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Fermatean fuzzy set (FFS) is a more efficient, flexible, and generalized model to deal with uncertainty, as compared to intuitionistic
and Pythagorean fuzzy models. This research article presents a novel multiple-attribute decision-making (MADM) technique
based on FFS. Aggregation operators (AOs), for example, Dombi, Einstein, and Hamacher, are frequently being used in the
MADM process and are considered useful tools for evaluating the given alternatives. Among these, one of the most effective is the
Hamacher operator. The salient feature of this operator is that it reduces the impact of negative information and provides more
accurate results. Motivated by the primary characteristics of the Hamacher operator, we apply Hamacher interactive aggregation
operators based on FFSs to determine the best alternative. Using Hamacher’s norm operations, we introduce some new geometric
operators, namely, Fermatean fuzzy Hamacher interactive weighted geometric (FFHIWG) operator, Fermatean fuzzy Hamacher
interactive ordered weighted geometric (FFHIOWG) operator, and Fermatean fuzzy Hamacher interactive hybrid weighted
geometric (FFHIHWG) operator. Some important results and properties of the proposed AOs are discussed, and to achieve the
optimal alternative, the proposed MADM technique is carried out in a real-life application of the medical field. An algorithm of
the proposed technique is also developed. The significance of the proposed method is that Fermatean fuzzy Hamacher interactive
geometric (FFHIG) operators deal with the relationship among belongingness degree (BD) and nonbelongingness degree (NBD)
of the objects, which perform a crucial role in decision-making (DM). At last, to show the exactness and validity of the proposed
work, a comparative analysis of the proposed model and the existing models is presented.

1. Introduction

Ambiguous or uncertain information is one of the
greatest dilemmas dealing with the MADM process. The
uncertain information can be captured in different ways.
In the last few years, Zadeh’s fuzzy set theory (FST) [1]
and its extensions, i.e., intuitionistic fuzzy set theory
(IFST) [2], Pythagorean fuzzy set theory (PFST) [3],
hesitant fuzzy set theory (HFST) [4, 5], and interval-
valued fuzzy set theory (IVEST) [6], have been proved to
be efficient tools handling uncertainty in numerous ap-
plications of MADM. However, there are some restric-
tions involved in all these theories, for example, FST deals
with belongingness degree only, whereas IFST deals with

both BD and NBD but it restricts their sum to be less or
equal to 1. To overcome this issue, PFST replaces the
condition of the sum to “the sum of squares of BD and
NBD to be less or equal to 1.” Recently, a more gener-
alized theory, namely, Fermatean fuzzy set theory (FFST),
was introduced by Senapati and Yager [7]. The notion of
FFS was initiated from IFSs and PFSs, where the sum of
cubes of NBD and BD is less than or equal to one.
Therefore, FFSs are more flexible and generalized as
compared to both IFSs and PFSs.

Aggregation methods based on IFSs and PFSs were
widely used in MADM. Xu [8] and Zhao et al. [9] defined
aggregation operators (AOs) based on IFSs. Wei and Lu [10]
developed Pythagorean fuzzy (PF) power AOs and used
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them in DM problems. Ordered weighted averaging ag-
gregation operators (OWAAOs) for MADM were defined by
Yager [11]. Many multiple-attribute decision-making
models (MADMMs) use algebraic operators and these are
Dombi, Einstein, and Hamacher operators. In recent years,
many theories were developed based on these operators.
Dombi [12] defined Dombi triangular norm and conorm
operators. Many authors contributed their work to Dombi
AOs. Akram et al. [13] worked on Pythagorean Dombi fuzzy
AOs (PFDAOs). Wei [14] introduced interaction AOs based
on PFSs and also applied these to MADMMs.

