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ABSTRACT The notion of a complex hesitant fuzzy set (CHFS) is one of the better tools in order to deal
with complex information. Since distance plays a crucial role in order to differentiate between two things
or sets, in this paper, we first develop a priority degree for the comparison between complex hesitant fuzzy
elements (HFEs). Then a variety of distance measures are developed, namely, Complex hesitant normalized
Hamming-Hausdorff distance (CHNHHD), Complex hesitant normalized Euclidean-Hausdorff distance
(CHNEHD), Generalized complex hesitant normalized Hausdorff distance (GCHNHD), Complex hesitant
hybrid normalized Hamming distance (CHHNHD), Complex hesitant hybrid normalized Euclidean distance
(CHHNED), Generalized complex hesitant hybrid normalized distance (GCHHND) and their weighted
forms. Moreover, the continuous form of the proposed distances is also developed. Further, the proposed
distances are applied to medical diagnosis problems for their effectiveness and application. Furthermore,
a multi-criteria decision making (MCDM) approach is developed based on the TOPSIS method and proposed
distances. Finally, a practical example related to the effectiveness of COVID-19 tests is presented for the
application and validity of the proposed method. A comparison study was also done with the method that
was already in place to see how well the new method worked.

INDEX TERMS Complex fuzzy sets, priority degree, distance measure, closeness coefficient, TOPSIS

method.
LIST OF ABBREVIATIONS CHFS Complex Hesitant Fuzzy Set.
Symbols  Description PD Priority degree.
FS Fuzzy Set. DM Distance measure.
HFS Hesitant Fuzzy Set. CF Closeness coefficient.
HD Hesitancy degree. ™ TOPSIS method.
IFS Intuitionistic fuzzy set.
MCDM  Multi criteria decision making. I. INTRODUCTION

The fuzzy set theory initiated by Zadeh [1] is a useful tool
The associate editor coordinating the review of this manuscript and for dealing with real-world decision making (DM) prob-
approving it for publication was Wajahat Ali Khan . lems that involve uncertainty. In practical problems, we have
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a variety of uncertain and unclear information. Therefore,
to deal with a such types of issues, many researchers have
investigated research and extend the idea of fuzzy sets
by developing intuitionistic fuzzy sets (IFS) [2], type-1
fuzzy sets [3] type-2 fuzzy sets [4] fuzzy multi-set [5],
hesitant fuzzy sets (HFS) [6], etc. Atanassov [2] initi-
ated the notion of IFS, which is characterized by a mem-
bership function, nonmembership function, and hesitancy
degree (HD).

Due to the lack of knowledge, limited time and other
factors in practical application, people are not always able
to agree on specific components of complex decision making
it extremely difficult to achieve an agreement. For example,
a pair of decision makers may debate the degree to which an
element X belongs to set A, and one should allocate 0.4 to
it, while the other wishes to allocate 0.8 to the elements.
The difficulty in generating a standard membership value
stems from the presence of a large number of values rather
than the presence of a range of errors or certain apparent
distribution values [6]. So, Torra [7], Torra and Narukava [8]
introduced the notion of HFS, which allowed membership to
be based on an infinite set of values. HFS has been exten-
sively studied since its beginning [9], [10], [11] and has been
successfully used in a variety of uncertain decision-making
situations. In addition, there has been research conducted
on the application of HFS algorithms based on distance and
similarity measurement [12], [13] have also been applied
to multi-criteria decision making (MCDM) problems [14],
[15], [16]. Many scientific domains, including health-
care [17], medical diagnosis [18], economics and sociol-
ogy [19], [20], have used MCDM approaches. In general,
aggregation and utilization are the two processes of MCDM.
Decision making techniques, in which experts use of HFS
to convey their opinions, have developed considerable aggre-
gation approaches for this purpose. Hesitant fuzzy weighted
averaging (HFWA) operator and Hesitant fuzzy weighted
geometric (HFWG) operator were introduced by Xia and
Xu [21], with various extensions and generalizations, includ-
ing GHFWA operator, a GHFWG operator, a HFWA oper-
ator and a HFWG operator. To aggregate the hesitant fuzzy
information, Senapati et al. [22] introduced the concept of
Aczel-Alsina t-norm and t-conorm based aggregation oper-
ators. Many scholars are concerned about what happens if
we extend the range of FS to include real numbers instead
of complex numbers in the unit disc in the complex plane,
and the impact of this change. Ramot et al. [23] introduced
the concept of the complex fuzzy set to solve this issue.
CFS has gotten more attention among researchers in the
last few years. Moreover, Talafha et al. [24] extended the
notion of CFS and introduced the concept of complex hesitant
fuzzy (CHFS). CHFS is the combination of HFS and CFS.
The degree of membership is complex-valued and is given
in polar coordinates. Distance measurement is an important
technique for determining the difference between two things.
Distance measure is an important topic in fuzzy set theory
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and is widely used in many research areas, including machine
learning, pattern recognition, and decision-making prob-
lems [25], [26], [27]. In view of the significance of simi-
larity measures, several researchers have recently developed
different similarity measures. Xu and Xi [12] introduced the
distances and similarity measures for HFSs and also proposed
some novel measures under the Hamming and Euclidean dis-
tances between HFSs. Furthermore, Li et al. [13] developed
some new distance measures and proposed a MCDM method
based on these distances. Moreover, Cheng and Li [28] gen-
eralized the distance measures proposed in [12] by adding
hesitance degree and applied the concept to pattern recogni-
tion. Peng et al. [29] introduced a distance and similarity for
HFSs and it is widely used to deal with MCDM [30], [31]
problems. Some HFS ordering relations have been developed,
and play a vital role in decision making. Rodriguez et al. [19]
defined order relations amongst HFSs. Lan [32] dis-
cussed the priority degree and studied some properties.
Farhadinia [33] also created two HFS ordering algorithms.
In a hesitant fuzzy environment, Yang and Hussain [34]
introduced the hesitant Hausdorff distance and similarity
measure. Modified the distance measure proposed in [12],
Singha et al. [35] defined modified distance measure on
HFSs. Some improved distance measures have been devel-
oped by Rezaei and Rezaei [36], and applied to hierarchical
clustering. Li et al. [37] developed parameterized distance
measures on HFS with credibility degree and applied it to
pattern recantation. Moreover, Lv et al. [38] developed a
hesitant fuzzy distance and similarity measure-based hesi-
tant fuzzy network clustering algorithm. Bi et al. [39] pro-
posed the distance-and-entropy measure for CFS. Rani and
Garg [40] defined the distance and similarity measures for
CIFSs. Garg et al. [41] also introduced the distance and
similarity measures for CHFSs.

In order to make the best decisions possible in real-world
settings, there are numerous instances where we must quan-
tify the uncertainty in the data. For managing the ambiguous
information that is present in our day-to-day problems, infor-
mation measures are crucial tools. The ambiguous informa-
tion is processed by various information measures, including
similarity, distance, entropy, and inclusion, which allows us
to draw some conclusions. Due to their numerous applica-
tions in a variety of domains, including pattern recognition,
medical diagnosis, clustering analysis, and image segmenta-
tion, these measures have recently attracted the attention of
many authors. All currently used information-based decision-
making methods in HF deal with membership functions, that
have real values. In CHFS theory, membership degrees are
complex-valued and are represented in polar coordinates.
The phase term linked with membership degree delivers the
additional information, typically related to periodicity, while
the amplitude term connected with membership degree gives
the amount of an object’s belongingness in a CHFS. Moti-
vated by the priority degree proposed by Li et al. [37] and
distance measure proposed by Xia and Xu [12], and keeping
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the advantages of the CHFS in this paper the key contributions
are investigated:

1) To define priority degree for CHFSs.

2) To propose Complex hesitant normalized Hamming-
Hausdorff distance (CHNHHD), Complex hesitant nor-
malized Euclidean-Hausdorff distance (CHNEHD) and
their weighted forms.

3) To develop Generalized complex hesitant normalized
Hausdorff distance (GCHNHD), Complex hesitant
Hybrid normalized Hamming distance (CHHNHD),
Complex hesitant Hybrid normalized Euclidean dis-
tance (CHHNED), Generalized complex hesitant
Hybrid normalized distance (GCHHND) and their
weighted forms.

4) To investigate the continuous form of the proposed
distances.

5) To propose a MCDM method based on TOPSIS and
developed distances.

Remainder of the paper is organize as: Section II of this
paper describes some basic ideas of hesitant fuzzy sets.
Section III investigates order relations of complex hesitant
fuzzy set (CHFS), while in Section IV, we define some gen-
eralized distances between two CHFSs, namely the Hamming
distance, Euclidean distance, Hausdorff distance and Hybrid
distance between CHFSs. We also define their weighted form
and continuous weighted forms. In Section V, a new tech-
nique for complex hesitant fuzzy multiple attribute decision
making is created based on the suggested formula for the
priority degree. In Section VI, we give an example to illustrate
the applicability of the new method. Section VII compares the
proposed technique to other pertinent techniques in order to
determine its suitability. In Section VIII, we end the paper
with a conclusion and a future plan.

Il. PRELIMINARIES
A. HESITANT FUZZY SET
To deal with MCDM problems, that have some possible
value, Torra [7], proposed the idea of HFS. HFS is charac-
terized by membership degree (MD) of the set of possible
values belonging to [0,1]. It can be defined as:

Definition 1: Let X be a universe of discourse and x € X.
Then a hesitant fuzzy set E defined on X may be written as a
collection of ordered pairs,

E = {(x,pp(x)) : x € X} (1

where pp(x) is a collection of some values in [0, 1], that
represent the membership value of the element x € X. For
convenience, p = py(x) is called a hesitant fuzzy element
(HFE) and H be the set of all HFEs.

Xia and Xu [21] defined the comparison procedure to
compare two HFEs: For a HFE p in H, the score g(p) =
% vep Y is known as score function of p, where [, is the
total number of elements in p. Some properties of score
function.
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Let any two HFEs, p; and p», then

if g(p1) > q(p2), then p1 > po;

if g(p1) < q(p2), then p1 < pa;

if g(p1) = q(p2), then py = ps.

For any three HFEs p, p1, and p», Xia and Xu [21] and
Torra [7] defined the following operations:

D pf=Uyepfl — v},

2) p1Upz =Uyep,,yep,maxiyr, v2},

3) piNpy= myepl,yepzmi”{yl,VZ},

4) p1®p2 =Uyepyepivi + 2 — Viveh

5 pi®pr= Uyepl,yepz{yljﬂ}’

6) ap=Uyep{l — (1 —y)},

7 p¥ =Uyepl{rh

To deal the ordering relation between HFSs, Lan et al. [32]
proposed the priority degree formula and can be defined as;

Definition 2: Given a set X = {x1,x2,...,x,}. Let El =
{< xi, lAzEl(xi) > : x; € X}, and E = {< x;, flEZ(xi) >:
x; € X} be two HFSs. Then the priority degree for E > E,
is defined below;

Y8 ()
Xn:f':l S1(x) 4"!2?:1 82 (x)
251 (x;) + Zsz (x;) #0 2)

i=1 i=1

05.) SiG)+ Y S201)=0

=1 i=1

, when

P(El >E2) =

where

i, 0) = {tt ()l () € [0, 1], m = 1,2, ... i}
iz, () = v () v () € [0, 1], n = 1,2, k).
Ay () = {(um (xi) s v (X)) |ty (X7) — v (x;) > 0,

(1 ), v () € g, () % g, (x|
Ap (xi) = {(um (xi) , v (X)) |t (X)) — v (xi) < O,

(1 1) v () € g, () % g (x|
A3 () = (Gt () v @)t (x7) — v () = 0,

(1t ), v () € g () x o )|

and
D>
Jiki N )
(um(ci),va(ci))€Ar(ci)
when A; (x;) # ¢;
O, when A1 (x,-) = d)
1
Jiki e Z ,
um (¢i),vn(ci))€AL(ci)
when Az (x;) # &;
0, when A; (x;) = ¢.

