

j=1

a(j)? 0(1)) (15)

where [0(1), 0(2), ..., o(n)] is any permutation of (1, 2, ..., n). Note that if W, =1 for all j, we get CNHD.
The CWHD is obtained if the ordered position of the d_ (C D ) is the same as the ordered position of the

d (Ca(l)’ 0(1))

Remark 4: If 1 =2, the COWD operator is reduced to the COWED operator such that

COWED(C, D)= \/ZW @,(C,,, D, (16)

where [0(1), 0(2), ..., 0(n)] is any permutation of (1, 2, ..., n). Note that if w, = 1 for allj, we get CNED. The CWED

is obtained if the ordered position of the d, (C D ) is the same as the ordered position of the d_ (C G 0(1))
Remark 5: If A — 0, then the COWD measure is reduced to the COWGD operator such that
COWGD(C, D) =H(d (€, D, 0" (17)
=
where [0(1), 0(2), ..., o(n)] is any permutation of (1, 2, ..., n). Note that if W, =l for all j, we get CNGD.

The CWGD is obtained if the ordered position of the d_ (C D ) is the same as the ordered position of the
d, (C{r(}), o )) Note that the COWGD can only be used sometlmes when all individual distances are different
fromO that is, when d_ (C D )#0 for allj.

5 Multiple Attribute Group Decision-Making With the COWD
Operator

In this section, we consider a decision-making application in the selection of investments under uncertainty.
LetA={A,A, A, ..., A }beadiscrete set of alternatives and C={C,, C,, ..., C } be the set of attributes (or char-
acteristics). Let E= {e1 ,» ---» €} be the set of the decision-maker, whose weighting vector is

t

V=(v, v, . V), v, 20. Y, =

k=1

Each decision-maker provides his own pay off matrix (Xf“,k))mxn. Moreover, according to their objectives,
the decision maker establishes a collective ideal investment for the company using cubic subsets as shown
in Table 1, where I is the ideal strategy expressed by cubic subset and Ci is the ith characteristic to consider.
Then, based on the COWD operator, we propose a method for group decision-making under cubic environ-
ment that involves the following steps.

Table 1: Ideal Strategy.
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Step 1: In this step, we apply the cubic weighted averaging (CWA) operator such that

Kl—ﬁ(l—a:")} [1—]11(1—&3’)]],
CWA(c,, ¢, ..., C)= j=1 ’ j=1
1-a-JJa-a-27)

Step 2: Calculate the weighting vector W to be used in the aggregation such that

dw,=1landw,el0, 1.

j=1

Step 3: Calculate the distance between the ideal investment with the aggregated results using the COWD
operator. Note that it is possible to consider a wide range of COWD operators, such as those described in Sec-
tions 3 and 4.

Step 4: With the aggregated distance measure (Ai):z;wjdi in this step, we find the weighting vector
W=w,w, ..., w}.) of each distance operator using the following equation:

n
W; = ij:l C:,-,- :
Z j=1 z j=1 dii

Now, we find the aggregated distance measure using the following equation:

m

) = wadj'

j=1

D,=D, (d. d,, ...d

Step 5: Adopt decisions according to the results found in the previous steps. Select the alternatives that
provide the best results. Moreover, establish an ordering or ranking of the alternatives from the most to the
least preferred alternative to enable the consideration of more than one selection.

6 Numerical Example

In the following, we are going to develop a numerical example of the new approach. We analyze the results
obtained using different types of COWD operators and we see that depending on the aggregate operator used
the decision may be different. The COWD operator may be applied in similar problems as the OWD measure
and the OWAD operator. Assume that a decision-maker wants to invest money in a company. After analyzing
the market, he considers six possible alternatives:

1. Investin a chemical company called A ;

2. Investin a food company called A ;

3. Investin a computer company called A ;

4. Investin a car company called 4,;



452 —— M. Shakeel et al.: COWD Operator and Application in Group Decision-Making

5.
6.

After careful review of the information, the group of experts establishes the following general information
about the investments. They summarize the information of the investment in six general characteristics:

C,: benefits in the short term;

: benefits in the mid term;
: benefits in the long term;
: risk of the investment;

: difficulty of the investment;
: other factor.