Hamacher AOs were introduced in 1978 [15]. Wei [16]
defined Hamacher AOs based on PFSs and gave a comparative
analysis for MADM. Garg [17, 18] presented some series of IF
interactive averaging AOs by applying interactive averaging
AOs on IFSs and also gave the idea of IF Hamacher AOs having
entropy weight. Wu and Wei [19] presented MADMMs based
on PF Hamacher AOs (PFHAOs). Wei [14] introduced the PF
interaction AOs (PFIAOs) with their application to MADM.
Waseem et al. [20] discussed MADM based on m-polar fuzzy
Hamacher AOs (mFHAOs). Zhao and Wei [21] gave the idea of
IF Einstein hybrid AOs (IFEHAOs). Wang and Liu [22]
elaborated IF information AOs using Einstein operations. The
idea for assessment of express service quality with entropy
weight was explained by Wang et al. [23] under PF interactive
Hamacher power AO.

Senapati and Yager [24] introduced Fermatean fuzzy
averaging/geometric operators (FFAOS/FFFOs). They
also defined operations over Fermatean fuzzy numbers
(FFNs) [25]. Garg et al. [26] presented a method for the
most suitable laboratory selection for COVID-19 test
under Fermatean fuzzy environment (FFE). Akram et al.
[27] discussed a MADMM to show the benefits of a
sanitizer in COVID-19 under FFE. Shahzadi and Akram
[28] proposed the idea of Fermatean fuzzy soft AOs and
applied this idea in the field of group decision-making for
the selection of an antivirus mask. Recently, Aydemir and
Gunduz [29] explained the Fermatean fuzzy TOPSIS (FF-
TOPSIS) method consisting of Dombi AOs. Shahzadi
et al. [30] introduced the idea of Hamacher interactive
hybrid weighted averaging operators under FFE. Feng
et al. [31] investigated membership grades of g—rung
orthopair fuzzy sets geometrically. For more compre-
hension and understanding, the readers are referred to
study [24, 25, 32-35].

The motivations of this study are defined as follows:

(i) The proposed Hamacher interactive AOs (HIAOs)
deal with the relationship between the BD and NBD
of an object

(ii) The MADMM based on FFSs shows that the change
in NBDs will definitely affect the BDs of the objects

(iii) The proposed Fermatean fuzzy AOs generalize the
BDs and NBDs of the objects; i.e., greater values of
belongingness and nonbelongingness degrees can
be taken as compared to IFST and PFST

(iv) The HIAOs are a much convenient approach to
cope with the issues in the DM process; this article
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aims to define HIAOs based on FFSs to handle
uncertainty associated with the choice of alterna-
tives in MADMMs

(v) Hamacher interactive AOs give more precise and
exact choice values in decision results when applied
to MADMMs

The contributions of this article are outlined as follows:

(i) Some new HIAOs such as FFHIWG, FFHIOWG,
and FFHIHWG are proposed here

(ii) The attractive properties alongside their special
cases are discussed which reduce the loopholes in
the existing operators

(iii) An algorithm for MADM using the proposed op-
erators is described and an application is presented
to show the applicability of the intended method in
the real world

(iv) A comparison is also presented which shows the
innovation and importance of the contemplated
model

The remaining part of the article is arranged as follows.
In Section 2, some elementary notions are presented. Section
3 explains a hybrid structure of Hamacher interactive op-
erators based on FFSs such as FFHIWG operators with a few
important results and basic properties, for example,
boundedness, homogeneity, idempotency, monotonicity,
and shift invariance. In Section 4, the basic concept and
results of the FFHIOWG operator are presented. Section 5
presents the notions related to the FFHIHWG operator. In
Section 6, a MADMM under Fermatean fuzzy environment
is explained through a real-life application. In Section 7, the
influence of distinct values of the parameter is shown. In
Section 8, a comparative analysis with existing theories is
discussed which shows the efficacy and importance of the
intended model. In Section 9, the presented work is sum-
marized with concluding remarks.

2. Preliminaries

Definition 1 (see [7]). A Fermatean fuzzy set (FFS) & on ®
(a nonempty crisp set) is defined as

Z ={(a,uz (@), vz (a)}, (1)

where po: D — [0,1],

Dy (a) = \3/1 - (py (a))® - (1@((1))3 indicate belongingness

vy D — [0,1] and

degree, nonbelongingness degree, and indeterminacy de-
gree, respectively.

