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Abstract. The q-Rung Orthopair Fuzzy Set (q-ROFS) as a generalization of Fuzzy Set
(FS) is characterized by membership and non-membership. The sum of their g-powers
is restricted to [0, 1]. In this study, a new Complex q-ROFS (Cq-ROFS) is proposed by
combining q-ROF'S with Complex FS (CFS). Cq-ROFS is a better way to process uncertain
and imprecise information in decision-making, which is characterized by complex-valued
membership and complex-valued non-membership. First, some fundamental operational
laws, score function and accuracy function, and a comparison method are proposed.
Further, because the Vector Similarity Measures (VSMs) play a key role in statistics,
physics, and engineering, some VSMs including Jaccard Similarity Measures (JSMs),
Dice Similarity Measures (DSMs), and Cosine Similarity Measures (CSMs) for Cq-ROF'Ss
and Interval-Valued Cq-ROFS (IVCq-ROFS) are investigated. Moreover, Hybrid VSMs
(HVSMs) called Variation Co-efficient Similarity Measures (VCSMs) for Cq-ROFSs and
IVCq-ROFSs are also proposed and their properties are discussed. Finally, in order to
demonstrate the feasibility of the investigated HVSMs, the existing similarity measures
about Complex Pythagorean Fuzzy Sets (CPFSs) and Complex Intuitionistic Fuzzy Sets
(CIFSs) are compared with the proposed methods by numerical examples of medical
diagnosis and pattern recognition.

(© 2022 Sharif University of Technology. All rights reserved.

1. Introduction

Intuitionistic Fuzzy Set (IFS), initiated by Atanassove
[1], is an extension of Fuzzy Set (FS) [2] and is char-
acterized by membership and non-membership grades,
the sum of which is restricted to [0,1]. IFS is an
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important tool to deal with awkward and complicated
information in real decision problems and now, it is
receiving greater attention in the domain of distance
measures [3-5] and entropy measures for IFSs [6-8]. De
et al. [9] introduced the application of IFSs in medical
diagnosis. Szmidt and Kacprzyk [10,11] utilized IFS to
process the medical diagnosis problems. Wei [12] es-
tablished geometric aggregation operators, and Xu [13]
established power aggregation operators based on IFS.
Liu [14] developed Hamacher aggregation operators
based on interval-valued IFS. Further, Alkouri and
Salleh [15] initiated the idea of Complex IFSs (CIFSs)
as a generalization of Complex FS (CFS) [16]. The
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CIF'S is characterized by complex-valued membership
and complex-valued non-membership functions, whose
range is not limited to [0, 1] but extended to unit disc in
the complex plane. Moreover, Kumar and Bajaj [17]
combined the notions of CIFS and soft sets [18] and
proposed complex intuitionistic fuzzy soft sets. At
the same time, complex intuitionistic fuzzy relation
was developed by Alkouri and Salleh [19]. Recently,
Rani and Garg [20,21] gave different ideas of distance
measures and power aggregation operators based on
CIFS. Garg and Rani [22,23] developed different ideas
of power aggregation operators and robust correlation
coefficient for CIF'S in Multi-Attribute Group Decision-
Making (MAGDM) problems.

In addition, the idea of Pythagorean Fuzzy Set
(PFS), initiated by Yager [24], is characterized by
membership and non-membership grades whose con-
straint is that the sum of the square of membership
and square of non-membership grades is limited to
[0,1]. Yager and Abbasov [25] provided an example to
explain the meaning of PFS. When a decision-maker
provides @ for membership grades and % for non-
membership grades, the sum of two values is greater
than 1 and hence, they cannot be expressed by an IFS,
but described by PFS since:

YN Lo

(P +GEP <t
It is clear that the PFS is more general than IFS in
coping with uncertain information. Further, Ullah et
al. [26] proposed the notion of Complex PFS (CPFS)
as a generalization of CIFS and CFS to describe
effectively complicated information in the environment
of MAGDM problems. Obviously, CPF'S is superior to
CIFS, CFS, IF'S, and FS in dealing with uncertain and
complex information in real-life problems.

However, when a decision-maker provides 0.8 for
membership and 0.9 for non-membership grades, the
sum of the square of membership grade and square
of non-membership grade is greater than 1. Hence,
they cannot be expressed by PFS and IFS, but are
expressible by g-Rung Orthopair Fuzzy Set (q-ROFS),
which was proposed by Yager [27]. The constraint of q-
ROFS is that the sum of g-power of membership grade
and g-power of non-membership grade is limited to
[0,1]. Obviously, when ¢ = 1, ¢-ROFS is reduced to
IFS; when ¢ = 2, it is reduced to PFS, i.e., g-ROFS is
more general than PFS, IFS, and FS, and now it has
attracted much attention. Liu et al. [28] proposed a
Multiple Attribute Decision-Making (MADM) method
under ¢-ROFS. Liu et al. [29] developed the g-rung
orthopair fuzzy heronian mean operators. Wang et
al. [30] investigated a number of similarity measures
for ¢-ROFS. Jan et al. [31] proposed the idea of g-
rung orthopair fuzzy graph. Liu and Liu [32] developed
g-rung orthopair fuzzy Bonferroni mean operators for

aggregating the g-rung orthopair fuzzy numbers. Liu
and Wang [33,34] proposed Archimedean Bonferroni
mean operators for -ROFSs. Peng et al. [35] suggested
the exponential operators for g-ROFS. Liu et al. [36]
extended the power Maclaurin symmetric mean opera-
tors for ¢-ROFS. Yang and Peng [37] investigated the
idea of g-rung orthopair fuzzy partitioned Bonferroni
mean operators. Li et al. [38] developed the g-rung
orthopair linguistic heronain mean operators with their
application in MAGDM. Liu and Liu [39] further
developed the power Bonferroni mean operators for
linguistic g-rung orthopair fuzzy numbers.

Although the ¢-ROFS can describe compli-
cated uncertain information effectively by reduc-
ing restrictions of membership grade and non-
membership grade, when a decision-maker provides
(0.91)e*27(0.77) for the complex-valued membership
grade and (0.87)e*27(0.72) for the complex-valued non-
membership grade, the CIFS, CPFS, and q-ROFS
cannot effectively described them. To handle such
types of information, the Complex ¢-ROFS (Cq-ROFS)
becomes a powerful tool to deal with uncertain and
complicated information in fuzzy set theory. The
advantage of Cq-ROFS is that the sum of g-power of
real part (also for imaginary part) of complex-valued
membership grade and that (also for imaginary part)
of complex-valued non-membership grade is limited to
[0,1]. The Cq-ROFS is an extension of CIFS and CPFS
to cope with complexity of real-life problems.

In addition, the distance and similarity measures
are two important tools that deal with the fuzzy
information, which are extensively used in pattern
recognition [40,41], machine learning [42—44], and
MAGDM [45,46]. The most popular distance measures
include hamming, Fuclidean, and generalized distance
measures, and the hamming and Euclidean distance
measures are the special cases of the generalized dis-
tance measures. Based on the importance of similarity
and distance measures for g-ROFSs, many researchers
have developed some reasonable similarity and dis-
tance measures for ¢-ROFSs. Du [47] investigated
the Makowski-type similarity measures for g-ROFS.
Peng and Dai [48] developed multiparametric similarity
measures for q-ROFS. The similarity and distance
measures of -ROFSs are complementary to each other.
The similarity measures quantify the closeness degree
between -ROFSs, while the distance measures depict
the difference between q-ROFSs.