A R ol

The group of company experts is constituted by three persons, each offering their own opinions regarding
the results obtained with each investment. The results are shown in Tables 2—4. The results are represented

Invest in a furniture company called A_;
Invest in a pharmaceutical company called A,.

C

2

C3
C4
C5
Cs

Table 2: Characterization of the Investments of Expert 1.

B cl CZ C3

A ([0.5, 0.7], 0.3) ([0.4, 0.6], 0.5) ([0.6, 0.7], 0.4)

A, ([0.5, 0.6], 0.2) ([0.6, 0.7], 0.3) ([0.3, 0.5], 0.9)

A, ([0.7,0.8], 0.5) ([0.3, 0.6], 0.5) ([0.5, 0.6], 0.1)

A, ([0.3, 0.6], 0.9) ([0.3, 0.5], 0.8) ([0.7,0.9],0.3)

A, ([0.3, 0.4], 0.6) ([0.1,0.3],0.7) ([0.3, 0.4], 0.5)

A, ([0.5, 0.6], 0.3) ([0.3,0.4],0.3) ([0.6,0.7], 0.3)

C, C, C,

A ([0.1, 0.3], 0.6) ([0.6, 0.9],0.1) ([0.8,0.9],0.3)

A, ([0.6,0.8], 0.3) {[0.3, 0.4], 0.6) {[0.3, 0.5], 0.6)

A, ([0.7,0.9], 0.2) ([0.3, 0.7], 0.1) ([0.3, 0.7], 0.5)

A, ([0.5, 0.6], 0.3) ([0.1, 0.2],0.3) ([0.6, 0.8], 0.3)

A ([0.8,0.9], 0.3) ([0.6,0.7],0.2) ([0.2,0.3],0.9)

A, ([0.3,0.7],0.9) ([0.1, 0.5],0.3) ([0.3,0.9], 0.6)
Table 3: Characterization of the Investments of Expert 2.

B cl CZ c3

A ([0.4, 0.6], 0.3) ([0.5, 0.6], 0.2) ([0.5, 0.8], 0.3)

A, ([0.5, 0.7], 0.4) ([0.3, 0.4], 0.5) ([0.3, 0.6], 0.9)

A, ([0.8, 0.9], 0.6) ([0.5, 0.6], 0.3) ([0.6, 0.7], 0.5)

A, ([0.6,0.9], 0.3) ([0.1, 0.5], 0.4) ([0.3,0.6],0.7)

A, ([0.3, 0.5], 0.6) ([0.5,0.7],0.1) ([0.4,0.6],0.1)

A, ([0.2,0.7],0.3) ([0.3,0.4], 0.5) ([0.1,0.2],0.5)

C, C, C,

A ([0.6, 0.8], 0.5) ([0.3,0.4],0.3) ([0.6,0.7], 0.5)

A, ([0.5, 0.9], 0.3) ([0.5, 0.8], 0.6) ([0.3, 0.5], 0.6)

A, ([0.6, 0.7], 0.3) ([0.7,0.8],0.3) ([0.3, 0.6],0.7)

A, ([0.3, 0.8], 0.4) ([0.3, 0.7], 0.5) ([0.2, 0.4], 0.6)

A, ([0.1, 0.6], 0.9) ([0.2, 0.4],0.7) ([0.4, 0.5], 0.2)

A, ([0.3,0.5],0.3) ([0.2,0.8],0.3) ([0.1,0.3],0.6)
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Table 4: Characterization of the Investments of Expert 3.

cl CZ C3
A {[0.2, 0.3], 0.6) ([0.5, 0.7, 0.2) ([0.1, 0.3], 0.9)
A, ([0.5, 0.7, 0.3) ([0.3, 0.9], 0.8) {[0.3, 0.6], 0.8)
A, ([0.6, 0.8], 0.5) ([0.6, 0.7, 0.5) ([0.5, 0.7], 0.1)
A, ([0.3, 0.4], 0.1) ([0.6, 0.8], 0.3) ([0.7, 0.8], 0.3)
A, ([0.2, 0.8], 0.3) ([0.5, 0.6], 0.4) ([0.3, 0.4], 0.9)
A, {[0.1, 0.3], 0.5) {[0.6,0.7],0.3) ([0.8, 0.9], 0.6)