Definition 2 (see [7]). The score function (SF) and accuracy
function (AF) for a FFS & = (u,vy) are given by

S(L) =py—vy, S(ZL)e[-1,1],
A(L) =y +vy A(L) e 0,1].
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Definition 3 (see [17]). Consider two FFSs &, =
and Z, = <‘u32,v32>. Then,
1)If S(Z,)<S(Z,), then &<Z,.
Q) S(Z)) >S(Z,), then & >Z,.
B)If S(&Z,) =S(Z,), then
(a) If A (L)) <A (ZL,), then £ <Z,.

(b) If A (Z,) > (L), then Z,>Z,.
©) If A (ZL,) = A (L)), then Z, ~ Z,.

<‘u5fl’v5[1>

Definition 4 (see [15]). Hamacher t-norm and t-conorm are
defined by

a,a;
T(a0;) = -
¢+ (1- g)(a-‘+a aal)
(3)
T*(a a)_ai+ai—aiai—(l—q)aiai
vris 1-(1-¢)a;a;

(i) For ¢ = 1, these operations become algebraic t-norm,
T(a;,a;) =aia;, and  algebraic  t-conorm,
T* (ay, a;) = a; + a; — a;q5

(ii) For ¢ = 2, these operations become Einstein t-norm,
T (a;, a5) = (a;a;/1 + (1 - a;) (1 - a;)), and Einstein
t-conorm, T* (a;, aj) = (a;+a;/1+ aiaj)

Definition 5. Let %y = (u;,v), £, ={(u7,), and

& = (u,v) be three FFSs and A > 0; then,

(i) Z%&, =
J(]‘[ A+ (= 0p) = [Ty =D T, 0+ (= D) + (= D[ [, (-,
WTTe =) - T = = DT 0 6= D+ = D[ T, =)

) RCEEN
[T =)

1)v)+

@ 2
qTﬁ a- v) ]‘[ a- vf—yf)}/l‘[::l(

YT o+ - -TTe, (uvf)/]‘[f,,(n G-+ (
V(@ + (=D = =M 1+ (= D) + (=D (1= 1))
(iii) A - & = i : i z
Y@= = =i =P A+ - D)+ (- D= @)
. V=9 = =2 =)+ (- ) + - D=
(iv) £ = { 1 } ’
s =0 = A=A+ G- D)+ (-1 - 7))

3. Fermatean Fuzzy Hamacher Interactive
Weighted Geometric Operators

In this section, we introduce the Fermatean fuzzy Hamacher
interactive weighted geometric operator (FFHIWGO) and
describe its some important characteristics.

Definition 6. Let &; = (p;, ;) (1 = 1,2,...,9) be a family of
FFSs and « = (KI,KZ,...,Kn)T be its weight vector (WV)
such thatx; >0and Y} x; = 1, then FFHIWG: Q% — Qis
defined as

FFHIWG(Z), %5, ..., %) = 6,%,86,%,8 -+ @K, %,

(4)

Theorem 1. Let &£; = (y;,v;) be a collection of FFSs; then,

3 {H

(1-2)" T (1% - )

(1

+(c- 1) + (- DTTL, (1- )"

FFHIWG(Z,, Z,,..., %) = (5)
3 ?:1 (1 +(¢— 1)7/?)Ki - ?:1 (1 - V?)Ki
(1 c- D%) + - DT, (1- )"
Proof. Fory=1,k=1x =1,
FFHIWG(Z)) = K, &
= 31
= (u1>m) (6)

f1-2)-(1-r-m)} 3

(1 + (¢ - l)vi) —(1 - v?)