However, the above-mentioned similarity and dis-
tance measures are defined based on general distance
metrics and they have a weaker discrimination capa-
bility. Therefore, they may lead to counter-intuitive
results in some special cases. Some derived measures
have complex forms, yet without a specific physical
meaning. It is necessary to develop an effective distance
measure with a relatively concise expression and a
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clear physical meaning from both the mathematical
and practical points of view. In particular, because
the Cq-ROFS can better express the complex uncertain
information and it is more general than some other
fuzzy sets, it is important to propose some novel
similarity and distance measures for Cq-ROFS and
then, to use them to solve the MADM or MAGDM
problems. Thus, the motivation and goals of this paper
are shown as follows:

1. We propose the notions of Cq-ROFS and interval-
valued Cq-ROFS (IVCq-ROFS) and discuss their
fundamental properties. At the same time, some
numerical examples are given to explain their mean-
ings;

2. The Jaccard Similarity Measures (JSMs), Dice
Similarity Measures (DSMs), Cosine Similarity
Measures (CSMs), and Vector Similarity Measures
(VSMs) for Cq-ROFS and IVCq-ROFS are pro-
posed and then, the Hybrid VSMs (HVSMs) are
also presented for them;

3. We utilize some numerical examples in pattern
recognition and medical diagnosis to examine the
superiority and effectiveness of the proposed meth-
ods;

4. The comparisons between the proposed and existing
measures are also discussed in detail to examine the
validity and superiority of the established measures.

In order to achieve these goals, the construct
of this manuscript is shown as follows. Section 2
reviews some basic concepts of -ROFSs, IVq-ROFSs,
Cq-ROFSs, and IVCq-ROFSs as well as their prop-
erties. In addition, the JSMs, DSMs, and CSMs
are reviewed. Section 3 proposes the JSMs, DSMs,
CSMs, and HVSMs for Cq-ROFSs and IVCq-ROFSs.
Based on HVSMs for Cq-ROFSs and IVCq-ROFSs,
Section 4 gives some numerical examples about pat-
tern recognition and medical diagnosis to show the
superiority and dominance of the proposed methods.
The comparisons between the proposed methods and
some existing methods are also discussed in detail. The
conclusion is given in the last section.

2. Preliminaries

The notions of ¢-ROFSs and Cq-ROFSs are briefly
reviewed in this section and then, the JSMs, DSMs, and
CSMs are also introduced. Further, the Cq-ROFSs,
IVCq-ROFSs, and their fundamental properties are
proposed. For convenience, k is used to represent the
finite universal set in this article.

2.1. The q-ROFSs and I'Vq-ROFSs

This subsection introduces ¢-ROFSs and Cq-ROFSs
and discusses their basic properties. Further, JSM,
DSM, and CSM are discussed.
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Figure 1. Geometrical interpretation of q-ROFS.

Definition 1 [27]: A g-ROFS is given by:

A ={(k, T)(k), Fy(k)) : k € K}, (1)
where T, F'y : K — [0, 1] represents the membership
and non-membership degrees, with a condition that
0<T/+Fy <1, ¢q¢>1 The g-Rung Orthopair
Fuzzy Number (q-ROFN) is denoted by A = (T, F}).
The geometrical interpretation of g-ROFSs is shown in
Figure 1.

Definition 2 [27]: Let A = (T, F’) be a ¢-ROFN.
Then, the score and accuracy functions of A are given
by:

S(A) =T - Fi,5(4) € [-1,1], (2)
H(A) =T} + Fj{, H(4) € [0.1]. (3)

Definition 3 [27]: Let A = (T%,F)) and B =
(Ty, Fg) be two q-ROFNs. Then, the comparison
method for -ROFNs A and B is given as follows:
1. If S(A4) = S(B) = A > B;
2. If S(A)=5(B) =

1) fH(A)» HB)= A > B;

9) If H(A) = H(B) = A = B.

Definition 4 [49]: An IVg-ROFS is given by:
A={(R[TY k), TV (k)] [FiL (k), FiY (K)]): ke K}, (4)

where T/L TV, FIE F'V : K — [0,1] represent the
lower and upper membership degrees and the lower
and upper non-membership degrees, with a condition
that 0 < TIIL\U" + FAUq < 1,qg > 1. The Interval-
Valued ¢-ROFN (IVg-ROFN) is denoted by A =
(T2 T [P, FID)).

Definition 5 [49]: Let A = ([T'L, T'Y], [F'E, FIY))
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and B = ([T, TY, [Fi, FiY]) be two IVq-ROFNs.
Then, we have:

A® = ([FL FALITHE T

AV B = (max(T)", Ty ), max(T4, Ty )],

[min(F4", Fg), min(Fy, Fg')]);
AN B = ([min(T'E, T, min(T/F, TIV)),
[max(F", Fif), max(F, Fi{))).
Definition 6 [49]: Let A = ([T'L, T'/V), [F'L, FIY])

be an IVq-ROFN. Then, the score and accuracy func-
tions of A are given by:

Tyl iy ple

S(A4) € [-1,1], (5)
H(A) = TP prle g F;‘Uq7
2 2
H(A) € [0,1]. (6)

Definition 7 [49]: Let A = ([T'F, T'Y],[F'E, F'Y))
and B = ([T, TY, [Fi, FiY]) be two IVq-ROFNs.
Then, the comparison method for IVg-ROFNs A and
B is given as follows:

1. I S(A) = S(B) = A = B;

2. If S(A) = S(B) =
1) If H(A) = H(B) = A » B;
9) If H(A)= H(B) = A= B.

Next, we give the definitions of the existing JSMs [50],
DSMs [51], CSMs [52], and VCSMs [53].

Definition 8 [50]: A JSM is given by:
KY

1K+ Y [P? = KY

J(K,Y) =

n
Sk
_ =1
- n n n )
R+ yE - X ki
=1 1=1 =1

where K' = (ky, ko, -+ ,kn) and Y = (y1,92,- - ,yn)
represent two vectors whose Euclidean norm and inner

product are followed as |K| = />, k2, ||Y] =
Vv and KY = 3" | kiy;. Then, Eq. (7) holds

the following conditions:

1. 0<J(K,)YV)<1

2. JIK,)Y)=J(,K);

3. JIK,Y)=1it K=Y, ie, ki=y(i=1,2,--- ,n).

(7)

Definition 9 [51]: A DSM is given by:

DK,y) = i 2hakw

"2 2
KPP~ $ ey 240
i=1 i=1

where K = (ky, ko, - ,kn) and Y = (y1,92, - ,yn)
represent two vectors whose Euclidean norm and inner

product are followed as |K| = />, k%, ||Y] =
>, y?. Then, Eq. (8) holds the following condi-

tions:

1. 0<D(K,Y)<1

2. D(K,Y)=D(, K);

3. DIK,Y)=1if K=Y ie, ki =y(i=12,-,n).

Definition 10 [52]: A CSM is given by:

Z kiy:

el

where K = (ky, ko, - ,kn) and Y = (y1,92, - ,yn)
represent two vectors whose Euclidean norm and inner

product are followed as ||K| = /S &2, ||V =

Vi yy?. Then, Eq. (9) holds the following condi-
tions:

1. 0<C(K,Y)<1
2. C(K,Y)=C(Y,K);
3. C(K,)Y)=1if K=Y ie, ki =y(i=1,2,-- ,n).

C(K,Y) =

Definition 11 [53]: A VCSM is given by:
2KY KY

1—
T R T;

V(K. Y)=p TET- VT

2 Z kiy:

=1

i +iyz / /

where K = (ky,ka, - ,kn) and YV = (y1,92, - ,yn)
represent two vectors whose Euclidean norm and inner

product are followed as ||K| = /> k2, |[Y] =

Vo v and KY = > | kiy; with p > 1. Then,
Eq. (10) holds the following conditions:

1. 0<V(K,Y)<1;
2. V(K,Y)=V(Y,K);
3. VIK,Y)=1i# K=Y ie, ki =y:(i =1,2,-- ,n).

These four similarity measures come with the same
meaning in the domain of interval values. If k; = 0
and y; = 0, then the JSMs and DSMs are undefined. If
k; =0 or y; = 0, then the CSMs are undefined.



898 P. Liu et al./Scientia Iranica, Transactions E: Industrial Engineering 29 (2022) 894-914

2.2. Cq-ROFSs and IVCq-ROFSs
This subsection proposes the Cq-ROFSs and IVCq-
ROFSs and discusses their basic properties.

Definition 12: A Cq-ROFS is given by:

A= {(k Th(k), Fa(k)) : k € K}, (11)

where T, = Tae?™#74) and F!, = Fae'?m(¢ra)
represent complex-valued membership and complex-
valued non-membership, with a condition that: 0 <
Ti+Fi<1l,and 0 < o} +¢%, < 1forg>1 The
complex ¢-ROFN (Cq-ROFN) is denoted by:

A= (TAelQW(SDTA),FAGQW(SDFA)) .