U (¢i) — vy (Ci) s

S1 () =

Vi (€i) — um (ci)

S2 (%) =

B. COMPLEX HESITANT FUZZY SETS
In the DM problem, the complexity of the expert opin-
ion changes for the same object but at different times, and
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HFS [7], [8] cannot deal with such information effectively.
Therefore, to deal with such information, Ramot et al. [23]
introduced the concept of CFS as a generalization of FS
and is characterized by complex valued membership degree.
Talafha et al. [24] extended the notion of CFS and introduced
the concept of complex hesitant fuzzy set and a generalization
of HFS with CFS. The CHFS [24] concept makes it one
of the most effective strategies for dealing with unfavorable
and complex data on practical decision-making problems.
CHFS [24], membership value has a complex value and is
reflected in polar coordinates. The amplitude term associated
with the membership level gives the object size to the CHFS,
and the phase time associated with the membership degrees
provides additional details, which are often related to the
passage of time. It can be defined as:

Definition 3 ( [28]): Let X be a universe of discourse.
Then a complex hesitant fuzzy set (CHFS) Ch is:

Ch = {(x, hcp(x)) : x € X} 3)

where hep(x) = yen(x).€27 %™ indicate the complex
valued in polar coordinate, where ycp(x) € n(x), 0,,(x) €
Y (x) and where ycp(x) and 6,,(x) € (0, 2]. Furthermore,
when x is the singleton set then the CHFE denoted by
Ch = (x,n(x).e2"Y@)) We denote a complex hesitant
fuzzy element (CHFE) by Ch = 1e>™¥) and ycy,(x) and
0., (x) € [0, 1] and (0, 27 ] respectively.

To compare CHFE’s Talatha et al. [24] developed score
function as: Let Chbe a CHFE on X,

s(Ch):% ZLZHZLZ@ )
Ch yen Ch gey
is known as score function of Ch, where I¢j, is the number of
elements.

For any two HFEs Ch; and Chy, if s(Chy) greater than
s(Chy), then Chy greater than Chy; if s(Chy) equal to (Chy),
then Chy equal to Chy;

if s(Ch) less than s(Chy), then Chy less than Ch,.

Moreover, Talafha et al. [24] developed some operational
laws for CHFEs

For any three CHFN Ch, Ch,, and Ch,, then the properties
of CHFN as follows:

1. (Ch)* = Uyen{(1 — y) .£271=0)}

Oey

2. Ch, U Ch, = Uyen,,yen, {(max {y1, y2})e/?7(maxi01.62D)y
Gewlﬂemj/z ' '
3. Ch, N Chy = Nyey,,yen, {(min {yy, ys})e27min01.02)y
Oey, . 0ey,
4. Chl (&) Ch2 = UV@YM/EUZ {(Vl + Y2 — i VZ)
oey, 0V,
227 (01+62—0162) }
5. Chl ® ChZ = Uyenly)/e"z {(7/1 VQ,) ei2n(91(92)}
ey, .0V,

6. .Ch = Uyen{(1 — (1 — y)*) 2 (1=(1-07")y
ey
7. (Ch)* = Uyen{(yx)eizn(m)}
Oeyr

Garg at el. [41] introduced the distances measures for
CHEFS as;
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Let Chi = (x. Scn(xi).e? @)y and Chy =
(ks 8cn(xp).e?TOch))y be two CHFSs on the set X =
{,xl,xg,...,xk},. Then the Qistance between Ch; and
Chy is denoted by d(Chi, Chy), satisfy the following
properties. ) )

(1)0 <d(Chy,Chy) <1 OR d(Chy, Chy) € [0, 1]

(2) d(Chy, Chs) = 0 if and only if Ch; = Ch;

(3) d(Chy, Chy) = d(Chy, Chy).

Ill. PRIORITY DEGREE FOR COMPLEX HESITANT
FUZZY SETS
Motivated by the priority degree developed by Lan et al. [32]
for HFS, in this section, we propose a priority degree formula
for CHFS in order to deal with the ordering relationship
among CHFESs.

Definition 4: Given a fixed set C = {c1,c2,...cn},
suppose that two given complex hesitant fuzzy sets are,

Bo= f{enhn @ ePE@)jg el ad B =
[<Ci, hE, (ci) ethEZ(”)) ci € C}-

The priority degree for £y and E», denoted by E| > E> is
defined by;

> Si(ed)
Yo Stled+Y iy S2(ci)”’

Y1 S1e) + 2 Sa(e) #0 O
0.5, > S1(e)+ 2 182(c)=0

when

P(E| > Ey) =

where,

éhEl (¢)) = {Mr (ci) £2TWE, (ci)lur (c) oi2mWE, (ci)

Av (@) = 1y (@) vi @)luty (@) = vi (€)= 0,

(ur (ci) , vi (¢}) € Chp, (cip) x Ch, (Ci)} ,
61 (c) = (0w, () 77 (@)wr (e)) = 7 (ci) > O,

O (€0) 77 (e) € Chi, (i) x Ch, (@)
Az (ci) = {uy (ci) , v (€)luy (ci) —ve (ci) <O,

Gty (@), vi (@) € Chi, (@) x Chg, (e}
02 (ci) = {(wy (ci) . Wi (c))lwr (ci) —wr (ci) <0,

Oy (€0) 7 (e) € Chi (@) x Chy (@)
A3 (@) = {(uy (@), vi @l (e) = vi (@) =0,

(ur (@) v €)) € Chiy (@) x Chg, ()]
03 (ci) = {(wy (ci) , Wi (ci))lwr (ci) — Wy (ci) =0,

(v, (@), 7 () € Chg, () x Chi, (@]
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St (ci)

ﬁ > ur (¢i) —ve (ci) +
1 (ur(ci),vi(ci))EAL(ci)
2 wy (ci) — Wi (i)

(wy(ci), W (ci))eb (ci)
where Ay (¢;) #¢; 01(c) #¢
% ﬁ 3 uy (ci)) —ve (i) g
= (ur(ci),ve(ci))€A1(ci)
where Aj (¢;) # ¢; 6 (c;)) =¢

wy (¢i)) —we (i) ¢ s
(wr(ci),we (ci))€b (ci)
where A1 (¢;) = ¢; 61 (ci) # ¢,

0, where Aj(c)) =¢; 01(c)) =¢

S2 (¢i)

o )D ve (€)= ur (ci) +

1 (ur(ci),vi(ci))EAL(ci)
2 wr (¢i) — wy (¢i) '

(wr(ci), W (ci))€01 (ci)

where Aj (¢c;) # ¢; 02(ci) # ¢
B %{,ﬁ > ve (i) — ur (ci) ¢ »
= (ur(ci),ve(ci))€Ar (ci)

where Ay (¢;) # ¢; 02(c;)) = ¢

1

1.
(wr(ci),wr (ci))€b (ci)
where Aj (¢c;)) = ¢; 62 (ci) # ¢,
0, where Aa (¢;) = ¢; 6a(ci) = ¢

wy (i) —wy (i) ¢

Remark 1: S (c;) represents the average residual amount
for C’hEl (c;) over C"hg2 (ci). And S5 (c;) represents the
average residual amount for C‘hgz (cj) over C‘hEl (ci).
P (E| > Ep) represents the priority degree for Ey > Ej.
And P (E; > E1) represents the priority degree for
E, - E;.

For example, P (E; > E;) = 0.25 indicates that the
priority degree for E1 > Ej; is 0.25, and is written as:
E1 >0.25) E>.

The notation E| >pg, »~E,) E> doesn’t mean that Ej is
absolutely superior to E»; its just shows that the priority
degree of E1 > E> which is denoted by P (E| > E»). In fact,
the priority degree of P (E> > E1) =1 — P (E| > E»).

Example 1: Suppose that C = {cy, c2, c3},

(c1,10.562704 0202706 3¢1270:8)),
E = (2, 101?702 03270 )
(c3, {0.4€27O:D 0,7¢270D})
and
(C]’ {0.2¢2704) () 6¢i27(0.6) 0_4ei2n(0.8)}> 7
E, = (62’ {0.8¢i27(03) /() 34i27(0.5) 0‘161'271(0.2)}),
(3. {0.9¢27OD_ 072703y
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are two CHFSs. Then by above Definition (3.1) we have,

Ai(c1) = {(0.5,0.2), (0.5,0.4)},
Ai(c2) = {(0.3,0.D}, Ai(c3) = ¢.
01(c1) = {(0.6,0.4), (0.8, 0.4), (0.8, 0.6)},
b1(c2) = {(0.5,0.3), (0.5,0.2)},
f1(c3) = {(0.2,0.1)} .
Ax(c1) = {(0.5,0.6),(0.2,0.6), (0.2,0.4), (0.3,0.6) ,
0.3,0.4)},
As(c2) = {(0.1,0.8),(0.1,0.3), (0.3,0.8)},
Ax(c3) = {(0.4,0.9),(0.4,0.7), (0.7,0.9)} .
62(c1) = {(0.4,0.6), (0.4,0.8), (0.6, 0.8)},
62(c2) = {(0.2,0.3), (0.2,0.5)},
62(c3) = {(0.1,0.3),(0.2,0.3)} .
S1(c1) = 0.0667, S1(c2) = 0.0583, S1(c3) = 0.0125.
S2(c1) = 0.1055, S2(c2) = 0.1500, S2(c3) = 0.1625.
P (E| > Ep) = 0.2475, P(E, > E1) = 0.7525.
E1 >0.2475) E2, E2 >(0.7525) E1.
The above results only shows that the priority degree for
E1 > E, is 0.2475 and the priority degree for E, > E| is
0.7525. However, this does not imply that E; is inherently
superior to E>. We may deduce the following characteristics
concerning priority degree.
Property 1 (Normalization): 0 < P(E1 > Ey) < 1,0 <
P(E, = E) <1.
Proof: In above example, P (E1 > E;) = 0.2475 < 1,
P (E; > E1) =0.7525 < 1 hold. |
+

Property 2:(Complementarity): P(E| > E)
P (E2 > El)
=1.
Proof: Let
Z?—l St (ci)
P(E| > E) = =
! Yo S1(e) + 2 S2 (ci)
and
n
TS5 (¢
P(Es > Ey) = g ti=1 520 :
DU Si(e) + 0 Sa(c)
Then
P(Ey > E))+ P(Ex >~ Ey)
_ Yo Si(eh)
Yo S1(e) + 2 82 (i)
Y182 (ch)

+

i1 Sue) + X0 2 ()
_ Yoy S1ed) + 2 Sa(ch) _
Yo S1(e) + 2 Sa(ci)

O

In above example, P (E| > E3) = 0.2475 and

P(Ey = E1) = 0.7525, P(E1 = E) + P(E, = E)) =
0.2475 + 0.7525 = 1 hold.
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IV. DISTANCE MEASURES BETWEEN CHFSs
In this section, we define some generalized distances between
two CHFSs, namely the Hamming distance, Euclidean dis-
tance, Hausdorff distance and Hybrid distance between
CHFSs. We also define their weighted form and continuous
weighted forms.

Let C be the universal set,

X = {{e, yx; () 27 @)y |c € €
and
Y = {{c. vy, (©) € i)e € ¢

be two CHFSs, where k = {1,2,...n}andj = {1, 2,...n}
then the distance measures between X and Y can be presented
as follows:

Complex  hesitant
(CHNHD) [41]:

dcunap (X, Y)
lvxe(ci) — vy (e

n lej
1 1
T [E 2 { + [wyxe (@) = wyy, ()] ” ©

normalized Hamming  distance

k=1
Complex hesitant normalized Euclidean distance
(CHNED) [41]:
dcunep (X, Y)
| 1§| () — yr (e :
o x, (¢i) — v (ci
= |5 2| e T )

=1\ + ‘WVX;{ (ci) —wyy, (Ci)‘z

where yx, (¢j), vy, (i), wyx, (cj) and wyy, (cj) are the kth
largest value in X and Y, Ic; = max {I (X) , [(Y)} and respec-
tively. Eq. (6) and Eq. (7) may be used to form a Generalized
complex hesitant normalized distance:

Generalized complex hesitant
(GCHND,) [41]:

dccunp (X, Y)

normalized distance

Ic; P
L) £ X Ivxe) — yr(eplt
= % Z lei k=1 ' ' N 8)
i=1 |+ |wyx (i) — wyy ()
where A > 0.

o If we take A = 1,then the Generalized complex hesi-
tant normalized distance is reduce to complex hesitant
normalized Hamming distance.

o If we take A = 2, then the Generalized complex hesitant
normalized distance reduce to complex hesitant normal-
ized Euclidean distance.

Now we follow the Hausdorff metric and general-
ize the distance measures proposed in [12] to CHFS
environment and develop complex hesitant normalized
Hamming-Hausdorff and Euclidean-Hausdorff distance as
follows;
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Complex hesitant normalized Hamming-Hausdorff dis-
tance (CHNHHD):

dcunuap (X, Y)

- lvxe(ci) — vy (co)| +
) |:Z {m?x (max ’V‘fka (ci) —kWka (Ci)’ > H ©
i=1 i

Complex hesitant normalized Euclidean-Hausdorff dis-
tance (CHNEHD):

dcunenp (X, Y)

1

s 1

1 [ es [ max|vx(ed = yren|” + :
l

=%Z

2 (10
i—1 \ max [wyxe (i) = wyy, ()]

Generalized complex hesitant normalized Hausdorff dis-
tance (GCHNHD):

dcernap (X, Y)
1
1 2”: max lvx, (ci) — )/Yk(Ci)|A + g an
2n P mlax |WVX1< (ci) —wyy, (c,‘)|k

where A > 0, if A = 1 then the Generalized complex hesitant
normalized Hausdorff distance reduce to a Complex hesitant
normalized Hamming-Hausdorff distance, and if A = 2 then
the Generalized complex hesitant normalized Hausdorff dis-
tance reduce to a Generalized complex hesitant normalized
Hausdorff distance.