=<3(1

+(c= 1) +(c-1D(1-%)

(1 +(¢c— l)vi) +(¢c— 1)(1 - vi)>
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Thus, the result is true for y = 1. Suppose that result
holds for y = p, i.e.,

3\1 of T (1= )" - TTE (172 - )"}
I1

Y (1 +(¢- l)vi) +(¢- I)Hizl( i)Ki,
FFHIWG(Z,, Z,,..., %)) =< : (7)

j I, (14 e 103)" — T, (1-93)"
I1

Pt G- ) + (- ITE, (1- )"

Now, for y =p + 1,

FFHIWG(Z,, Z5,..., %y, ) = &0 6L,

:<3 of T (1-%2)" Hu(l-v-#l)K} >
(- 0) + (- DITE, (1- )™

3 H!::l (1 +(c— 1)y3)"i H ( 3)"&
1

f:1(1+(c— 1)1/) +(c- DI (1— 1/3)”
(AR
(1+ (- Dvpy) ™ + (- (1= 9,,)™" (8)

1 (14 (= D)™ = (1= p0)™
<

1+(¢— 1)V;+1) +(6 - 1)(1 - ”1@+1)KP+1

<\ AT (1= )" ~ T (0 v3—u3)"‘})m>,

[T (1+ = 19))" + (- DI (1

T (1+ (= D9))" + (= DI (1 - )"

<\ [ (1 (6= 1) — 1% (1= 9)" >

=The result holds, VY. O (i) For ¢=1, FFHIWGO becomes Fermatean fuzzy
interactive weighted geometric operator (FFIWGO):
Remark 1. Here are cases of the FFHIWGO.

FFIWG(Z,, %5, .., an)_<1ﬁ(1vf)“' ﬁ(1_v —1)" ,il1ﬁ(1v§)m>, 9)
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(ii) For ¢ =2, FFHIWG operator becomes Fermatean
fuzzy Einstein interactive weighted geometric op-
erator (FFEIWGO):

?:1 (1 + V?)Ki + H?:l (1 - vg)m i=1 (1 + V?)Ki + H?:l (1 - Vis)xl

FFEIWG(Z,, Z5,..., %) = <¢2{ (=) =TI (1= - uf)m}) w 1, (1+93)" 1, (1-99)" > 10

Theorem 2. The clumped value of FFSs &; = (u;,v;), by  Proof. As s are FFSs, 0<pu;,v; <1, and 0<y} + 7 <1.
using FFHIWGO, is a FFS, i.e., Therefore,

FFHIWG(Z,, Z,,...,%,) € FFS. (11)

M (1+ (6= Dw)" - T (1 - %)
(1= ) + (- DT, (1= 9)"

SIT (1-%)"

m 3\ y N (12)
[T (14 G = D%)™ + (= DT, (1- %)

Yy
<1-J[(1-+)"=<1

i=1

Also, (1+ (¢= 1)) 2 (1-9) =TT}, (1 + (- 1))~
[T, (1 = ¥}) > 0. Therefore,

H?:l (1 +(¢— l)vg)’(i - ?:1(1 - V?)Ki

% 20
L (1= D7) + - DT, (1- )"

(13)
\ o (L - 1) - TT, (1= )" >0
(1= ) - DT, (1= 90)"
Thus, 0 < Vepgrwe < 1. Moreover,
C{H?:1 (1 - V?)Ki -1 (1 - _Hg)xi}
i (1 (6= 1) + (o= DT, (1= )"
oI, (17"}
o (1 (6= 070)" + (6= DT (1= )" (14)
)
<<[[(x-»)"
i=1

IN
—
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Also,
Y )
[1(0-)" [0 =)0
i=1 i=1
I ()" T, (=)}
T (1+ G- D))" + (- DT, (1) (15)
(ELTTBCESE S O T
. e 2 0.
L (1= D7) + - DI, (1= %)"
Thus, 0 < prgpr < 1. - FFHIWG(Z,, Z,,...,%,) = Z,. (16)
Proof. Since ¥ =%, = (u,v,)(Vi=12,..., y) and

Property 1 (idempotency). It &, = £, = (4,,7,),V i, then Z" K, =1, by Theorem 1,

j ofIT (1-%)" I, (1% - )"}
(

(16— 1) + (6= DI (1= 7)™
FFHIWG(Z,, Z,,..., %) =

(T (L =)™ =TT (1 -9)"
:]:1 (1 +(¢— 1)1/2)“i +(¢c—-1) H?:l (1 - vz)Ki

<l 1—1/ ‘IK'—(l—f—Pﬁ)z?—l"i}
(1 5 )
(14 (= D)2 s (o= 1)(1 - 9) 2 & (17)