Definition 13: Let A = (TAeiz’T(*"TA),FAeiZ’T(“"FA))
and B = (Tge™™?15) Fpe?™¥r5)) be two Cg-
ROFNs. Then, we have:

A® = (Fue'™(ora) T e (era))y;

AV B = (max(Ty, Tg)e?m(max(¢r,015))
min(Fy, Fy)e27(min(org o).

AN B = (min(Ty, Tg)e2 min(er,¢15))

maX(FA, FB)eiQﬂ'(max(gpFA PFg )))

Definition 14: Let A = (T e?™(¢14) [ e?2m(9r4))
be a Cq-ROFN. Then, the score and accuracy functions
of A are given by:

S(A) = 5(T3 + ¢, — ¢, — F2)

S(A) € [-1,1], (12)
H(A) = 3(T4 + ¢, + o, + F.

H(A) €[0,1]. (13)

Definition 15: Let A = (T4e?™(#14) Fye?m(#r4))
and B = (Tge™(#1s) Fpe?™(#r5)) be two Cg-
ROFNs. Then, the comparison method for Cq-ROFNs
A and B is given as follows:
1. If S(A) > S(B) = A > B;
2. If S(4)=5(B) =

1) fH(A)» HB)= A > B;

2) fHA)=H(B)= A=B.

Example 1: Let A = (0.8¢27(07) 0.9¢?27(0-67)) and
B = (0.88¢27(0-75) ,67¢127(0:66)) he two Cq-ROFNs
for ¢ = 5. Then, we have:

A = (00961'2%(0.67)7 0’8ei27r(0.7));

AV B = (max(0.8,0.88)¢ 27 (max(0-7.0.75))
min(0.9, 0.67)e 2™ (min(0-67.0.66)))
=(0.88¢m(0-75) 0.67¢"27(0-59));

A A B = (min(0.8,0.88)¢ 2 (min(0-7.0.7))
max(0.9,0.67)e!2"(max(0-67.0.66)))

=(0.88¢727(07) 0.9¢i27(0-67))

Next, we calculate the score values of A and B as
follows:

S(A) :% ((0.8)° +(0.7)° — (0.9)> — (0.67)°)

1

:5(0.50 —0.73) = —0.115,

S(B) :%((0.88)5 +(0.75)° — (0.67)° — (0.66)°)

1
=(0.77 - 0.26) = 0.255.
So, B = A.

Definition 16: An IVCq-ROFS is given by:
A ={(k,T)(k), Fi(k)) - k € K}, (14)

where T', = [Tk, TY]-e2"#%4 974l and FY, = [Fk, FY]-
PEUCENEEN represent interval-valued complex mem-
bership and interval-valued complex non-membership,
with a condition that 0 < T7¢ + FY? < 1 and
0 < cpgj + wgz < 1, ¢ > 1. The interval-valued Cq-
ROFN (IVCq-ROFN) is denoted by A = ([T%,TY] -

) L U i2 L U
2ol (R FY] - e loraerad),

Definition 17: Let A = ([Tj,TAU].ei27r[*°iL”A’“’ZTTA}7 [FL,
Fg] . eiQW[WéAW%’A]) and B = ([Téng] . ei27f[<P%BMgB]7
[FL, FY]-e?#F5 9751} be two IVC-ROFNS; then, we
have:

A° = ([P, FY)- e?mleraeba) Tk T

> L U
,e’LZTr[LpTA 74PTA})

AV B = (lmax(T%, T5), max(T4 , T )]

- L L U u
irlmax(eh, ok, Jmax(el, o, )]

[min(F%, Fg), min(FY, Fg)]

. . L L . u U
2lminek, ok, ) min(ol 0¥y ).
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AAB = (Imin(T%, TL), min(TY, TY)]
2mlmin(ek, ok ) min(ef o ]
[max(Fj,Fé),max(Fg,Fg)]
ei2nimax(eh, ek ) max(¢F, @ F,)] ).
Definition 18: Let A = ([T{,TY]- €i2w[¢%A’w¥A]a

[FL, FY]- e?™#50%7al) e an TVCq-ROFN. Then, the
score and accuracy functions of A are given by:

1 (T5+TY  of, +¢7
S(A)=2(AJ2r A+@TA2@TA

L U
—F£+FX—Q’QFA+¢FA> S(A4)€[-1,1]
1 (Tk+1Y o, + 67
H(A)ZQ( A; - +¢TA2¢TA
Fi+ FY  of, +oh
+ATIA L PRI (e 0,1,
(16)

Definition 19: Let A:([Tj,Tg].ei%[“’%A"”gﬂ, [FX,
FY]-e?m0ra#ial) and B = (1§, 74 - € 1#5s #15],
[FE FU] - ¢"¢¥5¥5]) be two TVCq-ROFNs. Then,
the comparison method for IVCq-ROFNs A and B is
given as follows:

1. If S(4) > S
2. It S5A)=8(B)=
1) If H(A) -~ H(B) = A » B;
2) fH(A)=H(B)= A=B.

B)= A > B;

—~ ~=

Example 2: Let A=([0.8,0.82]e*27[07:0-72] 0.9 (0.92]
ei27r[0.6770.69]) and B = ([0.88,O.9]6i277[0'75’0'77}, [067,
0.69]e270:66,-0.68]) he two Cq-ROFNs for ¢ = 5. Then,
we have:

A€ = ([097 0.92]67;277[0.67,0.69]’ [08, 0.82]67;277[0.7,0.72] )7
AV B=([max(0.8,0.88), max(0.82,0.9)]

27 lmax(0.7,0.75),max(0.72,0.70)] [11in (0.9, 0.67),
mln(092,069)] ei27r[min(0~6770.66),n1in(0,6970768) )
= ([0.88, 0.9]¢??™ [0-75,0-77]

[0.67, 0069]61'2# [0.667.0.68]);

A A B=(]min(0.8, 0.88), min(0.82, 0.9)]
ei27‘r[n‘1in(0.7,0.75),n1i11(0.72,0.77)]’ [maX(O.Q, 067)7

max(0~92;0~69)]eizw[max(oﬁno-%),nlax(0.6970,63))
= ([0.8,().82](3i27r[()-7,0.72}7

[0.9,0.92]2m(0-67-0-69])

Next, we calculate the score values of A and B and get

S(A) :%(((0.8)5 4 (0.82)%)/2 4 ((0.7)° 4 (0.72)%)/2

—((0.9)° +(0.92)%)/2—((0.67)° +(0.69)°)/2)

1
=—(0.354+0.18 = 0.62 + 0.15) = —-0.12,
2

1

S(B) :5(((0.88)5 +(0.9)%)/2 + ((0.75)° + (0.77)%)/2

—((0.67)54(0.69))/2—((0.66)° +(0.68)%)/2)

1
:5(0.56 +0.25-0.154+0.14) = 0.2.

So, B = A.

3. Hybrid vector similarity measures for

Cq-ROFSs

This section investigates some VSMs called Jaccard,
Dice, and cosine similarity measures and HVSM called
variation coeflicient similarity measures for Cq-ROFSs.
For convenience, in this paper, the weighted vector
is defined by: w = {wj,wa, -, wn}?’, w; € [0,1],
i = 1,2,---,n with a condition that > .  w; = 1.
In addition, A = (Tpe?™(¥74) F e?™(¥ra)) and B =
(Te?™(#15)  Fpe™(¥r5)) are used to denote the Cq-
ROFNs.

3.1. The VSMs for Cq-ROFSs

The Jaccard, Dice, and cosine similarity measures are
important tools to find the degree of similarity between
objects. In this subsection, we extend them to Cq-
ROFSs and propose JSM, Weighted JSM (WJSM),
DSM, Weighted DSM (WDSM), CSM, and Weighted
CSM (WCSM) for Cq-ROFSs.