Now we define complex hesitant hybrid normalized
hamming distance, complex hesitant hybrid normalized
Euclidean distance and generalized complex hesitant hybrid
normalized distance measure by combining the above dis-
tances respectively.

Complex hesitant Hybrid normalized Hamming distance
(CHHNHD): Please see (12).

dcuanep (X, Y)
< lyx (ci) — v (e)| + )
1< | L |Wka (ci) — wyy, (¢i)
+ max [vx(ci) — vy (e)| +

T 4 4 lc;
i=1 k=1
max |wyx, (¢;) — wyy, (¢}
1

(12)

Complex hesitant Hybrid normalized Euclidean distance
(CHHNED): Please see (13).

dcuuNeD (X, Y)

1
. 2 2
1 % lvx (i) — vr ()| + ’
n le; N NE

1 21\ [wyx, (c) — wyy, (¢

2
+max |yx, (ci) — vy, (c)|” +
l

2
max |wyx, (ci) — wyy, (ci)]
1

(13)
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Generalized complex hesitant Hybrid normalized distance
(GCHHND): Please see (14),

dccuunp (X, Y)

>

N ’i lyx () — yre(ed|” +
e | 0 = wor @
+ max |y (e — vy (en|* +
max [wyx, (i) — wyy, (Ci)})\
(14)

where A > 0.
Normally, the weighted vector W; of every element ¢; €
C, such that W;(Gj = 1,2,...,n) with W; € [0,1] and

n
>~ W; = 1, then the Generalized complex hesitant weighted
j=1
distance are define as follows;
Generalized complex hesitant weighted normalized dis-

tance (GCHWND) [41]: Please see (15),

dccawnp (X, Y)

n lc; A %
! ! lyx (e — vy (en| " +
= | — W: | — k k
|:2n ; ! (lci ,; <|wyxk (ci) — wyy, (cl-)|k)):|
(15)

where & > 0.If weput A = 1 and A = 2, then we get complex
hesitant normalized hamming distance [41], and complex
hesitant normalized Euclidean distance [41] respectively as
follows:

Complex hesitant weighted normalized Hamming distance
(CHWNHD) [41]: Please see (16).

dcuwnap (X, Y)
lc;

= i - : i |ka(Ci) - ka(ci)| + )
= o P " [lci ,; ( [wyx, (ci) — wyy, ()]
(16)

Complex hesitant weighted normalized Euclidean distance
(CHWNED) [41]: Please see (17).

dcuwnep (X, Y)
n le; 2 2
1 1 lyx(c) — vy ()| +
I w; [ — & (3
[221 (lkz(!w (c)) = wyy, <c»;2)ﬂ
(17)

Next we define generalized complex hesitant weighted
Housdorff distance as:

Generalized complex hesitant weighted normalized Haus-
dorff distance (GCHWNHD): Please see (18),

dccawnap (X, Y)

>|—

A
1 < m?X|VXk(Ci)—m(c,-)| +

= EZW

i=1

(18)
max [wyx, (i) — wyy, (Ci)VL
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where A > 1. When A = 1, then we get a com-
plex hesitant weighted normalized Hamming-Hausdorff dis-
tance (CHWNHHD). When A = 2, then we get complex
hesitant weighted normalized Euclidean-Hausdorff distance
(CHWNEHD) respectively as follows;

Complex hesitant weighted normalized Hamming-
Hausdorff distance (CHWNHHD): Please see (19).

dcawnanp (X, Y)
12 max |y, (¢i) — vy (ei)| +
i . (19)

T 2n P 7| max |wyx, (¢i)) — wyy, (c))]
= 1

Complex hesitant weighted normalized Euclidean-
Hausdorff distance (CHWNEHD): Please see (20).

dcuwnenp (X, Y)

2
1 max [y, (ci) =y (en|” +

= ﬂZW

/ 2
i=1 ' max Wyx, (ci) = wyy, ()]
(20)

Furthermore, by combining the GCHWWND and GCH-
WNHD we define the Generalized complex hesitant weighted
Hybrid normalized distance as follows:

Generalized complex hesitant weighted Hybrid normalized
distance (GCHWHND): Please see (21),

dcecawnanp (X, Y)

1 & lei k=1
=§Z%
i=1

1
N 1
| L ( lvx, (i) — v (| + ) g
A
lwyx, (ci) — wyy, (ii)|
+max |yx, (¢;) — vy, ()| +
1

X
max |Wka (ci) — wyy, (c,~)|
1

2n

where A > 0.

In particular, if we put A = 1 and X = 2 in
Eq. (21), then a complex hesitant weighted Hybrid
normalized Hamming distance and complex hesitant
weighted Hybrid normalized Euclidean distance are obtained
respectively.

Complex hesitant weighted Hybrid normalized Hamming
distance (CHWHNHD): Please see (22).

dcuawrnap (X, Y)
1 W =1 | wyxe (€)= wyy, ()]

T +m?X|VXk(Ci) — vy ()| +

max |wyx, (ci) — wyy, (ci)
l

I { |vx(e) = yr(en| + }
n lc;
(22)
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Complex hesitant weighted Hybrid normalized Euclidean
distance (CHWHNED): Please see (23).

dcuwanep (X, Y)

1
. 2 2
1 ZXC’: lvx, (c) — vy (en)| + ’
Ic; 2
T =1\ [wyx, () — wyy, ()]
— | — : 2
2n Zl Wi +m;?lx |ka (i) — v (cz')I +
=
2
max |wyx, (ci) — wyy, (ci)
1
(23)
Example 2: Let C = {c1, ¢2, c3} be a universal set and

(c1,{0.1£2703) 032704 1)

Ch) = <Cz, {O.8ei2”(0~5)’ 0.5¢i27(0.1) }>,
(63, { 0.6¢27(0.9) () 9,i27(0.5) }>
and
<Cl, { 0.9¢27(0-1) () 7¢i27(0.5) }) ’
Chy = <02, {0.3ei2”(0'1), 0.4¢i27(0.4) }),

c3,{0.162706) 0262709 1)
fes. { : 1

be two CHFEs. Then applying complex hesitant normalized
Hamming distance (CHNHD) we get

dcunep (Chy, Chy) =0.3917 (Please see (24), as shown at
the bottom of the page),

dcunep (Chy, Chy) = 0.4425 (Please see (25), as shown at
the bottom of the page),

dccuanep (Chy, Chy) = 0.4841 (Please see (24)).

Also by applying the complex hesitant normalized Haus-
dorff distance (CHNHD), we get:

dcunuap(Chy, Chy) = 0.5000,
dcunenp(Chy, Chy) = 0.5385,

dcuuanep(Chy, Chy) = 0.4128,
dccaanp(Chy, Chy) = 0.4691.

Let {wy, wp, w3}, such that, w; = 0.3, wp, = 0.2 and
w3 = 0.5, be the weighted vector. Then utilizing the weighted
distances we get:

dcgwnep(Chy, Chy) = 0.2088
dccawnp(Chy, Chy) = 0.2100,
dcgwnaap(Chy, Chy) = 0.1717
dcuwneap(Chy, Chy) = 0.3191,
docawnap(Chy, Chy) = 0.4046
dcawanap(Chy, Chy) = 0.3100,

Now, we determined that Each of the following distance
measures is discrete if the universe of discourse and the
weight of components are both continuous and the weighted

vector of ¢ € C = [a, b] is w(c), where as w(c) € [0, 1], and
b

[ w(c)de = 1. Then a continuous complex hesitant weighted

a
distance measures are defined.

Continuous complex hesitant weighted Hamming distance
(CCHWHD): Please see (27).

d(X,Y)
b lc
_1 1 }m@—m@H}
B 2 / W(C) (lC kZ:; { |W}/X1< (c) — Wy Yk (C)} de (27)

Continuous complex hesitant weighted Euclidean distance
(CCHWED): Please see (28).

d(X.,Y)
dccanap(Chy, Chy) = 0.5708. , 1
lc 2
Similarly, utilizing the Complex hesitant Hybrid normal- _|! / W(c) 1 XL: lyx(e) — yr ()| + de
ized distances we get: 2 J le = lwyx, (€) — wyy, (c)|2
dcrangp(Chy, Chy) = 0.3208, (28)
£(0.1 =0.9] 4 0.3 = 0.7] + (0.3 — 0.1| + [0.4 — 0.5])
1
dcunup (Chy, Chy) = 733 +2(10.8 —0.3] + /0.5 — 0.4] + (0.5 — 0.1] + 0.1 — 0.4]) | =0.3917 (24)
+2(10.6 — 0.1] + [0.9 — 0.2 + 0.9 — 0.6] + |0.5 — 0.9])
1
$(0.1 =092 4103 - 0.7 +10.3 = 0.1 + 0.4 — 0.5)?) 2
1
dcunep (Chy, Chy) = 33 +3(10.8 — 0.3]2 +10.5 — 0.4/ +10.5 — 0.1]> + 0.1 — 0.4/%) =0.4425 (25)
+3(10.6 — 0.112 +10.9 — 0.2> + 0.9 — 0.6|> + 0.5 — 0.9]*)
1
2(10.1 = 0.91* +10.3 — 0.7)* +10.3 — 0.1]* + 0.4 — 0.5%) 3
1
dgcrnep (Chy, Chy) = E +1(10.8 — 0313 +10.5 — 0.4[> +10.5 — 0.1]> + 0.1 — 0.4]%) =0.4841 (26)

+2(10.6 — 0.1]> +10.9 — 0.2> +10.9 — 0.6> + 0.5 — 0.9]%)
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Generalized continuous complex hesitant weighted dis-
tance (GCCHWD): Please see (29),

dX,Y)
/W@ |7x.0) =
|W)/Xk () —

where A > 0, if W(c) = b 2 for any ¢ € [a, D], then the
Generalized continuous complex hesitant weighted distance
is reduced to a Generalized continuous complex hesitant
normalized distance, and the continuous complex hesitant
weighted Hamming distance is reduced to a continuous com-
plex hesitant normalized Hamming distance, and the continu-
ous complex hesitant weighted Euclidean distance reduced to
a continuous complex hesitant normalized Euclidean distance
respectively.

Generalized continuous complex hesitant normalized dis-
tance (GCCHND): Please see (30),

A
A + 1) g
wyy, (©]

(29)

d(X,Y)

le A
1
_ / _Z L AGESAG] -1-A de
2<b — @ ) \le i [ wyx, © = wyy, )
(30)
where A > 0. if A = 1 then the continuous complex hesitant
normalized Hamming distance is obtained;

Continuous complex hesitant normalized Hamming dis-
tance (CCHNHD): Please see (31),

1

b lc
1 |m@—m©“}
x / (lc ; { |Wka () = wyy, (C)| de

&1V

if A = 2 then the continuous complex hesitant normalized
Euclidean distance is obtained.

Continuous complex hesitant normalized Euclidean dis-
tance (CCHNED): Please see (32).

dX,Y)
— / ka (C)
2(b —a) |WVXk (c) —

Using traditional Hausdorff metric,we proposed the gen-
eralized continuous complex hesitant weighted distance are
follow as:

1

2
@+ 1) 4
Wy Yk (C)i

(32)
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Generalized continuous complex hesitant weighted Haus-
dorff distance (GCCHWHD): Please see (33).

=

A
max | yx, (¢) — vy (0" +
d(X,Y) = /W(c) k A
J ml;ax |Wka (c) —wyy, (c)|

(33)

In particular cases, if we take A = 1,2 in above Eq.

(32) and (33), the Continuous complex hesitant weighted
Hamming-Hausdorff distance and a continuous complex hes-
itant weighted Euclidean-Hausdorff distance are obtained
respectively.

Continuous complex hesitant weighted Hamming-
Hausdorff distance (CCHWHHD): Please see (34).