3 y
\J 1+(C l)v 11Ki_(1_v2)2i=1’€i

n .
L+ (o )2 LI D(1- )k

w d1-7) (1= -)] \l (1+(c- 1) ~(1-7) >
(1+G=19)+(c-1(1-2) \(1+c-1u)+(c-1(1-7)

= (o> Vo)-
O
Property 2 (boundedness). Let £~ = (min; (y;), max; (v;)) Proof. Let f(a)=(1-a/1+ (¢— l)a), a € [0,1]; then
and Z" = (max; (), min; (v,)); then, f'(a)=—(¢/(1+ (c— Da)? )<0 so f(a) is a decreasing
function (DF). As 1/l min _v 1 max? ‘v’t =1,2,...,9, then

- +
L <FFHIWG(Zy, L5,.... 4,)< L. I8 f2 V<D< fOl 0, VI that is, (1-2%, /

1, max
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1+ (C_I)VI max)<(1_ 3/1+ (C_l)v3)<(l_vt m1n/1+

(¢- 1)1/I min)s Vi. Let x; € [0 1] and Z x; = 1; we have

( 1 - vl max )Ki ( 1 - v >K€ ( 1 - V? min )Ki
1+(¢c— 1)Vtmax 1+(¢c— l)v 1+(¢c— l)vlmln

2 B 3max A 2 1 - A 2 B 3mm "
1_[(1+(c— 1)v? ) l_[(1+(§— l)v) l_[(1+(c— 1)yv? )

i=1 1, max i= i= i, min

L N2 1 NS 1l e
(1+(c—1)v ) H<1+(c—l)v) <1+(c—1)v )

1, max i=1 i, min

3 i 3
PN l_vtmax < 2 ( 1—1/% )K < 1_vtmln
1+(¢c— 1)7/1 max i=1 1+ (¢- l)vfnathfraki 1+(¢- 1)1/1 min
3 Yy 3 @; 3
1- 1-; 1-
ol ——mx ) (c—l)l_[(—‘3> < (-1 ——temin__
1 +( - 1) 1 max i=1 1+ (C_ l)vi I+ (C_ 1)7/1 min (19)

G d 1-2%  \" S
<:)<1+(c—1)vlmax>31Jr(c I)H(1+(C—1)7ﬁ3) <<1+(C—1)”1mm>

@<1+(C‘1)V1mm)< ! <(1+(C )‘m“>
G Tl (- DT, (1= + (- D))" G

C
L+ (= DTTL, (1= + (= )™ <(

S
L+ (- DI (1= + (- )"
R (RSP Y A

o ?:1 (1 +(c— ) +(¢— I)H (1_ o’ )‘Di_ i, max-

1+(c—-1)v < 1+(c— 1)}
( tmm)

i, max)

—1<(c-1}

3
@(C_ 1)”)i,minS 1, max

Thus,

3 ?:1 (1 +(¢— I)v;”)Ki - ?:1 (1 - 1/?)Ki
V(1= D)+ (- DT, (1- )™

i, min = = Vi max* (20)

Consider g(b) = (c— (¢-1)b/(¢c-1)b), b e (0,1], g(1 —v3)<g(l - vI max)» V1 that is, (¢— (¢—-1)(1~- vt min
then g (B) —(¢/(¢c—1)b?); ie., g(b) is a DF on (0,1]. )/(c—l)(l—v‘ ) < (G- (C—l)(l—v3)/(q—l)(l—
Since 1 — <1-7<1-9 Vi, then g(1 -9 )< 3))<(c—(c—l)(l—vfmax)/(c—1)(1—1)”]m)) Then,

1 max — 1, min’
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tmm) Ki< C—(C—l)(l—vf) Ki< 6= (C_l)( tmax) ;
tmm) - (S 1)(1 - ‘Vf) (S 1)( 1max)

lmax Aulmln_

AN TERIGRDICES AR ¥ Gt Gl
t mm) E (C_ 1)(1 - % ) g (C_ 1) t max

¢ (c—l)l—%mm)>z”xi ﬁ(c (c-1)(1-7) > (c (c—l)l—vmax))Z”Ki

=
(¢— (1 tmm) i=1 C—l 1_1/ (¢— (1 1max)