Definition 20: The JSM for Cq-ROFS is given by

Eq. (17) as shown in Box I. Eq. (17) holds the following

conditions:

1. 0< J;(A,B) <1,

2. Jje(A,B) = J;(B,A),

3. JjC(A7B) = 17 for A =B i.e., TA = 7137 LTy =
PTg, FA = F’B7 and Yr, = YFg-
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| | T (k)T (k) + F3 (k) F(k:)
o | (TR0 + F3 () + (T3 (ko) + T3 (k) — (T4 (ki) Th (ko) + F4 (k) F (k)

=1 o, (ki) (ki) + 0% (ki) (ko) (7
(07 (ko) +07, (k) + (07 (ko) +070 (ki) = (05, (k) @, (ki) +0%, (k)@ (ki)
Box I

A Ti(ki)Té(kg) + F (ki) F (k)
n (foq<ki> + F30 (k) + (T3 (ki) + Fl (ki) — (T4 (ko) T (ki) + Fi (ki) Fiy (k:))

N o7, (k)T (k) + o, (ki)eh, (ki) i18)
(07 (k) + 03 (ki) + (038 (ki) 7l (ki) — (0%, (ki) (ki) +o%, (k)b (ki)

Box II

Definition 21: The WJISM for Cq-ROFS is given 2. Ju(A,B) = JuB,A),
by Eq. (18) as shown in Box II. Eq. (18) holds the

following conditions: 3. Ja(A,B) = 1,for A = B,ie, Ta = Tp, o1, =

@1y, Fa = Fp, and 9, = ¢p;.
1. 0< Juje(A,B) <1,

« Jwje(A, B) = Juje(B, A), Definition 23: The WDSM for Cq-ROFS is given
3. Juwje(A,B) =1, for A= Bie., Ta =Tp, o1, = by Eq. (20) as shown in Box IV. Eq. (20) holds the
o1y, Fa = Fp, and op, = ¢r,. following conditions

Definition 22: The DSM for Cq-ROFS is given by L 0< Jwa(4,B) <1,

Eq. (19) as shown in Box III.  Eq. (19) holds the 2. Jwa(A, B) = Jwq(B, A),

following conditions: )
3. JWd(A,B) = 1, for A =B 1.e., TA = TB, OTy =

1. OSJd(A,B)S]., (pTB,FA:FB,aHngFAZQOFB.

2(T4 (k)T (ki) + F (ki) F (K:))
| (TR ) + FR (ko)) + (T3 (ki) + F (K2))

1
Ji(A,B) = — : (19)
’ 2n ; 2007, (k)T (ki) + oF, (k)o%, (ki)

(7 (ki) + @7, (k) + (o7, (ki) + i, (k)

Box II1

T4 (k)TA(k:) + F () F (k)
D)+ (T2(k,) + F2I (k)

) , ,
TwalA, B) = = 3w, . (20)
v 2 ; 27, (ki) (ki) + 0%, (ki) o, (i)

(03 (k) + o2t (ki) + (32 (Ki) + 032 (ki)

Box IV
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2T (ki) T (ki) + £ (ki) Fi (ki)

Lo | VT + ) (T )+ P (k)
J(AB) = o~ (21)
i N 2(o7, (ki) (ki) + %, (ki)eF, (ki)
V(G (i) + 3 (k) /(3 (i) + 3 (k)
Box V
2T (k) Th(ke) + F (ko) F (k1))
VT3 k) + F30(k)) /(T3 (k) + FE (k)
1
]I/Vc A B sz (22)

2007, (ki)o, (ki) + %, (ki)oh, (i)

VB )+ 2 (k) (3 () + 2 (k)

Box VI

Definition 24: The CSM for Cq-ROFS is given by

Eq. (21) as shown in Box V. Eq. (21) holds the

following conditions:

1. 0< J.(A,B)<1

2. J.(A,B)=J.(B,A4),

3. J.(A,B)y=1,for A=Bie., T4 =Tg, o1, = ©1,,
Fa=Fp,and ¢p, = ¢p,.

Definition 25: The WCSM for Cq-ROFS is given
by Eq. (22) as shown in Box VI. Eq. (22) holds the
following conditions:

1. 0< Jwe(A,B) <1,

2. Jw.(A,B) = Jw.(B, A),

3. Jwe(A,B) =1, for A= Bie, Ty =1g, op, =
©15, Fa=Fp, and op, = ¢@p,.

3.2. The VSMs for IVCq-ROFSs

This subsection combines Jaccard, Dice, and cosine

similarity measures with IVCq-ROFS and proposes

JSM, WJSM, DSM, WDSM, CSM, and WCSM for

IVCq-ROFSs. For convenience, the membership and

non-membership values in the domain of IVCq-ROF'Ss
are given as follows:

20T (ki) = (T (ks) + T§ (k:)) /2,
20F (k) = (Fx(ks) + FY (k:))/2,
2005, (ki) = (o7, (ki) + 07, (k) /2,

200%, (ki) = (oF, (ki) + of, (k:))/2,

and:
20T5 (ki) = (Tg (ki) + T (ki) /2,

20FE (ki) = (Fg (ki) + Fi (k) /2,
2008 (ki) = (o7, (k) + o7, (ki) /2,
200%, (ki) = (o, (ki) + 07, (ki) /2.

Then, we propose the following similarity measures.

Definition 26:
by Eq. (23) as shown in Box VII. Eq. (23
following conditions:

The JSM for IVCq-ROFS is given
) holds the

1L 0<JIV(A,B) <1,

2. JIV(A,B)=JIY(B,A),

3. JIV(A,B)=1for A=Bie,Tf =T T =T§,
F£ = Féa FX = Fg’ Q‘Q%A

L _ L v _ U
PFr, = PFpo and Pr, = PFy-

_ L U _ U
= Pryy Py = Py

Definition 27: The WJSM for IVCq-ROFS is given
by Eq. (24) as shown in Box VIII. Eq. (24) holds the
following conditions:

1 0< JV (A B)<1

2. JiY..(A,B) = J{VVJC(B,A),

3. JWAB) =1 for A = B ie. Tf = Tj, T =
T%vFA fFB7 FAUU: ngUQQTA :SOTB7SO¥A :99%37
Yp, = ¥F,, and op, = pp_ .
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T (ki) VT (ki) + QF (ki )QF g (ki)

T (k) QT (k:)
(T3 (ki) +(QFA(R:))?) + ((QTq(k))2+(QFg}(ki))2)_< )

+HQF (k) QF (k)
.\ (k)T (ki) + Qe (k) (k) (23)
QoF, (k:)Qp%, (ki)
(2, (k)2 + (%, (k:))2)+ (8, (k)2 + (205, (ki))?)—
+Qp% (ki) QT (ki)
Box VII
TV (A, B) :% Zw’
QTg(ki)QTg(ki) + QFfl(kl)QFg,(kl)
QTj(ki)QTg,(ki)
(T4 (k:))? + (QF(k:)2) + (AT (k)2 + (U (k:))2) — ( )
FOF (k)QFS (k)
. Ut (ki) (ki) + 205 (k)% (k) (24)
0ot (k)% (ki)
(2%, (k)2 + (2%, (ki))2)+ (2, (k)2 + (e, (ki))?)—
%, (ki) QT (ki)

Box VIII

Definition 28: The DSM for IVCq-ROFS is given
by Eq. (25) as shown in Box IX. Eq. (25) holds the
following conditions:

L. OSJ;V(A“B)S]_’
2. Ji¥(A,B) = J3¥(B, 4),
3. JIV(A,B)=1,for A=Bie, Tk =T, TY{ =TY,

Definition 29: The WDSM for IVCq-ROFS is given
by Eq. (26) as shown in Box X. Eq. (26) holds the
following conditions:

1. 0<JY, (A B)<1,
2 JV(A, B) = JiY(B, A),
3. JYJ(AB) =1, for A = Ble TA:TB,TA_

Fy = F§, F{ = Ff, oF, = 0t 9%, = o5, Tg, Fx = F§, Fi = F, of, = of,, 95, = 9%,
ok =¢h  and o =l . ©h, = 0k, and @, = @f .
20T (k)T (k) + QFY (k) QFSL (k:))
1 oo | (QTR(R))? + (QFA(R:))?) + (AT (K:))? + (F5(F:))?)
TV (4 == (25)
e 2(Qp%, (k)T (ki) + Qpf (k) Q% (ki)
((QWTA(k N2+ (%, (k:)?) + (e, (k)% + (Qpf, (ki))?)