] b max lvx,(©) — vy (ed)| +
5 [ W) max [Wyx, (€) = wyy, (©)]

(34)

d(X,Y)=

Continuous complex hesitant weighted Euclidean - Haus-
dorff distance (CCHWEHD): Please see (35).

b
l / W(c)
2

If W) = ﬁ for any ¢ € [a, b], then the continu-
ous complex hesitant weighted Hamming-Hausdorff distance
becomes reduced to a continuous complex hesitant normal-
ized Hamming-Hausdorff distance.

Continuous complex hesitant normalized Hamming-
Hausdorff distance (CCHNHHD): Please see (36).

max |J/Xk(C)
d (X, Y) = Z(b _ Cl) / maX |Wka (C)

1
max |yx, () — @ + \ ]
dX,Y)= B

2
mkax |Wka (©) —wyy, (c)|

(35)

wyy, (©]

(36)

ymm+)

Similarly, for any ¢ € [a, b], if W(c) = (bl_a) then the
continuous complex hesitant weighted Euclidean-Hausdorff
distance is reduced to a continuous complex hesitant nor-
malized Euclidean-Hausdorff distance, and a Generalized
continuous complex hesitant weighted Hausdorff distance is
reduced to a Generalized continuous complex hesitant nor-
malized Hausdorff distance.

Continuous complex hesitant normalized Euclidean-
Hausdorff distance (CCHNEHD): Please see (37).

b
w=a)
2(b — a)

1
2

vy () +

—wyye (@

max |ka (c) —
dX,Y)= k
ml?x |Wka (c)

(37)
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Generalized continuous complex hesitant normalized
Hausdorff distance (GCCHNHD): Please see (38),

yr (@) +

—wyy, @[

b
1 max [, (¢) -

d(X,Y) = 6=

m]?x }w}, x; (©)
(38)

where A > 0. Combining the above distances, we can
obtained the Generalized continuous complex hesitant
weighted Hybrid distance, which is defined as;

Generalized continuous complex hesitant weighted Hybrid
distance (GCCHWHD): Please see (39),

dX,Y)

1
1 Zc 70 =y @] + '

oA [wyx, (€) = wyy, (C)P

/ W(c) [ max lyx, (©) — ka(C)|)L + a
+_

2 max [wyx, (€©) = wy, (C)|A

(39)

where A > 0.

In special cases, if we take A = 1 then the GCCHWHD
reduced to CCHWHHD:

Continuous complex hesitant weighted Hybrid Hamming
distance (CCHWHHD): Please see (40).

b
dX,Y) = %/W(c)
0 Zf { lyx.(©) — vy (O] + }
2e k=1 iWka () = Wy Yk (C)|
x | [ Max lyx,.(©) = vy (O] + de.
+3( k
(m,gx [Wyx (©) = wyy, (©)] )

(40)

If take A = 2 then the GCCHWHD reduced to CCH-
WHED:

Continuous complex hesitant weighted Hybrid Euclidean
distance (CCHWHED): Please see (41).

dX,Y)
1
Ic 2 ?
N |vx.(0) = vy (] +
b 2lc Z 2
X =1 | wyxe (© —wyy, (]
|t 2
5 / W(o) [ max }J/xk(c) - VYk(C)| + e
a +35 k 2
Hl]le |Wka (C) — Wyri (C)i
(41)
If W(e) = g, then (32),(33) and (34) are reduced to a

Generalized continuous complex hesitant Hybrid normalized
distance, Continuous complex hesitant Hybrid normalized
Hamming distance and a continuous complex hesitant Hybrid

13656

normalized Euclidean distance respectively, for every ¢ €
[a, b].

Generalized continuous complex hesitant Hybrid normal-
ized distance (GCCHHND): Please see (42),

d(X,Y)
|yx.(0) m(c)hA g
2“ Wyx, (€) = wyy, (©)]
= 2(b—a) N maX\ka(C) | + \| %
T2 max|w,,xk (©) —wyy, (c)|A
(42)

where A > 0.
Continuous complex hesitant Hybrid normalized Hamming
distance (CCHHNHD): Please see (43).
dX,Y)
{ |vx:(0) = vy (©)| + }

|Wka () — Wy Yi (C)|

1
b 2_
2(b—a)/ 1< maX|VXk(C> ()| + ) de
2

max |Wka (©) —wyy, (c)|

(43)

Continuous complex hesitant Hybrid normalized Euclidean
distance (CCHHNED): Please see (44).

d(X,Y)
(35 ] ool e
k=1 |wyxk (©) — wyy; (0]
- 2(b—a)/ max v, (©) — @+ [
maX‘Wka © —wyy, ©|
(44)

A. ANALYSIS OF COMPLEX HESITANT FUZZY SET
CHFS ORDERING RELATIONS

In this section,we examine the CHFS ordering relation using

example.
Example 3: Suppose that C = {c}, Chi(c) =
{0.2¢2704 (.9¢127(06) 0702708 and  Chy(c) =

{0.1£27(0-3) ' (.8¢127(04) (0 3£27(01) are two CHFSs on C.
When we use the score function we get, S(Ch;) = 0.60,
S(Chy) = 0.433 S(Chy) > S(Chy) From the above defi-
nition,we have Chi(c) > Chy(c). Aggregation operators,
in general, are monotonous increasing functions. Using
the score function to handle the ordering of Chi(c) and
Chy(c). TOPSIS can be used to deal with the ordering
relationship between Chi(c) and Chy(c). Now the same
result can be derived using the closeness coefficient for-
mula. Let us take the CHF-negative ideal and CHF-positive
Ideal ie., Ch=(c) = {0270 0270 270} and
Cht(c) = {127 127 127} Now we find the
closeness coefficient using the distance formulas which
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TABLE 1. Ranking order of Closeness coefficient by utilizing different distance measures.

Distances Cchy (o) Chy(e) Ranking

Closeness coefficient by CHNHD [41] 0.6 0.433 Cchyi(e) > Coha(e)
Closeness coefficient by CHNED [41] 0.581 0.446 Cchi(e) > CCh2<C)
Closeness coefficient by GCHND [41] 0.568 0.531 Ccny(e) > Cony(e)
Closeness coefficient by CHNHHD 0.548 0.484 Cchy(e) > Cohy(e)
Closeness coefficient by CHNEHD 0.546 0.482 Cchie) > Cons(e)
Closeness coefficient by GCHNHD 0.544 0.481 CCh1 (c) > CChz(C)
Closeness coefficient by CHHNHD 0.569 0.464 Cchy(e) > Cohy(e)
Closeness coefficient by CHHNED 0.558 0.470 Cchie) > Cong(e)
Closeness coefficient by GCHHND 0.551 0.473 CChl (e) > CChz(c)

are defined above. We apply a complex hesitant normal-
ized hamming distance (CHNHD): d.;,(Chi(c), Ch™(c)) =
0.6, dcp(Cha(c), Ch™(c)) = 0.433 apply complex hesi-
tant normalized Euclidean distance (CHNED): d.,(Ch(c),
Cht(c)) = 0.4, dep(Cha(c), ChT(c)) = 0.567 The closeness
coefficient of Chi(c) and Chy(c), denoted by Ccp () and
Cchy(c) are denoted as,

den(Chi(c), Ch™ () _
den(Chi(c), Ch=(¢)) + den(Chi(e), Cht(c))
den(Cha(c), Ch™ () _ 0433

den(Cha(c), Ch™(c)) + den(Cha(c), Ch(c))
Since, Ccpy(c) > Cchy(c) Therefore 0.60 > 0.434 i-e,

0.60

den(Chi(c), Ch™(c))
den(Chi(c), Ch=(c)) + den(Chy(c), Ch*(c))
- den(Cha(c), Ch™(0)
den(Chi(c), Ch=()) + den(Chi(e), Cht ()

from which, Ch{(c) > Chy(c).

From Table 1, we see that the ranking order by utilizing
the proposed distance measures are the same as compared
with the existing distances. However the distance measures
proposed in [12] and [41] are the special cases of the dis-
tances developed in this paper. Therefore, the proposed dis-
tance measures are the generalization of the existing distance
measures.

Example 4: To make a proper diagnosis, C = Cj (Viral
fever), C; (Malaria), C3 (Typhoid), C4 (Stomach problem),
Cs5 (Chest problem) for an affected person (patient) with the
given values of the signs and symptoms, S = S (Temper-
ature), S»(Headache), S3(Cough), S4(Stomach pain) and S;
(Chest pain), taking into consideration all possible diagnosis
Szmidt [18] considered all possible diagnoses and symptoms
and signs and symptoms as HFEs. Utilizing CHFSs can
take an a lot of the more data taken into consideration; the
more values, we achieve from affected person, the greater
epistemic reality we have. So, in this paper, we use CHFEs
to deal with such cases. Every symptom is defined through
a CHFE, which is defined by sets (yx; (¢) 27 (wrx (c))) to
indicate the degree that signs and symptoms characteristic
S; satisfy the considered diagnosis C;. The data is given in
Table 2. The set of patients is P = Nida, Tania, Dania, Faryal,
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Wajiha. The signs and symptoms which may be additionally
defined through CHFEs are given in Table 3. We are seeking
a diagnosis for every affected person.

We applied the existing distances [41] and the pro-
posed distance measure in order to calculate a diagno-
sis for each patient. Tables 4-12 show a list of all the
consequences (results) for the patient under consideration.
In Tables 4, 5, and 6, by utilizing the complex hesitant nor-
malized Hamming distance [41], we found that Nida suf-
fers from stomach problems, which is the same by using
complex hesitant normalized Hamming-Hausdorff distance
(Table 7), complex hesitant normalized Euclidean-Hausdorff
distance (Table 8), complex hesitant normalized generalized-
Hausdorff (Table 9), hybrid complex hesitant normalized
Hamming distance (Table 10), hybrid complex hesitant nor-
malized Euclidean distance (Table 11), and hybrid complex
hesitant normalized generalized distance (Table 12). The pro-
posed distances, on the other hand, are a generalisation of
the distance measure developed in [41] and are spatial cases
of the developed distances. Also, from Table 4, we see that
Tania suffers from stomach problems, but Table 5 and Table 6
show that Tania suffers form malaria. However, by using
complex hesitant normalized Hamming-Hausdorff distance
(Table 7), complex hesitant normalized Euclidean-Hausdorff
distance (Table 8), complex hesitant normalized generalized-
Hausdorff (Table 9), hybrid complex hesitant normalized
Hamming distance (Table 10), hybrid complex hesitant nor-
malized Euclidean distance (Table 11), hybrid complex
hesitant normalized generalized distance (Table 12), Tania
suffers from malaria. Which is the same by utilizing distance
measure proposed in [41] (Table 5 and Table 6). This shows
that the proposed distance measure presents a better result
as compared to the existing distances [41]. Furthermore,
in Table 4, we see that Dania suffers from malaria. The
same result can be seen in Table 5 and Table 6. However, in
Tables 7-12, we found that Dania suffers from malaria, which
is the same as seen in Table 4-6. Moreover, from Table 4,
we see that Faryal suffers from stomach problems, which is
the same result as presented in Tables 7-12. However, from
Table 5 and Table 6, by utilizing distances developed in [41],
it is found that Faryal suffers from malaria. Furthermore, from
Table 4, we see that Wajiha suffers from stomach problem, but
Table 5 and Table 6 show that Wajiha suffers from typhoid.
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TABLE 2. Symptoms characteristic of the considered diagnosis.

Temperature Headache

Cough Stomach pain Chest pain

Viral fever

0.1¢:27(0-4) 0.3¢27(06)_().9¢727(0-1)
0.5¢127(0.3) 0.6¢727(0.5)

0_46727r(0 3) ,0. 8612%(0 7)

0.2¢727(04) () 9127 (0.5) 0.4¢727 (03]

0. 7F727r(0 2) 0.3¢i27(0. 2) 10.3¢i27(0-1) 0.1€i27(0-7)

0.66127(0.2)_ 0.26127(0.9)_() 1727 (0-4) } { 0.36727(02) () 25127 (02) } { 0.26727(0) () 85127 (0-4) } { 026727 (08), }

Malaria 0.9¢i27(0.3) 0.7¢i27(0.6) ’ } { 0.6ei27(0-1) } { 0.1i27(0.7) 0.3¢727(0.6) } { 0.5¢i2m(0.1) }
04727 (03) 0.9¢727(0-6)_( 6127 (05) 0.4c727(02) () 55127 (05), 0.36727(02) () 75127 (0.3) 08727 (02),

Typhoid { 0.1¢27(0. 7) { 0. 46127\'(0 2) ’ } { 0. 79‘2”(0 3) } { 0.2¢127(0-8) (. 1¢i27(0.4) } { 0.9¢27(0. 4) }
0.9¢727(01) 04727 (0:3)_( 5127 (0.7) 0.8¢727(03) () 45127(06), 0.5¢727(03) () 6127 (02) 0.16727(00),

Stomach problem { 0.6¢127(0.5) } { 0. 7€L27\'(0 1) ' } { 0. 66’2” (0.4) } { 0.4¢127(0.9) () 8¢i27(0.1) } { 0.9¢27(0. 1) }
056727 (0:6) 08672707 () 9127 (0:3) 0.0c727(05)_() 25127 (04) 0.4¢727(05)_() 512w (01) 0.66727(00)

Chest problem { 0.4ei2m(0-2) } { 0.1¢2r0) } { 0.4¢i27(0.6) } { 0.6ei2m(02) . 7¢i27(03) } { 0.9¢i27(0.3) }

TABLE 3. Symptoms characters of the considered affected person(patient).