C, C, C,
A ([0.6, 0.8], 0.6) ([0.3, 0.4], 0.9) ([0.1, 0.6], 0.3)
A, ([0.5, 0.7, 0.6) ([0.2, 0.3], 0.6) ([0.5, 0.6], 0.2)
A, ([0.3, 0.8], 0.3) ([0.6, 0.7], 0.1) ([0.2, 0.5], 0.5)
A, ([0.5, 0.9], 0.5) ([0.3, 0.6], 0.9) {[0.3, 0.6], 0.2)
A, ([0.6, 0.9], 0.7) ([0.3, 0.8], 0.1) {[0.2, 0.5], 0.6)
A, ([0.3, 0.7, 0.8) ([0.2, 0.5], 0.6) {[0.3, 0.5], 0.8)

Table 5: Collective Ideal Strategy.

C, , C,
Y ([0.3, 0.4], 0.5) ([0.6,0.7],0.2) ([0.5,0.7], 0.6)

, C, C,
Y ([0.8, 0.9], 0.3) ([0.3,0.4],0.1) ([0.3,0.6],0.2)

in CNs X; = (C D ), where C, denotes the degree of the alternative 4, that satisfies the situation C, and
D, denotes the degree that does not satisfy the situation C. According to thelr objectives, the company estab

hshes the following collective, ideal investment shown i 1n Table 5. With this information, we can make an
aggregation to make a decision. First, we aggregate the information of the three experts to obtain a unified
payoff matrix. We use the CWA operator to obtain this matrix while we assume that V=(0.3, 0.3, 0.4). The
results are shown in Table 6. It is now possible to develop different methods based on the COWD operator for
the selection of an investment. In this example, we consider the cubic maximum distance, cubic minimum
distance, CWHD, CWED, COWHD operator, COWED operator, and COWGD operator. For convenience, we
assume the following weighting vector W=(0.06, 0.05, 0.28, 0.26, 0.17, 0.18). The results are shown in Table 7.

Table 6: Collective Result.

cl cz c3
A, (10.3628, 0.5410], 0.3958) ([0.4719, 0.6439], 0.2632) ([0.4085, 0.6267], 0.5075)
A, (10.5002, 0.6731], 0.2895) ([0.4082, 0.7620], 0.5176) ([0.3000, 0.5723], 0.8585)
A, ([0.7021, 0.8376], 0.5281) (10.4941, 0.6435], 0.4289) (10.5324, 0.6730], 0.1620)
A, {[0.4082, 0.6879], 0.2687) ([0.3966, 0.6534], 0.4389) ([0.6131, 0.8000], 0.3868)
A, (10.2617, 0.6340], 0.4547) (10.4037, 0.5660], 0.3121) ([0.3316, 0.4688], 0.3902)
A, ([0.2719, 0.5411], 0.3680) ([0.4404, 0.5453], 0.3496) ([0.6134, 0.7405], 0.4614)

C, C, C,
A ([0.4899, 0.7087], 0.5680) ([0.4082, 0.6495], 0.3348) (10.5606, 0.7579], 0.3496)
A, ([0.5327, 0.8089], 0.3958) ([0.3325, 0.5410], 0.6000) ([0.3881, 0.5427], 0.3866)
A, ([0.5411, 0.8165], 0.2656) ([0.5660, 0.7343], 0.1390) ([0.2618, 0.5988], 0.5531)
A, ([0.4469, 0.8134], 0.4011) ([0.2452, 0.5483], 0.5426) ([0.3840, 0.6331], 0.3140)
A, ([0.5826, 0.8484], 0.5853) ([0.3840, 0.6859], 0.2207) (10.2662, 0.4469], 0.4873)
A ([0.3000, 0.6503], 0.6175) ([0.1713, 0.6202], 0.3958) (10.2453, 0.6587], 0.6731)
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Table 7: Aggregated Result.

Max Min COWHD COWED COWGD COWHD CWED
Al 0.2564 0.0824 0.1194 0.1443 0.1233 0.1675 0.1815
A, 0.2279 0.1106 0.1593 0.1619 0.1543 0.1592 0.1630
A, 0.2892 0.1256 0.1283 0.1700 0.1609 0.1629 0.1682
A, 0.2152 0.0770 0.1413 0.1459 0.1362 0.1533 0.1595
A, 0.2031 0.1058 0.1520 0.1543 0.1499 0.1745 0.1757
A 0.2149 0.975 0.1279 0.1330 0.1235 0.1401 0.1486

ot

Table 8: Ordering of the Strategies.