Box IX
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QT (ki) QTE (k) + QF% (k) QUFE (k:))

n (QTF(Ki))? + (UL (K:))?) +

+ (75 (k)2

+ (QF5(k:))?)
(26)

(T (ki)QpT (ki) + Qo (k) Q0T (ki)

2
0T, (k)2

+ (2, (F:)?) +

(7, (k:)? + (T, (i)?)

Box X

(QT4 (k)T (k) + QF (k) QE (k)

Lo V((QT (ki)
JIV(A,B) = —

+(QF{(k))?) - V(T 5 (K:))?

2n QT (k)T (ki) + Qof (ki) (ki)

+ (QF5(k))?)

+

V(@08 (k)2

+ (0, (k))2) /(@5 (k)2

+ (U, (K:))?)

Box XI

Definition 30: The CSM for IVCq-ROFS is given
by Eq. (27) as shown in Box XI. Eq. (27) holds the
following conditions:

L 0<JV(A,B) <1,

JIV(A,B) = J!V(B, A),

JV(A,B)=1,for A=Bie,T;=TL TV =TY,
Fz% = Fi% F{ = Fg, %, = %y ¥7, = 1y
Py = Phyo and O, = o .

Definition 31: The WCSM for IVCq-ROFS is given

by Eq. (28) as shown in Box XII. Eq. (28) holds the

following conditions:

1. 0<JY. (A B) <1,

3. JIV.(A,B) =1, for A =B, ie, Tt =Tk TV =
TBUaF/%:FévFAU:Fga 997L“A =
¢, = ©F,, and oF, = 0.

3.3. The HVSMs for Cq-ROFSs

This subsection investigates the notion of HVSM called
VCSM and Hybrid Weighted VSM (HWVSM) called

L v _ U
PTgs PTy = PTy:

Weighted VCSM (WVCSM) for Cq-ROFSs and IVCq-
ROFSs. The properties of the proposed methods are
discussed in detail.

Definition 32: The HVSM for Cq-ROFS is given by
Eq. (29) as shown in Box XIII. Eq. (29) holds the
following conditions:

1. 0< Hy(A,B) <1,

2. Hy(A,B)=Hy(B,A),

3. H/(A,B) =1, for A = Bie, Ty =Tp, o1, =
o1y, Fa = Fp, and p, = ¢p,.

Proof: The proofs of the above three points are
shown as follows:

1. The DSM and CSM for Cq-ROFS are proposed in

Eqgs. (19) and (21); we have 0 < J4(A4,B) <1 and

0 < J.(A4,B) < 1. Then, we get Hy(A,B) =

0J4(A, B) + 0)J.(AB) <O0+1-6 = 1.

Further, 0 < ( B) and 0 < J.(A4, B); therefore,

Hy (4, B) > 0 for any values of § € [0,1]. Hence,
A, B) <

(1
Jy
0
) <1 holds clearly;

(T3 (ki) QTR (ki) + QF (ki) QF g (i)

n \/((QTZ(]{;1))2

i=1 +

+ (QF(k:))?) - /(T (ki) 2

(QpT, (ki)Qpf, (ki) + QT (k)T (ki)

+(QFp(k:)?)
(28)

V(@ (k)2

+ (20, (k:))*) - (2, (k)2

+ (s, (:))?)

Box XII
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2(T (k)T

B (ki) + Fj (ki) Fjs (i)

(T3 (k) + FR* (ko)) +

N D
3

+ (T (ks) + Fg' (k:)

=1 2(p7, (ki) o, (ki) + 05, (k-)eO%B( i)

2 2
(o7, (ki) + o7,

)
(ki) + (07 (ki) + @3 (ki)

)= (T4 (k)T (k) + F4 (k) FA (ko)

1-6) <«
+( . >Z

VT2 ) + F20 (k) /(T3 (k) + F2 (k)

i=1 N (ghoA(kz)ga%B(kY) +S0qFA<ki><P(JI?B (ki)

VR )+ G2 (k) /(3 () + 2 (k)

Box XIII

2T (k)T (ki) + F3 (ki) Fi (ki)

(T (ki) + FA7 (k:) +

(T3 (ki) + F (k)

Q(W%A(ki)wh(ki)+W%A(k-)<ﬂ%5( i)

HV[/\/(A7 B) =

)
(o, (ki) + @7, (k) + (o7, (ki) + 97, (ki)

(TA(k:) T (k) + F (ki) Fy (i)

+

o | @) + ) (T R + R (R)

= (%, (k) (ki) + %, (o), (k)

\/<992T‘L(ki) + o3 (ki) - \/(wﬁ(ki) + 3 (ki)

Box XIV

2. Hy(A,B) = Hy(B, A) holds obviously;

3. If we consider Ty =T, @1, = ¢1,, Fa = Fp, and
YFr, = Qry, then the values of J;(A4,B) = 1 and
J.(A, B) =1 are achieved; therefore, Hy(A,B) =1
is obtained, as well.

Definition 33: The HWVSM for Cq-ROFS is given
by Eq. (30) as shown in Box XIV. Eq. (30) holds the
following conditions:

1. 0< Hyy(A,B) <1,

2. HWV(AaB) = HWV(BvA)v

3. HW\/(A,B) = ]., for A = B, i.e., TA = TB, P,y =
PTps Fy = F37 and PFy = PFp-

Definition 34: The HVSM for IVCq-ROFS is given
by Eq. (31) as shown in Box XV. Eq. (31) holds the
following conditions:

1. 0<H{Y(A,B)<1,

2. HIV(A,B) = HLY (B, A),

3. HIV(A,B) =1, for A= Bie, Ty =Tk, T{ =
Ty, Fi = FE, F§ =Fg, of, = o, o7, = &%,
goIL;A = @%B, and @%A = 4,9%5.

Proof: The proofs of the above three points are
shown as follows:

1. The DSM and CSM for IVCq-ROFS are proposed
in Eqgs. (25) and (27); we have 0 < JiV(A,B) <1
and 0 < JIV(A, B) < 1 and then, get HLV (A, B) =
0IV(A,B)+(1-0)JIV(A,B) <f6+1-6=1
Further, 0 < JIV(A, B) and 0 < J!V(A, B); thus,
H{IV(A,B) > 0 for any values of § € [0,1]. Hence,
0 < HEV(A,B) <1 holds clearly;

2. H{V(A,B) = HLY(B, A) holds clearly;

3. If we consider TY = TL, Y = 1§, Ff = FL,
FY =FY, ok = ok , o8 =%, ok = ok,
and o = ¢f , then the values of J}"(4,B) =
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2075 (ki) QT (ki) + QFG (ki) QU (ki)

N

>

+

n | QT (k)2 + (FL (k))?) + (T (k) + (UFR (:))?)

i=1 2(Qp%, (k)T (ki) + Qof (k)% (ki)

HIV(A,B) = -

(e, (k:))? + (0T, (k:)?) + (T, (ki)? + (e, (Ki))?)

(75 (k)T (ki) + QF (ki) 2 (ki)

(1 _9) n

+

VORI (0))? + (QF2(k))2) -/ (T2 (R))? + (QF 2 (R))?)

2 = (0%, (k)R (ki) + Q% (k) Q0% (K:))

(31)

_|_

Q% (k) + (e, (k:))?) - /(6 (k))? + (@, (K:))?)

Box XV

275 (k)T (Ka) + QU (ki) QF g (ki)

P (T (ka))? + (U (k:))?) + (AT (k:)? + (U (k:))?)

i=1 2(Q07, (k)% (ki) + Qof, (k) Q0T (ki)

T

nglyV(AaB) =

(e, (k:))? + (207, (k:)?) + (e, (Ri)? + (e, (Ki))?)