Temperature Headache Cough Stomach pain Chest pain

Nida 0.8¢i27(0.1) 0.3¢i27(0.6)

0.36:27(0.7) 0562701 ) 2¢127(0.2) 0.2627(0.1) () 1£127(0.8)
{ } { } { 0'5ei27r(0.5>

0.1c72m(0-1)_( 472r(0-8)
0. 8612#(0 6) ,0. 2¢127m(0.5)

0.06727(05),
0. 3et27r(0 4)

Tania

0.4627(0.1) 0.1e27(05)_( 8ei27(0.2) 0.1e227(04)_( 25227(0.9)
0.1¢i27(0-8) 0.2¢i27(0.4) 0.3¢i27(0.8)

0.6¢:27(0.2) 0. 6e27 (0. 5)
0. 56127r(0 3) ,0. 46127\'(0 5)

0. 96127r(0 1)
0.2¢%27(0. 8)

0_261'27(0.4) 0_78i27r(0.2)

0_381'27(0.2)

0. 76,7,21(0 1) ,0. 4¢12m(0.3) 0. 5E,i27r(0 2)

Faryal

0.2¢i27(0.9) 0.5¢i27(0.5)

0.1e27(04) 0.2627(0.1)_( 9gi2n(0.8) 0.1e27(05)_( 36i27(0.2)
0.2¢i27(0.4)

0.4627(0.2)
0.3¢%27(0. 6)

0.2¢427(0.5) 0. 127 (0. 2)
0.4¢%27(0. 5) ,0. 5ei27(0.9)

wajiha 0.8¢i27(0.1) 0.2¢i27(0.4)

0.2¢i27(0.4)

Dani { 0.96i27r(0'5), } { 0.96127‘-(0‘3),0.36i27r(0'6), } { 0.56i27r(0‘9>,0.96i2ﬂ-(0'3)7 } { 066127r(0 3) 036127r(0 4) } { 0.7ei27r(0.3) }
ania

{ 0.5¢27(0.7) } { 0.1e227(05)_( 8¢i2m(0.2) } { 0.8¢27(05)_( 6227 (0.2)

0. 6612#(0 3) 0. 36127r(0 4)
0_76127r(0 1)70_46121r(0 .3)

0. 6612#(0 o)
0_36127r(0 4)

TABLE 4. Result obtained by complex hesitant normalized Hamming distance [41].

Viral fever Malaria Typhiod Stomach problem Chest problem
Nida 0.2883 0.3083 0.2925 0.3575 0.3033
Tania 0.2658 0.3775 0.2450 0.3800 0.3258
Dania 0.2967 0.3450 0.2492 0.2908 0.2850
Faryal 0.2417 0.3533 0.2925 0.3625 0.3333
Wajiha 0.2517 0.3033 0.3242 0.3258 0.2033
TABLE 5. Result obtained by complex hesitant normalized Euclidean distance [41].
Viral fever Malaria Typhiod Stomach problem Chest problem
Nida 0.3227 0.3663 0.3544 0.4130 0.3568
Tania 0.30997 0.4462 0.3154 0.4365 0.4049
Dania 0.3651 0.4147 0.3116 0.3504 0.3391
Faryal 0.3467 0.4229 0.3417 0.4182 0.4078
Wajiha 0.2855 0.3514 0.3902 0.3807 0.2705
TABLE 6. Result obtained by complex hesitant normalized Generalized distance [41].
Viral fever Malaria Typhiod Stomach problem Chest problem
Nida 0.3559 0.4169 0.40098 0.4567 0.3994
Tania 0.3433 0.4960 0.3752 0.4804 0.4656
Dania 0.4176 0.4599 0.3619 0.3915 0.3930
Faryal 0.4123 0.4730 0.3823 0.4646 0.4565
Wajiha 0.3152 0.3867 0.4404 0.4312 0.3252
TABLE 7. Result obtained by complex hesitant normalized Hamming-Hausdorff distance:.
Viral fever Malaria Typhiod Stomach problem Chest problem
Nida 0.420 0.510 0.490 0.520 0.490
Tania 0.40 0.560 0.390 0.530 0.530
Dania 0.440 0.590 0.420 0.430 0.430
Faryal 0.450 0.560 0.500 0.600 0.520
Wajiha 0.350 0.470 0.530 0.500 0.360

However, from Tables 7-12, we also see that Wajiha suf-
fers from typhoid. From the above discussion, we see that
the proposed distances gives better results as compared to
the distances developed in [41]. The main reason is that
Garg et al. [41] distances give different results, while the
proposed distances give the same results.

13658

V. TOPSIS METHOD FOR MULTI-ATTRIBUTE/CRITERIA
DECISION MAKING APPROACH UNDER COMPLEX
HESITANT FUZZY SETTING

In this section, we described a TOPSIS-based MCDM model
for solving a faculty selection decision-making issue using
(CHFs). The MCDM problem may be stated as a decision
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TABLE 8. Result obtained by complex hesitant normalized Euclidean-Hausdorff distance.

Viral fever Malaria Typhiod Stomach problem Chest problem
Nida 0.44272 0.53198 0.50695 0.54589 0.51865
Tania 0.42426 0.58481 0.45277 0.54863 0.57009
Dania 0.48785 0.60249 0.45607 0.50398 0.45497
Faryal 0.51672 0.61725 0.49901 0.62929 0.54955
Wajiha 0.38079 0.47117 0.55767 0.51962 0.40000

TABLE 9. Result obtained by complex hesitant normalized Generalized-Hausdorff.

Viral fever Malaria Typhiod Stomach problem Chest problem
Nida 0.46354 0.55924 0.52208 0.56629 0.53844
Tania 0.44072 0.60623 0.49853 0.56639 0.60157
Dania 0.52293 0.61243 0.48573 0.52632 0.47812
Faryal 0.56242 0.63471 0.55656 0.65108 0.57307
wajiha 0.40514 0.49434 0.58098 0.53924 0.43480
TABLE 10. Hybrid complex hesitant normalized Hamming distance.
Viral fever Malaria Typhiod Stomach problem Chest problem
Nida 0.35417 0.40917 0.39125 0.43875 0.39667
Tania 0.33292 0.46875 0.31750 0.45500 0.42792
Dania 0.36833 0.46750 0.33458 0.38541 0.35750
Faryal 0.34583 0.45667 0.39625 0.48125 0.42667
Wajiha 0.30083 0.38667 0.42708 0.41292 0.28167
TABLE 11. Hybrid complex hesitant normalized Euclidean distance.
Viral fever Malaria Typhiod Stomach problem Chest problem
Nida 0.38740 0.45670 0.43737 0.48404 0.44516
Tania 0.37154 0.52014 0.39019 0.49574 0.49443
Dania 0.43089 0.51720 0.39057 0.43402 0.40125
Faryal 0.50365 0.52907 0.50769 0.53428 0.48390
Wajiha 0.33653 0.41563 0.48127 0.45548 0.34144
TABLE 12. Hybrid complex hesitant normalized Generalized distance.
Viral fever Malaria Typhiod Stomach problem Chest problem
Nida 0.41667 0.49825 0.46934 0.51731 0.47902
Tania 0.39797 0.55660 0.44538 0.52689 0.54212
Dania 0.47612 0.54679 0.43267 0.46861 0.43968
Faryal 0.49864 0.56542 0.48509 0.57301 0.52130
Wajiha 0.36570 0.44700 0.52020 0.49115 0.38774

matrix (DM), with columns representing the collection of

attributes/criteria and rows representing alternatives. Thus,

for DMZ,,«,, consider the following set of m choices and

n criteria. The k is the DMs’ unknown weight vector is

denoted by W = (W, Wa, ..., Wj)T, such that when weight

is completely unknown and when weight is partially known,
k

with W; € [0, 1], > W; = 1. The complex hesitant fuzzy

=1

decision making (CHF-DMs) provided by the DMs is denoted
by 7% — ([,0,:/](]‘)),,,>< - Since criteria in the decision making
process are of two types (i) cost and (ii) benefit, if the criteria
are of the cost type, we will change the criteria to the benefit
type by normalising the CHF-DMs Z*®) = ([p;-](k))mxn as

follows:
wk) [,oij](k) for benefit criteria,
Loyl ™ = { (Lpi1®)¢ for cost criteria,

where ([p;1%))¢ is the complement of [p;]® (i =
1,2,....,m;j=1,2,...,n).

The steps of the developed approach are as under:

Step 1. Construct CHFs decision matrices.

VOLUME 11, 2023

Step 2. When the criteria’s weights are supplied, use them.

If not, then determine the weight using the optimization

problem approach. The complicated hesitant fuzzy decision

matrix is stated as follows: Because the criteria have vary-

ing degrees of relevance, the weight vector of all the cri-

teria, as determined by the DMs, is specified as by W =
k

(Wi, Wa, ..., W;}T where0 < W; <1, Y W;=1. And W,

is the important degree for all attribute/(t:;ilterias. In general,
the significant degrees of the qualities must be established
by the decision-makers. As a result of the complexity and
ambiguity of real decision-making difficulties, as well as
the inherent subjectivity of human thought, information on
criteria weights is frequently inadequate. We believe that the
criteria weight information supplied by the DMs might be
presented in the following ways [42], for i # j :

1. A weak ranking:{W; > W;};

2. A strick ranking:{W; — W; > o;(> 0)};

3. A ranking with multiples: {W; > o;W;},0 < 0; < I;

4. An interval form: {A; < W; < X+ 03}, 0 < A; <
Ao < 1;
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5. A ranking of differences: {W; — W; > W, — W}, for
JFEk #L

In MCDM, it is important to evaluate the weight of the
criteria. According to Wang [43], criteria with a large devi-
ation value should be given a high weight in the MCDM
problem, whereas criteria with a small deviation value should
be provided a low weight. In a complicated and hesitant
fuzzy environment, we created an optimization model based
on deviation maximisation approaches to discover the ideal
weights for a set of criteria. For the criteria 7; € T, the
deviation of the criteria can be determined as:

m
Dy(Wy) = Y Wid (Xy, Vi),
k=1

n lc;
1 1 —
2n > [; 2 Alded — (e
i=1 L k=1
+ |wyx, () — wyy, @)]}].

denotes the complex hesitant fuzzy normalizied Hamming
distance between the CHFs X and Y. Let

dX,Y) =

m
Di(W) = ) Dy(W)

k=1

m m 1 1 lei

— ZZ W; <2n Z |:E Z {lyxi(ci) = vy ()|
i=1 k=1 i=1 k=1
‘W)’Xk (ci) —wyy, (Ci)‘}])

j=1,2,...,nthen Dy(W) represents the deviation value of

all alternatives.

m m m
max D(W) = Y~ >~ > Wid (X, Yy)
— i=1J=1K=1
M = m
st Wp=0,t=1,2,...,n, ) Wy=1

t=1

It depicts a constrained optimization’s Lagrange function
(M — 1). Where is a real number that indicates a variable for
the Lagrange multiplier. Next, the partial derivative of L are,

To solve the above model, we let

m m m
LW, &) =) "> Wd(Xy Yy) +
i=1 j=1 k=1
=0.

m

oL -
= DD Wid (X Yg) +EW; =0 (@)
4 i=1 k=1

aL -
i) e

=1

—_

It follows from above (45) that

=30 X Wid (X, V)

J=12,...,n, (46)
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Z ZZd Xy, Yij) (47)

j=1 \i=1 j=1

m n

Clearly & < 0, Y d(Xj,Y)) means the sum of
i=1j=1

deviation of all the alternatives with respect to the jth

j=1 \i=1j=1
sum of deviation of all alternatives with respect to all criteria.
Then combining Equation (a) and (b), we can get

>3 3 wd (4. i)

2
attribute/criteria, and Z (Z > d (Xy, ij)> means the

=1

I
—
<.