¢— (c—l) fmm) ﬁ ¢—(c-1(1-7%]) ¢- (C‘l) zmax)
(C—l) 1mm ie (¢- 1)1—1/

v = c-1n(a-R))

:<<c—1> m) H( (- D(1- ) (c—l)l—v”m

(C—l) 1max < - (C—l)( fmm)
?:1 (C— C—l)(l—vi)/(c— 1)(1— Vi)) +1 ¢

(C—l) l_vtmax

=

S 3
=(1- % <(1-7
(1)< (6= DT (6= (=11 =)/ (= D(1-%))" +(c-1) (1)
S 3
=>(1-7 - <1 = in )
(1= mar) < (= DTTL (6= (= D/ (= D)™ + (6= 1) (=)
(21)
3
1—1/ _/’ll<1 Vi, min ~ ¥, max
3 3
l_vtmax Autmm 1—1/ _Aut 1_vtmm Hi, max
= 3 = 3
1—1/1 min 1—1/-‘ 1- vt,max
3
1- Vtmax Aulmln ﬁ(l_v B )K 1_'Vtmm nutmax
- 3
1- vt min =1 1- 7/ 1- 1jt,max
3 3 3 3

_vi,max+vi,min+nui,max<l ﬁ(l_v _[’11> < 1m1n+vt max+nut min

3 = 3 = 3

1_vi,max i=1 1- Vi 1_7}1 min
y 3 3 3\ ki
G1=T1, (1= —u. /1= v
&-v _ +7 ; LTl (- ) < -V Y :

Do : < . < — +u; .
1, max i, min T #i, max (C— 1) H?:l (1 + (C _ 1)'Vi3/(C— 1)(1 _ 'V?))K‘ + (C— 1) i, min i, max T ¥4, min

of [Ty (1) ~ T, (1 =70 - )"

A"‘i,maxs ?=1 (1 N (C— 1)73)“ + (C B 1) 1—[?=1 (1 _ vz,)’fi SA”li)min

o Q T, 0= - IT, (12 =)
i, max — (

) 3\ ki Y 3 Kisn"li,min‘
(4= D) + (- DT, (1- %)

(22)
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Let FFHIWG(Z,, 25, ..., %) = Z = (s ve); then,  FRHIWG(Z),Z,,...,%,) <FFHIWG(T |, T ..., 7).
from inequalities (20) and (22), Ui SPs < Uimae Vmax <
V% = Vinin> where Hmin = mini{‘ui}’ Hmax = maxi{#i}) Vmin = (24)
min;{v;}, and v, =max;{%n}. So, S(¥)=ud, -1} <
Umae = Ymae =S(ZY) and  S(D) =ud, v, > pp - S
Vo = S(ZL7). As S(Z) <S(ZL") and S(Z)>S(Z), Proof. It can be proved on similar lines to the above. [
& <FFHIWG(Z,, Z,,...,%,) < 2" (23)
0  Property 4 (shift ilnvariance). If 7 = (ygs,v5) is another
FFS, then
Property 3 (monotonicity). If &; <J;, Vi, then
FFHIWG(Z,87,%,87,...,%,® ) =FFHIWG(Z,, Z,,...,%,) 8 7. (25)
Proof. As &;, T € FFSs, so
3 3
| cl(=9) (1 -05) (1 -2 - ) (1 -5 7))
(1+(c-19)(1+(c= 13 ) + (¢ = 1)(1-9)(1-7%)

(1 +(¢— l)vis)(l +(¢— l)v;) +(¢— 1)(1 - v?)(l - v;-)

j (14 = 19)(1+ (6= %) =(1-93)(1-72)

Therefore,

FFHIWG(Z,87,%,87,..., 2,07 )

o (- =)

j M, (=)0

(- )1+ = D))" + (- DT,

v —u7))"}
1-—

(1=)(-2)"