Max A> A> A> A,> A > A,
Min A,> A > A> A> A,> A,
COWHD A > A> A> A,> A> A,
COWED A> A > A> A> A,> A,
COWGD A > A> A> A> A,> A,
COWHD A> A,> A> A> A > A,
CWED A> A,> A,> A> A> A

Table 9: Final Result.

Weight (w) Aggregated distance measure
w,=0.2149 d(A)=0.1658

w,=0.0915 d(A)=0.1696

w,=0.1226 d(A,)=0.1837

w,=0.1389 d(A)=0.1557

w,=0.1295 d(A)=0.1656

w,=0.1462 d(As):0.1488

w,=0.1522

As we can see, for most of the cases, the best alternative is A, because it seems to be the one with the lowest
distance to the ideal investment. However, for some particular situation, we may find another optimal choice.
Therefore, it is of interest to establish an ordering of the investment for each particular case. Note that the best
choice is the one with the lowest distance. The results are shown in Table 8. As we can see, depending on the
distance aggregation operator used, the ordering of the strategies is different. Therefore, depending on the
distance aggregation operator used, the results may lead to different decisions.

The ranking of these alternatives as the minimum aggregated distance of alternative will be the best alter-
native such that A, >A,>A,>A >A, >A, (see Table 9).

7 Further Discussion

To show the validity and effectiveness of the proposed methods, we use intuitionistic fuzzy numbers to solve
the same problem described above. We apply the proposed aggregation operators developed in this paper.
After simplification, we got the ranking result A, >A, >A,>A >A >A.. A, is the best alternative. In the above
example, we use intuitionistic fuzzy numbers to express the decision maker’s evaluations. Shouzhen [22]
proposed the IFOWA operator to deal with multiple attribute group decision-making with intuitionistic fuzzy
information such that
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Table 1: Characterization of the Investments of Expert 1.

() (o C, C, C C,
A, (0.5,0.3) (0.4, 0.5) (0.6, 0.4) (0.1, 0.6) (0.1, 0.6) (0.8,0.3)
A, 0.5,0.2) (0.6,0.3) (0.3,0.9) (0.6,0.3) (0.3, 0.6) (0.3,0.6)
A, (0.7,0.5) (0.3, 0.5) (0.5,0.1) 0.7,0.2) (0.3,0.1) (0.3, 0.5)
A, (0.3,0.9) (0.3,0.8) (0.7,0.3) (0.5,0.3) (0.1,0.3) (0.6, 0.3)
A, (0.3, 0.6) 0.1,0.7) (0.3,0.5) (0.8,0.3) (0.6,0.2) (0.2,0.9)
A (0.5,0.3) (0.3,0.3) (0.6, 0.3) 0.3,0.9) 0.1,0.3) (0.3,0.6)
Table 2: Characterization of the Investments of Expert 2.
C, (o C, C, C C,
Al (0.4,0.3) (0.5,0.2) (0.5,0.3) (0.6, 0.5) (0.3,0.3) (0.6, 0.5)
A, (0.5, 0.4) (0.3, 0.5) (0.3,0.9) (0.5,0.3) (0.5, 0.6) (0.3, 0.6)
A, (0.8, 0.6) (0.5,0.3) (0.6, 0.5) (0.6, 0.3) (0.7,0.3) 0.3,0.7)
A, (0.6,0.3) (0.1, 0.4) 0.3,0.7) (0.3,0.4) (0.3, 0.5) (0.2,0.6)
A, (0.3,0.6) (0.5,0.1) (0.4,0.1) 0.1,0.9) 0.2,0.7) (0.4,0.2)
A, (0.2,0.3) (0.3,0.5) (0.1,0.5) 0.3,0.3) (0.2,0.3) (0.1, 0.6)
Table 3: Characterization of the Investments of Expert 3.
C, C C, C, C C,
A (0.2,0.6) (0.5,0.2) (0.1,0.9) (0.6, 0.6) (0.3,0.9) (0.1,0.3)
A, (0.5,0.3) (0.3,0.8) (0.3,0.8) (0.5, 0.6) (0.2,0.6) (0.5,0.2)
A, (0.6, 0.5) (0.6, 0.5) (0.5,0.1) (0.3,0.3) (0.6,0.1) (0.2, 0.5)
A, (0.3,0.1) (0.6,0.3) 0.7,0.3) (0.5, 0.5) 0.3,0.9) 0.3,0.2)
A, 0.2,0.3) (0.5, 0.4) 0.3,0.9) (0.6,0.7) (0.3,0.1) (0.2,0.6)
A (0.1, 0.5) (0.6, 0.3) (0.8, 0.6) 0.3,0.8) 0.2, 0.6) (0.3,0.8)
Table 4: Collective Result.
() C, C, C, C, C,
A, (0.36, 0.39) (0.74,0.26) (0.40, 0.50) (0.48,0.56) (0.40,0.33) (0.56, 0.34)
A, (0.50, 0.29) (0.41,0.51) (0.30, 0.85) (0.53,0.39) (0.33, 0.60) (0.85, 0.38)
A, (0.70,0.52) (0.49, 0.42) (0.53,0.16) (0.54,0.26) (0.56,0.13) (0.26, 0.55)
A, (0.40, 0.26) (0.39, 0.43) (0.61, 0.38) (0.44, 0.40) (0.24,0.54) (0.38,0.31)
A (0.26, 0.45) (0.40,0.31) (0.33,0.39) (0.58,0.58) (0.38,0.22) (0.26,0.48)
A (0.72,0.36) (0.44,0.34) (0.61, 0.46) (0.30,0.61) (0.71,0.39) (0.24,0.67)