=
Z (Z Y- d (X, Yk/))

By normalizing W;(j = 1, 2, ..., n), we can convert their sum
into a unit and obtain Eq. (48), as shown at the bottom of the
next page. However, there are times when the information
regarding the weight vector is partially known rather than
wholly unknown. For these cases, we create the following
constrained optimization model (M>) (49), as shown at the
bottom of the next page, based on the set of known weight
information.

The (M3) model is a linear programming model that can
be run using the LINGO 11.0 math software package. The
solution of this model gives the optimal solution W =
(W1, Wa, ..., W,), which can be used as a criteria weight
vector.

Step 3. Calculate the complex hesitant fuzzy positive ideal
solution (CHF-PIS), denoted

T =(C. G 5D (50)

and the complex hesitant fuzzy negative ideal solution (CHF-
NIS), denoted by:

~

~=(y, Gy, C3) (51)
where

Ct =[P omajl=[Vi i <mPoj Al <i<mp g,
and

C™ = [Fominjl = [A1 < i <mpyij, Vi < i < mp gl

Step 4. Compute the distance measured from each alterna-
tive to a CHF-PIS and a CHP-NIS by utilizing the proposed
distances.

Step 5. Calculate the closeness coefficient of each alterna-
tive by using the distances of alternatives from CHF-PIS and
CHEF-NIS based on the following equations:

+f. Ot
4 (G ¢

Cy. = _ S— (52)

i +of ot — (.
Step 6. Ranking the alternatives A;(i = 1,2,...,m)
according to the closeness coefficients C4,(i = 1,2, ..., m).
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* Construction of complex hesitant fuzzy decision matrix

* Calculate the criteria weight

* Calculate the complex hesitant fuzzy negative ideal solution (CHF-NIS)

* Compute the distance measured from each alternative to a CHF-PIS and a
CHP-NIS by utilizing the proposed distances.

* Calculate the closeness coefficient of each alternative by using the distances
of alternatives from CHF-PIS and CHF-NIS

* Calculate the complex hesitant fuzzy positive ideal solution (CHF-PIS) }

* Ranking the alternatives according to the closeness coefficients

€€

FIGURE 1. Flowchart of the proposed method.

VI. NUMERICAL EXAMPLES

This section presents an MCDM problem regarding the rank-
ing effectiveness of COVID-19 tests in order to show the
applicability and application of the developed procedure.

1) RANKING EFFECTIVENESS OF COVID-19 TESTS

The 2019 Coronavirus (COVID-19) disease is a highly infec-
tious disease caused by the SARS-CoV-2 (Severe Acute Res-
piratory Syndrome Coronavirus-2) [44]. This viral sickness
has been the most serious concern for humanity since it was
first reported to the WHO (World Health Organization) [45]
on December 31, 2019, when multiple cases of an unknown
pneumonia-like disease were recorded in the Chinese city
of Wuhan. Fever, cough, headache, malaise, dyspnea, and
loss of smell and taste are only a few of the symptoms of
COVID 19 [46]. Symptoms might emerge anywhere from 1 to
14 days after being exposed to the virus [47]. At least one-
third of those afflicted do not show any signs or symptoms.
The majority (81%) of individuals who acquire severe symp-
toms and are categorised as patients have mild to moderate
symptoms (up to mild pneumonia) and 14 have severe symp-
toms (dyspnea). Hypoxia, or lung involvement in imaging
(50% or more), causes significant symptoms in 5% of people
(dyspnea, shock, or multi-organ dysfunction). The chance of
having severe symptoms is higher in older adults. Long-term
organ damage has been seen in some people who continue to

have varied consequences for several months after recovery
(long COVID) [48]. Years of research are being done to
find out more about what this disease will mean in the long
run [49].

COVID-19 is spread through the air when humans inhale
droplets containing viruses or tiny airborne particles. Inhaling
them poses the most risk when individuals are close by, but
they can also be breathed across greater distances, especially
indoors. Infection can also be spread by squirting or spraying
infected fluids into the eyes, nose, or mouth, as well as on
contaminated surfaces in rare cases. People can be infectious
for up to 20 days and spread the virus without showing any
signs of symptoms [50]. Several test techniques have been
established to diagnose the condition.

On March 11, 2020, the WHO Director-General pro-
claimed the COVID-19 outbreak a pandemic due to a signif-
icant increase in cases outside China worldwide. The WHO
has proclaimed the outbreak to be a global health emergency.
This unique and very fatal illness has successfully spread in
all weather conditions and across all health standards (though
a bit slower in certain situations). People who already have
chronic conditions like diabetes, heart disease, or respiratory
difficulties have been shown to be more susceptible to the
virus. This illness affects people of all ages and genders,
leaving no one immune. Children who are not particularly
susceptible to the disease are disproportionately affected by
socioeconomic changes and the dread engendered by the
epidemic. Strict lockdowns, the shutdown of educational
institutions, a scarcity of supplies, and other issues brought
on by the pandemic are also wreaking havoc on businesses
and society.Since its breakout, this illness has proven to be a
game changer, affecting economies, restricting travel, isolat-
ing nations, dramatically increasing casualties, and causing
large demographic shifts. COVID-19 is caused by a rapidly
mutating virus and is therefore unpredictable. COVID-19’s
high transmissibility is one of the causes of its rapid spread,
and there is presently no vaccine or pharmacological therapy
available to protect people against the virus [51]. Although
less deadly than SARS (Severe Acute Respiratory Syndrome)
or MERS-COV (Middle East Respiratory Syndrome Coro-
navirus) [52], COVID-19 has produced a huge worldwide

m m n lc;
_Z > |:%, > |:% {lyxi(ci) = vy ()] + [wyx, (ci) — wyy, (Ci)|}j|i|

i=1 k=1 i=1 k=1
VVj - n m m n lc; (48)
> [Z > (%, > [% {lyx. () = vy ()| + [wyx, (c)) — wyy, (Ci)|}:|>:|
j=1i=1k=1 i=1 k=1
MaxD(W)
R IRy T lyx, (c) — vy, (c)| }
o i =& [2 & (2" & [1 &L+ D @ =y, (@) D} (49)
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TABLE 13. Complex hesitant fuzzy decision matrix.
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health catastrophe because of the overcrowding of hospitals
and healthcare systems. The hospital’s ability to treat the
disabled may be exceeded by the number of active cases.
There have been a large number of people who have needed
to be hospitalised for more than a week and up to two
months [53]. According to the most recent WHO statistics
as of March 20, 2021 [54], there have been 121,969,223 con-
firmed COVID-19 cases worldwide, with 2,694,094 fatalities
documented, and the numbers are continually rising. We do
not have a drug to treat this sickness because it is a unique and
mutating condition. Different nations and institutes claimed
that various drugs were effective in treating COVID-19, but
this was later proven to be false. Individual vaccines are being
produced in several nations to prevent individuals from being
sick, but providing vaccines to each and every person will take
along time. Furthermore, these vaccinations may not function
with the virus’s new strands and only have an 80% to 90%
effectiveness rate. As a result, it’s critical to keep a close eye
on the progress of the disease so that it doesn’t spread to unaf-
fected or unaffected places. For COVID-19 spread analysis,
test effectiveness is ranked. Currently, a variety of COVID-19
tests are available, each of which plays an important role
in evaluating the disease’s progress and assisting decision-
makers and governments in formulating policies. Let the four
arttibutives is {7, Ty, T3, T4, T5} be the set of available tests
for COVID-19, where

(i): T1 trRT-PCR (Real-time Reverse Transcription Poly-
merase Chain Reaction) is a highly specific and sensitive
COVID-19 diagnostic test. Swabs from the nose or mouth are
used in the test.

(ii): T» CBNAAT (cartridge-based nucleic acid amplifi-
cation test) is a diagnostic test that was formerly used to
diagnose tuberculosis but is currently being used in cer-
tain countries to diagnose COVID-19. It is more rapid than
RT-PCR.

(iii): T3 To detect coronavirus as a foreign substance, anti-
gen assays target the spike proteins of the virus. Nasal swabs
are used to collect samples.

@iv): T4 COVID-19 antibody tests, commonly known as
serological testing, identify antibodies produced in the body
against COVID-19. By identifying IgG and IgM antibodies,
this test diagnoses previous and continuing illnesses. This test
requires a blood sample.

(V): Ts The reverse transcription loop-modified isother-
mal amplification test (RT-LAMP) is a type of reverse tran-
scription loop-modified isothermal amplification. We must
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calculate the weight using an unknown weight information
approach as described in model. And then let the show
begin (w;). And let the set A;{i = 1, 2, 3, 4, 5} be the alter-
natives. The evaluation values provided by the experts in the
form of complex hesitant fuzzy elements are presented in
Table 13.

Step 1. Since all criteria are of the benefit type, there is no
need for normalization.

Case I: When the attribute weight is completely
unknown:

Step 2. Since the attribute weight is completely unknown.
Therefore, utilizing Equation 42, we get the following
attribute weight w; = 0.192, wp = 0.205, w3 = 0.218, wg =
0.190, ws = 0.195.

Step 3. Taking CHF — PIS = {127, ||} and CHF —
NIS = {027} the CHF-PIS and CHF-NIS respec-
tively.

Step 4. Calculate the distance of each alternatives from
CHF —PIS and CHF — NIS by utilizing the proposed distance
measures, we get:

+ +
depwnenpr = 0-054L, deyyygnp, = 0.0572,
+ +
depwnenps = 0-0487. diyynpnps = 0.0461,
dé‘_HWNEHDS = 0.0556,

degwyenpr = 0-0452, depynpppy = 0.0469,
depwnenps = 00566, depyypups = 0-0588,
demwnenps = 00388,

Step 5. Calculate the closeness coefficient of each alterna-
tive from CHF-PIS and CHF-NIS by utilizing Equation 45
we get: Cq, = 0.4552, C4, = 0.4504, C4, = 0.5378,
Ca, = 0.4393, Cy5 = 0.4112.

Step 6. According to the closeness coefficient, the ranking
of alternatives is: A3 > Ay > As > A4 > A1. Hence, the best
alternative is As3.

Case II: When the criteria weight is partially known:

Step 2’°. Suppose that the information about the criteria
weight is partially known i.e. wy € [0.15,0.2], wyp €
[0.2,0.3], ws € [0.24,0.31], wa € [0.2,0.32], ws €
[0.2,0.25].

max(D) = 1.0815w; + 1.1600w, + 1.2333w3
+1.0733w4 + 1.1058ws.

such that, C4, = 0.4552, Ca, = 0.4504, C4, = 0.5378,
Ca, = 04393, C4, = 0.4112,
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TABLE 14. Result obtained by Generalized complex hesitant weighted normalized Hausdorff distance.

Ca, Ca, Ca, Ca, Ca, Ranking
A=1 0.4552 0.4504 0.5378 0.4393 0.4112 Cay > Ca, > Ca, >Ca, > Ca,
A= 0.4614 0.4562 0.5296 0.4416 0.4289 Cay >Ca >Cay >Cyy >Cay
2=3 0.4654 0.4615 0.5230 0.4440 0.4420 Cp, >Ca, >Cay >Cay >Ca,

TABLE 15. Result obtained by Generalized complex hesitant weighted normalized Hybrid distance.

Cy, Ca, Ca, Ca, Ca, Ranking
A=1 0.4183 0.4377 0.5352 0.4168 0.4085 Ca, > Ca, >Ca, >Ca, > Ca,
X=2 0.4344 0.4496 0.5286 0.4288 0.4241 Cay > Ca, >Ca, >Ca, >Ca,
X=3 0.4452 0.4579 0.5224 0.4360 0.4368 Ca, > Ca, >Ca, >Ca, >Ca,
TABLE 16. Comparison with other CHFs distances.
Operators Ay A As Ay As RANKING
CHFW A [24] 0.4600 0.4916 0.5858 0.4461 0.4511 Az > As > A1 > A5 > Ay
CHFWG [24] 0.3310 0.3606 0.4781 0.3474 0.3534 Az > Ax > As > Ay > Ay
CHWNHD [41] 0.4001 0.4311 0.5338 0.4051 0.4072 Az > Ax > As > Ay > Ay
CHWNED [41] 0.4188 0.4456 0.5280 0.4207 0.4215 A3 > Ay > As > Ay > Ay
GCHWND [41] 0.4322 0.4555 0.5220 0.4304 0.4336 Az > Ax > As > Ay > Ay
CHWNHHD 0.4552 0.4504 0.5378 0.4393 0.4112 Az > A1 > Ay > Ay > As
CHWNEHD 0.4614 0.4562 0.5296 0.4416 0.4289 Az > A1 > Ay > Ay > As
GCHWNHD 0.4654 0.4615 0.5230 0.4440 0.4420 Az > A1 > Ay > A5 > Ay
CHWHNHD 0.4183 0.4377 0.5352 0.4068 0.4175 Az > Ax > Ay > A5 > Ay
GHWHND 0.4252 0.4579 0.5224 0.4360 0.4468 A3 > Ax > A5 > Ay > Ay

By solving this model we get w; = 0.15, wp = 0.20,
w3 = 0.25, wg = 0.2, ws = 0.2.