(T3 (ki) QTR (ki) + QF ) (ki) QF g (i)

| QTR + (QF2 (1)) -\ ((QTZ (k) + (QF2 (k:))?)

= (%, (k)% (ki) + Q% (k) QL (k:))

V(% (k) + Q0% (k:))?) - /(2% (k)2 + (2%, (K:))?)

Box XVI

1 and JIV(A,B) = 1 are achieved and therefore,
HIV(A, B) = 1 is obtained, as well.

Therefore, the proofs are completed.

Definition 35: The HWVSM for IVCq-ROFS is

given by Eq. (32) as shown in Box XVI. Eq. (32) holds

the following conditions:

1. 0< HY, (A B)<1,

2. H{I}/V(A,B) = H{VVV(B,A),

3. HL,(A,B) =1, for A= Bie, Tt =Tk TV =
T§, Fi =FE, FY =Ff§, of, =ot,, o2, =%,
¢F, = ©F,, and oF, = 0,

where w = {wi,wo, ,w.}l, wi € [0,1], i =
1,2,---,n with a condition that ) " w; = 1 rep-
resent the weighted vectors. If we consider w; =
(L, L. 1)T, then Egs. (18), (20), and (22) are

n’n’ 'n

converted into Eqs. (17), (19), and (21), respectively.

L . . T
Similarly, if we consider w; = (%, %, ,%) , then

Egs. (24), (26), and (28) are converted into Eqs. (23),
(25), Eqgs. (23), (25), and (27), respectively. Further,

if we consider w; = (717, %, ,%)T; then, Eqgs. (30)

and (32) are converted into Egs. (29) and (31), respec-
tively.

4. Applications based on VSMs for Cq-ROFNs

This section gives two applications such as medical
diagnosis and pattern recognition.

4.1. An application for medical diagnosis

We diagnose the symptoms of diseases in a patient to
determine a disease, and the corresponding steps are
shown as follows.

1. Construct the matrix for symptoms k; (j =
1,2,---.n) of diseases B; (j =1,2,3,4);

2. Give the symptoms of the patient P;
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Table 1. Representation of all diagnoses.
Symbol representations B1 B»> Bs Ba
Diseases Viral fever  Malaria  Typhoid Stomach problem
Table 2. Representation of all symptoms.
Symbol representations ky ko ks kg
Symptoms Temperature Headache Stomach pain  Cough
Table 3. Decision matrix of Cq-ROFNs.
Values B, B, Bs By
k1 (0.861'27\-(0.7)’0161’27(0.2)) <0.6€i27r(0.4)70.1ei27r(0.5)> (0.361'27(0.8)70.361'2«(0.1)) (0.561'%(0.3)70.461'2«(0.6))
ks (0.96i27r(0.6).0161’2#(0.2}) (0.481'27\'(0.9)‘0.5€i27r(0.1)> (0.881'2#(0.3)‘O.lei27r(0.6)> (0.3€i27r(0.1)q0.661'2%(0.3))
ks (0.7812740.8),0.261‘2#(0.1)) (0.581‘2#(0.5)’0.361‘2#(0.3)) (0.761‘2#(0.6)’0.261‘2#(0.2)) (0.867;27\-(0'3),0.16127\-(0'5))
ka (O.Se””(O‘?),0.26i2”(0'1)> <0.4ei27r(0.9)70.56i27r(0.1)> (O.Zei%(o'ﬂ,0.8ei2”(0'2>> (0.161'%(0.3)70.66¢27r(0.5))
Table 4. Patients’ information.
Symbols k1 ko ks ka

P

(0.861‘2#(0.6%0.1ez2w(0.2)> (0.961%(0.7),0.181‘2#(0.2)) (0.761‘2#(0.8)’0.261%(0.1)) (0.681‘2#(0.5%O.Qeizw(o.z;))

3. Using Eq. (30) to calculate the similarity measures
of patient P with the diseases B; (j = 1,2, 3,4);

4. Rank the similarity measures with all diseases B;
(j=1,2,3,4);

5. Determine the disease of the patient;
6. End.

Based on the above-mentioned steps, an example is
used to express the reliability and effectiveness of the
proposed approaches, taken from [23].

Numerical Example 1: We consider a set of all
diseases shown in Table 1. Next, we consider a set
of all symptoms listed in Table 2.

The steps for solving this problem are as follows:

1. Construct a matrix for symptoms k; (7 =1,2,---,
n) of diseases B; (j = 1,2,3,4) as shown in Table 3
(suppose the weighted vector of symptoms w
{0.3,0.2,0.1,0.4}% and ¢ = 1).

2. Determine the symptoms of the patient P in terms
of Cq-ROFSs in Table 4.

3. Employ Eq. (30) to calculate the VSMs of the
patient P with the all diseases and get:

HWV(Bla-P) = 0.96; HWV(327P) = 0.85;

Hwv (B3, P)=0.79;  Hyy(By, P) = 0.68.

4. Rank the similarity measures with all diseases and
obtain:

By, > By > Bs > By.

5. The disease of the patient is B, which is a viral
fever.

6. End.

The comparison between the proposed and existing
methods with respect to this example is shown in
Table 5. Further, we can give a graphical interpretation
of Table 5, which is shown in Figure 2.

From Table 5, we know that all methods get the
same disease for this patient, i.e., it is Bj.

Next, we will give another example for pattern
recognition.

4.2. Another application for pattern
recognition

The steps for solving the application of pattern recog-

nition are shown as follows:

1. Construct the decision matrix for known patterns
B, (i=1,2,---,m) and criteria (j = 1,2,--- ,n);

2. Get the criteria values associated with the unknown
pattern P;

3. Use Eq. (32) to examine the similarity measures
between known patterns B; (j = 1,2,3,4) with
respect to unknown pattern P;
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Table 5. Comparison between the proposed method and existing methods.

Methods

Score functions Ranking

CIFS proposed by Rani and Garg [20]

va(Bl, P) = 0.96; HWV(BQ, P) = 0.85;

Bi1 > By > B3z > Bs

Hwv (Bs, P) = 0.79; Hwv (B4, P) = 0.68

CIF'S proposed by Garg and Rani [23]

Hwv (B1, P) = 0.02; Hy v (Bz, P) = 0.006;

B1 > Bs > Bs > B

Hwv (Bs, P) = 0.008; Hy v (B4, P) =0.01

CPFS proposed by Ullah et al. [26]

Hwv (B1, P) = 0.29; Hyv (B2, P) = 0.24;

B1> Bs > Bs > B>

Hwv (Bs, P) = 0.26; Hwv (Bg, P) = 0.28

Proposed methods in this paper for ¢ =1

va(Bl, P) = 0.96; HWV(BQ, P) = 0.85;

Bi1 > B> > Bz > Ba

Hwv (Bs, P) = 0.79; Hwv (B4, P) = 0.68

Proposed methods in this paper for ¢ = 2

Proposed methods in this paper for ¢ =5

va(Bl,P) = 023, va(Bz,P) = 015,
va(Bg,P) = 014, va(B4,P) =0.08

Hwv (B1, P) = 0.019; Hy v (Bs, P) = 0.006;

B1 > By > B3 > By

B1 > Bs > By > By

Hwv (Bs, P) = 0.008; Hy v (B, P) = 0.001

Table 6. Representation of all alternatives.

Symbol representations B1 B> Bs Ba

Alternatives Car company Food company Computer company  Arms company

Table 7. Representation of all criteria.

Symbol representations k1 ko ks ka

Criteria Risk analysis  Growth analysis  Social impact  Political impact

M Series 1 M Series 2 M Series 3 Series 4

2.0

1.5

1.0

0.5

0.0

Rani and Garg Garg and Rani Ullah et al.

[20] [23] [26]

Proposed work Proposed work Proposed work
forg=1 for g = 2 forg =5

Figure 2. Graphical interpretation of the proposed work with existing works in Table 5.