o

We further explain to find the best alternative of intuitionistic fuzzy numbers. After the computation
process, the overall collective values A, (i=1, 2, 3, 4, 5, 6) are as follows:

Table 5: Aggregated and Ranking Result.

;wo N

o

> > > > > >

(0.43,0.41)=S(A))=0.01
(0.55,0.51)=S(A,)=0.04
(0.53,0.24)=5(A,)=0.29
(0.47,0.38)=S5(A,)=0.09
(0.45, 0.40)=S(A,)=0.05
(0.52,0.49)=S(A)=0.03
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Now, we find the ranking A >A >A, >A>A,>A.In this case, A, is best alternative.

It is noted that the ranking orders obtained by this paper and by Shouzhen [22] are very different, where
weakness is the ability of information representation of intuitionistic fuzzy numbers. Therefore, CNs may
reflect better the decision information than intuitionistic fuzzy numbers under the real decision-making
problem. Hence, our proposed approach is more better than the IFOWA operator.

7.1 Comparison

We compare the results between the COWD operator and the IFOWA operator.

Comparison table of the COWD and IFOWA operators

cowb Distance measure Ranking (1)
dA) 0.1658 4
d(Aa,) 0.1696 5
d(A) 0.1837 6
dA) 0.1557 2
dA) 0.1656 3
d@a,) 0.1488 1
IFOWA Score function Ranking (2) Final ranking
SA) 0.01 1 4
SA) 0.04 3 5
S@A,) 0.29 6 6
SA) 0.09 5 2
SA,) 0.05 4 3
S@,) 0.03 2 1

When we compare both results of the COWD and IFOWA operators using aggregated distance measure
and score function, the best result is the COWD operator, which is shown in the above table.

8 Conclusions

In this paper, we have suggested the COWD operator, which is very useful to deal with the decision informa-
tion represented in CN under uncertain situations. The main advantage of the COWD operator is that it can
alleviate the influence of the unduly large (or small) deviations on the aggregation results by assigning them
low (or high) weights. Moreover, it provides a parameterized family of aggregation operators and distance
measures. We have given three ways to determine the associated weighting vectors and studied some of its
main properties and particular cases. With the relationship between distance measures and similarity meas-
ures, the corresponding ordered weighted similarity measures for cubic sets has been obtained. The COWD
operator can be applied in many situations already considered with the Hamming and Euclidean distances
such as in statistics, economics and engineering, decision theory, and soft computing. In this paper, we have
focused on an application in a group decision-making problem regarding the selection of investments. We
have seen that this approach provides better information for decision making because it is able to consider
a wide range of scenarios depending on the interests of the decision-maker. In future research, we expect to
develop further extensions by adding new characteristics in the problem such as the use of inducing vari-
ables or probabilistic aggregations.
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