Step 3’. This step is similar as Step 3 above.

Step 4°. Calculate the distance of each alternative from
CHF —PIS and CHF — NIS by utilizing the proposed distance
measures, we get:

+ +
dCHWNEHDl = 0.1205, dCHWNEHDz = 0.1143,
+ +
degwhenps = 0-0925, depynppps = 0.0793,

+
dCHWNEHDS = 0.1190,

depwnenpr = 00795, deywypnp, = 0-0856,
degwyenps = 0-1057, dcyynppps = 0.1207,
degwenps = 0-0810,

Step 5. Calculate the closeness coefficient of each alterna-
tive from CHF-PIS and CHF-NIS by utilizing Equation 45
we get: Cy, = 03975, Cy4, = 0.4281, Cp, = 0.5333,
Cy, = 0.3965, Cp; = 0.4050.

Step 6. According to the closeness coefficient, the ranking
of alternatives is: A3 > Ay > As > A4 > A;. Hence, the best
alternative is As.

Hence, in both cases, the best alternative is A3.

A. IMPACT OF PARAMETER AND RANKING OF
ALTERNATIVES BY UTILIZING THE PROPOSED DISTANCES
As the above result is based on the parameter A.
Tables 14 and 15 shows a more detailed overview of the
effect of the various parameters by adjusting the parameter A.
It is seen that corresponding to A = 1, 2, 3, the order of the
alternatives is A3 > Ay > As > A4 > Aj.

However, from Tables 14 and 15, we see that if we increase
the value of X, then the values of the closeness coefficient tend
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to increase. But the ranking of alternatives remains the same.
Thus, for different values of parameters, the DMs can pick
the nature of the problem.

VIl. COMPARISON ANALYSIS WITH EXISTING METHODS
A. COMPARISON WITH COMPLEX HESITANT FUZZY SETS

In this section, the proposed method is compared with the
existing methods in the CHFS environment [24]. Table 16
shows how the proposed complex hesitant fuzzy TOPSIS
method and the methods from [24] and [41] were used to rank
the options. From Table 16, we observe that the best alterna-
tive by using the proposed method and existing methods is
the same. The ranking of alternatives by using the CHFWA
operator [24]is A3 > Ay > A| > As > A4, while using the
GCHWNHD we have A3 > A > Ay > A5 > Ay4. The best
alternative in both approaches is the same. However, based
on the CHFWA operator, the ranking order of A and A is
A, > Ajp, while in the proposed approach it is A > Aj.
The main reason is that while using the existing CHFWA
operator, we have a loss of information. In the same way,
by utilizing the CHFWG operator [24], the ranking result is
A3 > Ay > As > A4 > Aq. The best alternative is to achieve
the same result by using GCHWNHD. However, the ranking
order of other alternatives by using the CHFWG operator [24]
is different as compared to the proposed approach, which
is again due to the loss of information. This shows that the
developed approach is more effective in dealing with the
MCDM problem. Moreover, by utilizing CHWNHD [41],
the ranking of alternative is A3 > A > As > Agq > Aj.
The best alternative is the same as what we get by using
GCHWNHD. However, the ranking order of other alterna-
tives is Ap > As > Ay > A which is different from the
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TABLE 17. Comparison with other HFs distances.

distance Ay Ag Az Ay As Ranking

HFWA21] 0.45016 0.55265 0.59881 0.46926 0.50065 Az > Ax > As > Ay > Ay
HFWG [21] 0.31286 0.39540 0.50156 0.37301 0.36387 Az > A > Ay > As > Ay
HHWNHD [12] 0.3971 0.4810 0.5585 0.4374 0.4212 A3 > Az > A5 > Ay > Ay
HHWNED [12] 0.4187 0.4859 0.5491 0.4463 0.4443 Az > Ax > As > Ay > Ay
NHD [13] 0.3903 0.4861 0.5433 0.4223 0.4451 Az > As > Ay > Ay > Ay
NED [13] 0.4109 0.4895 0.5364 0.4345 0.4559 Az > A > As > Ay > Ay
MNHD [35] 0.6766 0.7178 0.7550 0.6951 0.7022 Az > As > As > Ay > Ay
MNED [35] 0.6521 0.6797 0.7229 0.6710 0.6726 Az > Az > As > Ay > Ay
NHD [17] 0.3851 0.4827 0.5344 0.40478 0.4591 Az > As > Az > Ay > Ay
NED [17] 0.4060 0.4868 0.5288 0.43042 0.4670 A3 > As > A5 > Ay > Ay
GCHWNHD 0.4654 0.4615 0.5230 0.4440 0.4420 Az > A1 > Az > A5 > Ay

> 0 D < i © S S &
o8 o =5 K3 3 s o e o

FIGURE 2. Ranking results obtained by the comparison with CHF
operators.

proposed method. The developed GCHWNHD is the gener-
alization of the existing CHWNHD measure [41]. Similarly,
the ranking of alternatives by utilizing CHWNED [41] is
Az > Ay > As > As > Ajp. The best option is the
same as using the proposed GCHWNHD, but the ranking
order of the other options is different. A similar debate exists
for GCHWND [41] and GCHWNHD. From the discussion,
we conclude that the developed approach is more effective
and applicable as compared with existing methods [24], [41].
In our approach, we use the maximize deviation method in
order to find the criteria weight. Further, we utilize the GCH-
WNHD measure, which is the generalization of the existing
distances developed in [41]. It should also be noted that
the existing distances are the special cases of the proposed
GCHWNHD.

B. COMPARISON WITH HESITANT FUZZY SETS

HFS can be considered as a special case of CHFS when DMs
only consider one-dimensional information [7], [8]. For com-
parison, CHFEs can be converted to HFEs [21] by removing
the phase term from the evaluation values. The ranking result
of the proposed method and existing methods is presented
in Table 17.

According to Table 17, the ranking of alternatives by
using the HFWA operator and the HFWG operator [21] are
A3 > Ay > As > A4 > Aj and A3 > Ay > Ay >
As > Aj respectively. The best alternative is the same as
that obtained by the proposed GCHWNHD. However, the
proposed GCHWNHD deals with the CHF information while
the methods used in [21] only deal with the HF information
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FIGURE 3. Ranking results obtained by the comparison with HF operators.

and not two-phase or periodic information. Therefore, the
proposed GCHWNHD gives more accurate results as com-
pared with the HFWA operator and HFWG operator [21].
Also, the ranking of alternatives by utilizing HHWNHD and
HHWNED [12] are A3 > Ay > As > As > A; and
Az > Ay > As > A4 > Aj respectively. The best alternative
is found in both the HHWNHD and HHWNED [12] as our
approach. However, HHWNHD and HHWNED [12] can be
utilize only in HFS environment and cannot deal with two
phase information. Moreover, the ranking of alternatives by
utilizing the methods developed in [13], [17], and [35] is
the same as that obtained by proposed method. The existing
methods only deal with the HF information and not two-phase
information. The main advantage of the proposed approach
is that it not only generalizes the existing approaches but also
deals with periodic or two-phase information. Consequently,
we get more accurate results by utilizing the proposed method
as compared with the existing approaches.

VIil. CONCLUDING REMARKS

In a range of scientific disciplines, including clustering
analysis, pattern recognition, and decision-making, distance
and similarity measurements are fundamentally significant.
To deal with complex two phase information CHFES is one
of the effective tool and is characterized by complex hesitant
fuzzy membership degree, and complex hesitant fuzzy non-
membership degree. In order to make the best decisions
possible in real-world settings, there are multiple cases where
we must quantify the uncertainty in the data. For handling
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the uncertain information that is present in our day-to-day
problems, information measures are crucial tools. Since in
literature no such distances measure were defined for CHFSs.
Therefore, in this paper, we developed priority degree and dis-
tance measures in a CHF setting based on traditional distance
measures such as Hamming distance, Euclidean distance, and
Hausdorff distance. First, a priority degree is developed and
elaborated in order to rank the CHF information. Then a vari-
ety of distances, namely CHNHHD, CHNEHD, GCHNHD,
CHHNHD, CHHNED and GCHHND are proposed to be
examined. Further, the developed distances are applied to a
medical diagnosis problem. Moreover, the TOPSIS method
was developed based on the proposed distance measures with
unknown criteria weight information. Furthermore, a numer-
ical example related to COVID-19 is presented for the appli-
cation and effectiveness of the developed approach. We also
compared the proposed method with the existing methods.
In future, we will extend the proposed work to complex intu-
itionistic hesitant fuzzy sets, complex Pythagorean hesitant
fuzzy sets, complex fermatean hesitant fuzzy sets.

DECLARATION OF INTERESTS

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this article. The
authors also declare that there is no conflict of interests
regarding the publication of this article.

REFERENCES

[1]1 L. A.Zadeh, “Fuzzy sets,” Inf. Control, vol. 8, no. 2, pp. 338-356, 1965.

[2] K. Atanassov, “Intuitionistic fuzzy sets,” Fuzzy Sets. Syst., vol. 20,
pp. 87-96, Jan. 1986.

[3] W. Pedryez, “Why triangular membership functions?”” Fuzzy Syst., vol. 8,
pp. 746752, Jan. 2000.

[4] J. M. Mendel, R. 1. Jehan, and F. Liu, “Intervals type-2 fuzzy logic systems
made simple,” IEEE Trans. Fuzzy Syst., vol. 14, no. 6, pp. 808-821,
Dec. 2006.

[5] R. R. Yager, “On the theory of bags,” Int. J. Gen. Syst., vol. 13, no. 1,
pp. 23-37, 1987.

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

[7] V. Torra, “Hesitant fuzzy sets,” Int. J. Intell. Syst., vol. 25, pp. 529-539,
Jun. 2010.

[8] V. Torra and Y. Narukawa, ““On hesitant fuzzy sets and decision,” in Proc.
IEEE Int. Conf. Fuzzy Syst., Aug. 2009, pp. 1378-1382.

[9] B. Bedregal, R. Reiser, H. Bustince, C. Lopez-Molina, and V. Torra,
“Aggregation functions for typical hesitant fuzzy elements and the action
of automorphisms,” Inf. Sci., vol. 255, pp. 82-99, Jan. 2014.

[10] M. S. A. Khan, S. Abdullah, A. Ali, N. Siddiqui, and F. Amin,
“Pythagorean hesitant fuzzy sets and their application to group decision
making with incomplete weight information,” J. Intell. Fuzzy Syst., vol. 33,
no. 6, pp. 3971-3985, Nov. 2017.

[11] M. Xia, Z. Xu, and N. Chen, ““Some hesitant fuzzy aggregation operators
with their application in group decision making,” Group Decis. Negotia-
tion, vol. 22, no. 2, pp. 259-279, Mar. 2013.

[12] Z. Xu and M. Xia, “Distance and similarity measures for hesitant fuzzy
sets,” Inf. Sci., vol. 181, no. 11, pp. 2128-2138, Jun. 2011.

[13] D. Li, W. Zeng, and J. Li, “New distance and similarity measures on
hesitant fuzzy sets and their applications in multiple criteria decision
making,” Eng. Appl. Artif. Intell., vol. 40, pp. 11-16, Apr. 2015.

[14] J. G. Dolan, “Multi-criteria clinical decision support: A primer on the
use of multiple-criteria decision-making methods to promote evidence-
based, patient-centered healthcare,” Patient, Patient-Centered Outcomes
Res., vol. 3, no. 4, pp. 229-248, Dec. 2010.

VOLUME 11, 2023

[15]

[16]

(17]

(18]

[19]

(20]
[21]

(22]

(23]

(24]

[25]

(26]

[27]

(28]

[29]

[30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

E. Lennon, J. Farr, and R. Besser, “Evaluation of multi-attribute decision
making systems applied during the concept design of new microplasma
devices,” Exp. Syst. Appl., vol. 40, no. 16, pp. 6321-6329, Nov. 2013.

D. Yu, Y. Wu, and W. Zhou, “Multi-criteria decision making based on
Choquet integral under hesitant fuzzy environment,” J. Comput. Inf. Syst.,
vol. 7, no. 12, pp. 4506-4513, 2011.

W. Zeng, D. Li, and Q. Yin, “Distance and similarity measures between
hesitant fuzzy sets and their application in pattern recognition,” Pattern
Recognit. Lett., vol. 84, pp. 267-271, Dec. 2016.