4. Rank the similarity measures B; (j = 1,2,3,4);

Choose the most desirable pattern B; (j = 1,2, 3,4)
to be classified with pattern P;

6. End.

Numerical Example 2: Here we give detailed in-
formation. Firstly, a set of all possible alternatives is
considered in Table 6. Next, a set of all the criteria

listed in Table 7 is considered. The steps of this
decision are shown below:

1.

Construct the decision matrix for the alternatives
with respect to all the criteria, which is expressed
by IvCq-ROFNs shown in Table 8 (the weighted
vector of criteria is w = {0.3,0.2,0.1,0.4}7);

Determine the information on the criteria associ-
ated with alternative P, as given in Table 9;
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Table 8. Decision matrix of IVCq-ROFNs in Example 2.

Values B: B, B Ba
ot ([0.7,0.9]82”[0'5’0-91, [0.5,0.7]¢"2710-3:0-5] [0.1,0.5]27[0-7:0:9] (0.4, 0.6]2710204]
[0'1,0.5161'27\-[0.2,0.6] [0.2,0.4]ei2”[0'5’0'9] [0.4,0.6]ei27r[0'2’0'4] [0'370'9]61'2«[0.4,0.8]
s ([0.89,0.91]82”[0-5’0-”, [0.3,0.5]¢'2m[0-89.0-91] [0.7,0.9]¢/2710-2:0-4] [0.1,0.5]¢2710-010-19]
[0.1, 0.5161'27\-[0.2,0.6] (0.5, 0.9]ei2”[0'2’0'4] 0.2, 0.4181'2«[0.7,0.9] [0.7, 0.9]61'2%[0.2,0.4]
L [0.5’0.9181'2#[0.7,0.9]7 [0.4,0.6]612‘”[0'4’0'6], [0.6,0.81612‘”[0'5’0'7], [0.7,0.9]67;27‘—[0'2’0'4],
° [0.2,0.6]¢ 27 (0-1.0-7] (0.4, 0.6]¢ 27 (0-4.0-6] [0.39,0.41]¢*2m[0-39,0-41] [0.2,0.4]¢ 27 [0-1.061)

. <[0.7,0.9]6i27\—[0-5’0‘9]1> <[0.3,0.5]6i27r[0.89,0.91],> <[0.39,0.41181'2#[0.5,0.9],) <([0.01,0.19181'2#[0.2,0.4],)
4

[0.2,0.6]812‘”[0‘1,0-5] [0.5,0.9]87;2”[0‘170-5] [0.7’0.9181'2#[0.39,0.41] [0.5’0.7161'2#[0.4,0.6]

Table 9. Information for alternative P.

Symbols ky ko ks ka
» < [0.7, 0.9161'2#[0.5,0.7] 7) ( [0.89, 0.91]61’2#[0.6,0.8]’) ( [0.6, 0.8]ei27r[0'7’0'9] ’> < [0.4, 0.8161'2#[0.4,0.6] ’>
[0.2,0.4]ei2"[0‘3’0'5] [0.2,0.4]ei2”[0'3’0'5] [0.1.0.7]ei2”[0'2’0‘41 [0.3,0.5]ei2"[0‘5’0'7]
Table 10. Decision matrix of Cqg-ROFNs in Example 3.
Values B, B Bs B4
Ky 0.8¢%27(01) () 3¢i27(0-4) 0.6¢127(0-4) g 327 (0-1) 0.3¢127(0-8) 5127 (0-3) 0.5¢127(0-3) 0 727 (08)

ks (0.981'2#(0.6)‘0.36i27r(0.4)) (0.4ei27r(0.9)l0-7ei27r(0.3)) (0.86i27r(0.3)’0.361'2%(0.8)) (0-361'2#(0.1)10.861'2%(0.5))
ks (O.7ei27r(0.8)’0.4ei27r(0.3)) (0.581‘2#(0.5)70.561‘2#(0.5)) (0.781‘2#(0.6)70.461‘2#(0.4)) (0.861‘2#(0.3)70.361%(0.7))

ks 0.8¢i27(0-7) () 4¢i27(0:3) 0 4ei2”<0'9),0.7ei2”(0'3) 0 4ei2”<0'7),0.86i2”(0'4> 0 16i27r(0.3)70.86i27r(0.7)

Table 11. Decision matrix for unknown values.

Symbols kq ko ks ka
P (0.86i2w(0'6),0.3612‘”(0'4)) (0.961%(0.7)’0.381'2#(0.4)) (0.7ei27r(0.8)’0.4ei27r(0.3)) (O.Geih(o's),0.4ei2’r(0'6))
3. Use Eq. (32) to calculate the VSMs and get: Numerical Example 3: This example is revised

from Numerical Example 1.

IV (n. _ ) v _ )
Hyv(B:, P) = 0.075; Hyy(Bs, P) = 0.042; 1. The symptoms for all diseases are shown in

Table 10 (suppose the weighted vectors w =

Hyyy(Bs, P) =0.045;  Hiy\,(By, P) = 0.020. {0.3,0.2,0.1,0.4}7 and ¢ = 2);
4. Rank all IvCq-ROFNs and obtain: 2. All symptoms of the patient P in terms of Cqg-
ROFSs are given in Table 11;
B, > B; > By > By. 3. Eq. (30) is used to calculate the VSMs of the patient

P with the all diseases as follows:

5. Thus, B; is the best alternative, which is car
HW\/(Bl,P) = 0.075; HW\/(BQ,P) = 0.042;

companys;
6. End. Hyv(Bs, P) = 0.045; Hyv(By, P) = 0.028.
4.3. Comparative analysis 4. The similarity measures for all diseases are ranked
This subsection utilizes a numerical example to demon- below:

strate the reliability of the proposed method in com-

parison to the existing methods. By > By > By > By.
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Table 12. Comparison between the proposed methods and existing methods for Example 3.

Methods

Score functions

Ranking

CIF'S proposed by Rani and Garg [20]
CIFS proposed by Garg and Rani [23]

CPFS proposed by Ullah et al. [26]

Proposed methods

Cannot be calculated

Cannot be calculated

Hyyy (B1, P) = 0.070; Hywv (B2, P) = 0.036;
Hywv (Bs, P) = 0.039; Hwv (Ba, P) = 0.014

Hwv (B1, P) = 0.075; Hyv (Bs, P) = 0.041;
Hwv (Bs, P) = 0.044; Hy v (Bg, P) = 0.019

Cannot be calculated

Cannot be calculated

By > Bs > By > By

B1 > Bs > By > By

Table 13. Decision matrix of Cq-ROFNs in Example 4.

Values B

Bz B3

Ba

0.861'21(0.7),0.767;2#(0.4) .
0.7¢/27(08) ) 6i27(03) .

0.861'2#(0.7), 0.781'2#(0.3)

0 667;2‘”(0'4), 0.88752#(0.7)

0 5ei2”(0‘5),0.96i2”(0'5)

0 4ei2”(0‘9),0.86i2”(0'3)

( ) )
( ) )
( ) | )

(0.8961’2#(0.8)7 0.561‘2#(0.3)) 0.86¢127(0-3) 0.661'2#(0.8))

0 Seizw(o.s)’ 0.3¢127(0-8) (0.876127\-(0‘1), 0.8612‘”(0‘5))
0.8ei27r(0.3)’ 0.36752#(0.7)

0 8ei27r(0.7)’ 0.861'2#(0.4)

(0.781'27\-(0.6)’ 0.461'2#(0.4))

(0_981'2#(0.3), 0_8€i27r(0.7))

Table 14. Symptoms of the patient P in Example 4.

Symbols k1 ko

k3 k4

P

(0.86i27r(0'6),0.86i2w(0'4)) (0.96127\-(0'7),0.8612‘”(0'4)) (0.7ei2’r(0‘8),0.89ei2"(0'3)) (0.68i27r(0'5),0.886i2w(0'6))

| I Series 1 [ Series 2

I Series 3 Series 4 ‘

0.14
0.12
0.10
0.08
0.06
0.04
0.02

Rani and Garg
[20]

Garg and Rani
(23]

Figure 3. Comparison between the propos

The disease of the patient is By, which is a viral
fever.