E. Szmidt and J. Kacprzyk, “A similarity measure for intuitionistic fuzzy
sets and its application in supporting medical diagnostic reasoning,” in
Proc. Int. Conf. Artif. Intell. Soft Comput. Berlin, Germany: Springer, 2004,
pp. 388-393.

R. M. Rodriguez, L. Martinez, V. Torra, Z. S. Xu, and F. Herrera, “Hesitant
fuzzy sets: State of the art and future directions,” Int. J. Intell. Syst., vol. 29,
no. 6, pp. 495-524, Jun. 2014.

T. Chaira, “Intuitionistic fuzzy segmentation of medical images,” IEEE
Trans. Biomed. Eng., vol. 57, no. 6, pp. 1430-1436, Jun. 2010.

M. Xia and Z. Xu, “Hesitant fuzzy information aggregation in decision
making,” Int. J. Approx. Reasoning, vol. 52, no. 3, pp. 395-407, Mar. 2011.
T. Senapati, G. Chen, R. Mesiar, R. R. Yager, and A. Saha, “Novel
Aczel-Alsina operations-based hesitant fuzzy aggregation operators and
their applications in cyclone disaster assessment,” Int. J. Gen. Syst., vol. 51,
no. 5, pp. 511-546, Jul. 2022.

D. Ramot, R. Milo, M. Friedman, and A. Kandel, “Complex fuzzy sets,”
IEEE Trans. Fuzzy Syst., vol. 10, no. 2, pp. 171-186, Aug. 2002.

M. Talafha, A. U. Alkouri, S. Alqaraleh, H. Zureigat, and A. Aljar-
rah, “Complex hesitant fuzzy sets and its applications in multiple
attributes decision-making problems,” J. Intell. Fuzzy Syst., vol. 41, no. 6,
pp. 7299-7327, Dec. 2021.

B. Chaudhuri, “A modified Hausdorff distance between fuzzy sets,” Inf.
Sci., vol. 118, nos. 1-4, pp. 159-171, Sep. 1999.

B. Farhadinia, “A novel method of ranking hesitant fuzzy values for
multiple attribute decision-making problems,” Int. J. Intell. Syst., vol. 28,
no. 8, pp. 752-767, Aug. 2013.

A. G. Hatzimichailidis, G. A. Papakostas, and V. G. Kaburlasos, ‘A novel
distance measure of intuitionistic fuzzy sets and its application to pattern
recognition problems,” Int. J. Intell. Syst., vol. 27, no. 4, pp. 396-409,
Apr. 2012.

L. Dengfeng and C. Chuntian, “New similarity measures of intuitionistic
fuzzy sets and application to pattern recognitions,” Pattern Recognit. Lett.,
vol. 23, nos. 1-3, pp. 221-225, Jan. 2002.

D.-H. Peng, C.-Y. Gao, and Z.-F. Gao, “Generalized hesitant fuzzy syner-
getic weighted distance measures and their application to multiple criteria
decision-making,” Appl. Math. Model., vol. 37, no. 8, pp. 5837-5850,
Apr. 2013.

Y. J. Zhang, A. Xie, and Y. T. Wu, “A hesitant fuzzy multiple attribute
decision making method based on linear programming and TOPSIS,”
IFAC-PapersOnlLine, vol. 48, no. 28, pp. 427-431, 2015.

K. Y. Huang and L.-H. Li, “A multi-attribute decision-making model
for the robust classification of multiple inputs and outputs datasets with
uncertainty,” Appl. Soft Comput., vol. 38, pp. 176-189, Jan. 2016.

J. Lan, R. Jin, Z. Zheng, and M. Hu, “Priority degrees for hesitant fuzzy
sets: Application to multiple attribute decision making,” Oper. Res. Per-
spect., vol. 4, pp. 67-73, Jan. 2017.

B. Farhadinia, “Information measures for hesitant fuzzy sets and interval-
valued hesitant fuzzy sets,” Inf. Sci., vol. 240, pp. 129-144, Aug. 2013.
M.-S. Yang and Z. Hussain, “Distance and similarity measures of hes-
itant fuzzy sets based on Hausdorff metric with applications to multi-
criteria decision making and clustering,” Soft Comput., vol. 23, no. 14,
pp. 5835-5848, Jul. 2019.

B. Singha, M. Sen, and N. Sinha, “Modified distance measure on hesitant
fuzzy sets and its application in multi-criteria decision making problem,”
OPSEARCH, vol. 57, no. 2, pp. 584-602, Jun. 2020.

K. Rezaei and H. Rezaei, “New distance and similarity measures for
hesitant fuzzy sets and their application in hierarchical clustering,” J. Intell.
Fuzzy Syst., vol. 39, no. 3, pp. 4349-4360, 2020.

J.Li, F. Zhang, Q. Li, J. Sun, J. Yee, S. Wang, and S. Xiao, “Novel parame-
terized distance measures on hesitant fuzzy sets with credibility degree and
their application in decision-making,” Symmetry, vol. 10, no. 11, p. 557,
2018.

13665



IEEE Access

M. S. A. Khan et al.: Priority Degrees and Distance Measures of CHFSs With Application to MCDM

[38] J.-H. Lv, S.-C. Guo, and F.-F. Guo, “Study on hesitant fuzzy informa-
tion measures and their clustering application,” Comput. Intell. Neurosci.,
vol. 2019, pp. 1-10, Mar. 2019.

[39] L. Bi, Z. Zeng, B. Hu, and S. Dai, “Two classes of entropy measures for
complex fuzzy sets,” Mathematics, vol. 7, no. 1, p. 96, Jan. 2019.

[40] D. Rani and H. Garg, “Distance measures between the complex intuition-
istic fuzzy sets and its applications to the decision-making process,” Int. J.
Uncertainty Quantification, vol. 7, no. 5, pp. 423-439, 2017.

[41] H. Garg, T. Mahmood, U. U. Rehman, and Z. Ali, “CHFS: Complex
hesitant fuzzy sets-their applications to decision making with different and
innovative distance measures,” CAAI Trans. Intell. Technol., vol. 6, no. 1,
pp. 93-122, 2021.

[42] S. H. Kim and B. S. Ahn, “Interactive group decision making proce-
dure under incomplete information,” Eur. J. Oper. Res., vol. 116, no. 3,
pp. 498-507, Aug. 1999.

[43] Y. M. Wang, “Using the method of maximizing deviations to make deci-
sion for multi-indices,” Syst. Eng. Electron., vol. 7, pp. 24-26, Jan. 1998.

[44] [DOH] Department of Health. (2020a), ““‘Updates on novel coronavirus dis-
ease (COVID-19),” Retrieved from https://www.doh.gov.ph/2019-nCoV.

[45] [DOH] Department of Health. (2020). Updates on Novel Coronavirus
Disease (COVID-19). [Online]. Available: https://www.doh.gov.ph/2019-
nCoV

[46] M. A. Islam, S. S. Alam, S. Kundu, T. Hossan, M. A. Kamal, and
C. Cavestro, “‘Prevalence of headache in patients with coronavirus dis-
ease 2019 (COVID-19): A systematic review and meta-analysis of 14,275
patients,” Frontiers Neurol., vol. 11, Nov. 2020, Art. no. 562634.

[47] A. A. Agyeman, K. L. Chin, C. B. Landersdorfer, D. Liew, and
R. Ofori-Asenso, “Smell and taste dysfunction in patients with COVID-
19: A systematic review and meta-analysis,” Mayo Clinic Proc., vol. 95,
no. 8, pp. 1621-1631, Aug. 2020.

[48] Interim Clinical Guidance for Management of Patients With Confirmed
Coronavirus Disease (COVID-19), U.S. Centers for Disease Control and
Prevention (CDC), Atlanta, GA, USA, Apr. 2020.

[49] Post-COVID Conditions, U.S. Centers for Disease Control and Prevention
(CDC), Atlanta, GA, USA, Jul. 2021.

[50] J. Shen, “Prevention and control of COVID-19 in public transporta-
tion: Experience from China,” Environ. Pollut., vol. 266, Nov. 2020,
Art. no. 115291.

[51] S. P. Adhikari, S. Meng, Y.-J. Wu, Y.-P. Mao, R.-X. Ye, Q.-Z. Wang,
C. Sun, S. Sylvia, S. Rozelle, H. Raat, and H. Zhou, ‘“Epidemiology,
causes, clinical manifestation and diagnosis, prevention and control of
coronavirus disease (COVID-19) during the early outbreak period: A scop-
ing review,” Infectious Diseases Poverty, vol. 9, no. 1, pp. 1-12, Dec. 2020.

[52] N. Petrosillo, G. Viceconte, O. Ergonul, G. Ippolito, and E. Petersen,
“COVID-19, SARS and MERS: Are they closely related?”” Clin. Microbi-
ology Infection, vol. 26, no. 6, pp. 729-734, 2020.

[53] E. M. Rees, E. S. Nightingale, Y. Jafari, N. R. Waterlow, S. Clifford,
C. A.B.Pearson, C. W. Group, T. Jombart, S. R. Procter, and
G. M. Knight, “COVID-19 length of hospital stay: A systematic review
and data synthesis,” BMC Med., vol. 18, no. 1, pp. 1-22, Dec. 2020.

[54] Download Historical Data (to 14 December 2020) on the Daily Number of
New Reported COVID-19 Cases and Deaths Worldwide, European Centre
for Disease Prevention and Control, 2020.

MUHAMMAD SAJAD ALI KHAN received the
Ph.D. degree in mathematics from Hazara Uni-
versity Mansehra, Pakistan. He is currently work-
ing as an Assistant Professor of mathematics
with Khushal Khan Khattak University, Karak,
Pakistan. He has published 54 research articles in
different well reputed international journals, such
as International journal of Intelligent Systems, Soft
Computing, Journal of Intelligent and Fuzzy Sys-
tems, Computational and Applied Mathematics,
and Journal of Mathematics. Recently, his name has been listed in the
“World’s Top 2% Scientists’ list” at Stanford University, from 2020 to 2021.
His research interests include fuzzy decision making, aggregation operators,
and logical algebras.

13666

FARIHA ANJUM is currently pursuing the
M.Phil. degree in mathematics from the Institute of
Numerical Sciences, Kohat University of Science
and Technology, Pakistan. Her research interests
include fuzzy sets, multi attribute group decision
making, and aggregation operators.

IKHTESHAM ULLAH received the M.Phil. degree
in mathematics from the Kohat University of Sci-
ence and Technology, Kohat, in 2022. His research
interests include the multi criteria decision analy-
sis, information fusion, and fuzzy logic.

TAPAN SENAPATI received the B.Sc., M.Sc., and
Ph.D. degrees in mathematics from Vidyasagar
University, India, in 2006, 2008, and 2013, respec-
tively. Currently, he is working as an Assistant
Teacher of mathematics with the Government of
West Bengal, India, and a Postdoctoral Fellow
with the School of Mathematics and Statistics,
Southwest University, Chongqing, China. He has
published three books and more than 90 articles in
reputed international journals. His research results
have been published in Fuzzy Sets and Systems, IEEE TRANSACTIONS ON
Fuzzy Systems, Expert Systems with Applications, Applied Soft Computing,
Engineering Applications of Artificial Intelligence, International Journal of
Intelligent Systems, International Journal of General Systems, among others.
His research interests include fuzzy sets, fuzzy optimization, soft computing,
multi-attribute decision making, and aggregation operators. He is also an Edi-
tor of the book entitledReal Life Applications of Multiple Criteria Decision-
Making Techniques in Fuzzy Domain (Springer). Recently, his name has
been listed in the “World’s Top 2% Scientists’ list” at Stanford University,
from 2020 to 2021. He is a reviewer of several international journals and an
Academic Editor of Computational Intelligence and Neuroscience (SCIE,
Ql), Discrete Dynamics in Nature and Society (SCIE), and Mathematical
Problems in Engineering (SCIE).

SARBAST MOSLEM received the B.Sc. and
M.Sc. degrees in civil engineering and the Ph.D.
degree (Hons.) in transportation and vehicle engi-
neering from the Budapest University of Technol-
ogy and Economics, Hungary, in 2012, 2015, and
2020, respectively. He is currently a Postdoctoral
Research Fellow with University College Dublin,
Ireland. He has published more than 30 articles in
referred top journals, such as Applied Soft Comput-
ing, Expert Systems with Applications, European
Transport Research Review, and Sustainable Cities and Society, with more
than 915 citations. His current research interest includes decision-making
methods to solve engineering complex problems.

VOLUME 11, 2023