5. End.

The comparison between the proposed method and
existing methods with respect to Example 3 is shown
in Table 12. Further, a graphical interpretation of
Table 12 is shown in Figure 3.

From Table 12, it is clear that our proposed
method is more effective and more general to cope

Ullah et al.
[26]

Proposed work
for ¢ =5

ed methods and existing methods for Example 3.

with uncertain and complex information. Obviously,
in this example, the CIFS cannot be used to solve
this decision problem; thus, the methods proposed
in [20,23] are invalid. In addition, it can be seen
that the CPFS can solve this example and get the
same ranking result as that produced by the proposed
method; hence, the validity of the proposed method
is proven. In the next example, the advantage of
the proposed method versus the method proposed by
Ullah et al. [26] is shown further.
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Numerical Example 4: This example is the modified
form of Numerical Example 1.

1. The symptoms for all diseases are shown in
Table 13 (suppose the weighted vectors w =
{0.3,0.2,0.1,0.4}7 and ¢q = 2);

2. All symptoms of the patient P in terms of Cqg-
ROFSs are denoted in Table 14;

3. Eq. (30) is employed to calculate the VSMs of the
patient P with the all diseases:

HW\/'(BhP) = 0.086; HW\/(BQ,P) = 0.053;

4. The similarity measures for all diseases are ranked
below:

B, > Bs > B, > By.

Thus, the disease of the patient is By, which is a
viral fever;

5. End.

The comparison between the proposed method and
existing methods with respect to Example 4 is shown
in Table 15.

From Table 15, it is clear that our proposed
method is more effective and more general to cope
with uncertain and complex information. Further,
a graphical interpretation of Table 15 is shown in
Figure 4.

Obviously, the proposed method can provide a
much information expression in decision-making prob-
lems.

4.4. Advantages of the proposed similarity
measures

The similarity measures investigated in this paper are

the extension of existing ones in [54], and the proposed

method is the generalization of the existing methods

discussed in [54].

Remark 1: When ¢ = 2, Egs. (17) and (18) are
converted into JSM and WJSM of CPFSs, and when
g = 1, Egs. (17) and (18) are converted to JSM and
WJISM for CIFSs.

Remark 2: When ¢ = 2, Egs. (19) and (20) are
converted into DSM and WDSM of CPFSs, and when
g =1, Egs. (19) and (20) are converted into DSM and
WDSM for CIFSs.

Remark 3: When ¢ = 2, Egs. (21) and (22) are
converted into CSM and WCSM of CPFSs, and when
g =1, Egs. (21) and (22) are converted into CSM and
WCSM for CIFSs.

Remark 4: When ¢ = 2, Egs. (23) and (24) are
converted into JSM and WJSM of IVCPFSs, and when
g =1, Eqgs. (23) and (24) are converted into JSM and
WISM for IVCIF Ss.

Table 15. Comparison between the proposed methods and existing methods for Example 4.

Methods

Score functions

Ranking

CIFS proposed by Rani and Garg [20]
CIFS proposed by Garg and Rani [23]
CPFS proposed by Ullah et al. [26]

Proposed methods

Cannot be calculated
Cannot be calculated

Cannot be calculated
Hwv (Bi1, P) = 0.086; Hwv (B2, P) = 0.053;

Cannot be calculated
Cannot be calculated

Cannot be calculated

B1 > B3> By > By

Hwy (Bs, P) = 0.056; Hyy (B, P) = 0.039;

I Series 1 [ Series 2

I Series 3 Series 4

0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02

0.00
Rani and Garg Garg and Rani
[20] [23]

Ullah et al.

Proposed work
[26] forg=2>5

Figure 4. Comparison between the proposed methods and existing methods for Example 4.



P. Liu et al./Scientia Iranica, Transactions E: Industrial Engineering 29 (2022) 894-914 911

Remark 5: When ¢ = 2, Egs. (25) and (26) are
converted into DSM and WDSM of IVCPFSs, and
when ¢ = 1, Egs. (25) and (26) are converted into DSM
and WDSM for IVCIFSs.

Remark 6: When ¢ = 2, Egs. (27) and (28) are
converted into CSM and WCSM of IVCPFSs, and when
g =1, Egs. (27) and (28) are converted into CSM and
WCSM for IVCIFSs.

Remark 7: When ¢ = 2, Egs. (29) and (30) are
converted into HVSM and HWVSM of CPFSs, and
when ¢ = 1, Egs. (29) and (30) are converted into
HVSM and HWVSM for CIFSs.

Remark 8 When ¢ = 2, Egs. (31) and (32) are
converted into HVSM and HWVSM of IVCPFSs, and
when ¢ = 1, Egs. (31) and (32) are converted into
HVSM and HWVSM for IVCIFSs.

In a word, our proposed method is more reliable
and more general than existing methods, to be de-
scribed below.

Few years ago, the CIFS [15] was successfully
applied in different areas; yet, it faced some real-world
problems. The CIFS cannot effectively elaborate on
complex kinds of information in real decision-making.
In order to handle these problems, Ullah et al. [26]
proposed the concept of CPFS and its constraint
condition was that the sum of the square of the real
membership (also for imaginary) and square of the real
non-membership (also for imaginary) was limited to
[0,1]. Obviously, the CPFS was more general than
CIF'S. However, the problem that remains is that when
a decision-maker provides a flawed type of information,
it does not satisfy the conditions of CIFS and CPFS. To
deal with this constraint, the Cq-ROFSs, characterized
by complex-valued membership and complex-valued
non-membership, are proposed here. The advantage
of the Cq-ROFS is that the sum of the g-power of the
real membership (also for imaginary) and g-power of
the real non-membership (also for imaginary) is bound
to [0,1]. The Cq-ROFSs are more generalizable than
CIFSs and CPF'Ss in dealing with uncertain and com-
plicated information in the fuzzy set theory. For ex-
ample, when a decision-maker assigns (0.9¢°27(0-78)) to
complex-valued membership grade and (0.88¢?27(0-80))
to complex-valued non-membership grade, respectively,
the validity holds only for the case of Cq-ROFS. On
the other hand, all the complex intuitionistic fuzzy
degrees and complex Pythagorean fuzzy degrees are
part of the complex g-rung orthopair fuzzy degrees,
thus demonstrating that Cq-ROFS is more powerful
and more comprehensive than CIFS and CPFS.

In addition, the similarity measures for IFS,
CIF'S, PFS, q-ROFS, and CPFS are the special cases

of the proposed similarity measures. Therefore, the
proposed method is more general and more reliable
in solving the real-life problem more accurately than
existing methods.

5. Conclusion

This study introduced the background of IFSs, CIFSs,
PFSs, CPFSs, and q-ROFSs in detail and explained
their limitations in expressing uncertain and complex
information. Further, the Cq-ROFS and IVCq-ROFS
were proposed and their fundamental properties were
discussed. At the same time, some numerical examples
were given to explain these concepts. Obviously, the
Cq-ROFS was an extension of CFS, CPFS, PFS, IFS,
and FS, and it managed to express the uncertain and
complicated fuzzy information better. In addition,
the Cq-ROFS contains two-dimensional information
in a single set whose restriction is that the sum of
the g-power of the real part of the membership (also
for imaginary part) and g-power of the real part of
the non-membership (also for imaginary part) is less
than or equal to 1. Based on these advantages, the
VSMs including Jaccard, dice, and cosine similarity
measures for Cq-ROFSs and IVCq-ROFSs were inves-
tigated. Further, the HVSMs called VCSMs for Cq-
ROFSs and IVCq-ROFSs were proposed and their fun-
damental properties were discussed. To demonstrate
the feasibility of the proposed HVSMs, the existing
similarity measures based on CPFSs and CIFSs were
compared with the proposed methods with respect to
some numerical examples such as medical diagnosis and
pattern recognition.

In the future, we will research some new similarity
measures for different fuzzy sets such as similarity
measures [55,56], linguistic neutrosophic set [57], prob-
abilistic linguistic information [58], linguistic D num-
ber [59], and interval type-2 fuzzy set [60] or apply them
to solve the MADM or MAGDM problems [61-64].
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