1 +(¢— 1)1/?)(1 +(c— 1)1{367))Ki - H?:l

(1-7)(1-27))"

1 +(c— 1); )(1 +(¢c— 1)7/39-))Ki +(c- DT, ((1 - Y% )(1 - ”“))Ki

7)1l

(1= -m) (105 -
3
Vi

U
Ki(l - v;-)w

%)

1+(c—1)7/) (1+(C—1)V39)Ki— ?:1(1—”3)&(1_”;)m

(1-9)"(1=2%)"
T, 1+(c—1)v) (1+(c—1)v¢) +(c= DI, (1-

I, ( 1+(c_ D7) (14 (= D)  + (- DITL, (1- ) (1 - %)"
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T (o= D) N1 o)) (= DT (1= ) (1 =

1{ <({( o (1=20) " J1=25) AT (1= ) "} (1= %5 —i3))

L

. 27
[T (1 G 192) )1+ (e 9) — (T (1-92)}(1 -2 27
{TT, (1 +(c— D9)) 1+ (- 10d) + (- 1){H (=) -y
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Property 5 (homogeneity). Let A >0, then Proof. Since Z; = (u;,7;) are FESs and A > 0, therefore

FFHIWG(AZ |, \Z,,...,A%,) = AFFHIWG(Z ), Z,, ..., Z,).
(28)
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Property 6. Let Z; = (ug,vy,) and T = (4g,vg,) be two
collections of FFSs; then

FFHIWG(Z,8 97, %,87,,...,%,®7,) = FFHIWG(Z,, %,,..., %, ) @ FFHIWG(T |, 75, ..., 7). (31)

Proof. As Z; = (4y,vy) and T = (ug,vg) are two
collections of FFSs, then

|
L+ (c= 13, )(1+ (= )+ (= D(1 -9, )(1-95.)

j (1= %) (1= %) ~(1= 9%~ ) (1= %~ i)
(

L ®T; = (32)
[ ) 0%) (-1 %)
(1 +(¢— l)v;i)(l +(¢— l)v;i) +(¢— 1)(1 - v;i)(l - v;i)
Therefore,
FFHIWG(Z,8 5, £,8T,,...,%,87,)
(L ST (L= ) (- 5))" - T (102, - w2 ) (-9, - 63,))
(0 (6= D9 ) (e = Do) + G- DT (1= 2,)(1- )
(| T (U =2 ) (1 6= o5 )™ =TI (1= 22,) (- %5))"
e (1 6= 0 )(1 (= D95 )™+ (6= DT (1= 92, )(1 - 95,))"
(ST (1= 9%) T (1= 95,)" - T (1= - ) T (105, - 5,)"
L1+ Ge= vy ) T (14 (e = D95 ) + (= DT, (1 9% )" TT, (1= 05)™
_ (33)

[T (14 =19 ) T (1+ = 195 )™ =TI (1= 9%,) " T (1-0%)"
H?:l (1 +(c- 1)v=37i)Ki H?=1 (1 +(¢— 1)’{307;)’(i +(c-1) H?:l (1 - V?%)Ki H?:l (1 - 7{307;)’(i

_<\ T, (1-9%)" ~ T (1=~ )™} { T (UG- 1vy)" - T (1-7%,)" >
)" T

L (1 +(¢c— l)vf;i)xi +(c- DT, (1 - v;,i v _ (1 +(¢c— l)v;i)xi +(c- DI, (1 - v;i)m‘

A TR 3 M RS T N
)K K,

L (1 +(¢c— l)yiji)'{i +(c- DI, (1 - V?J? ¢ o (1 +(¢c- l)viji)xi +(c- DI, (1 - v;i) k

= FFHIWG(Z,, %5, ..., %,) ® FFHIWG(T,, T 5,..., T ).
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Property 7. Let &; = (4;,v;) and I = (y,v) be FFSs and
> 0; then

FFHIWG(nZ,®T,1%,87,...,0%y® T ) = (FFHIWG(Z,, Z,,..., Z,) 8 T (34)

Proof. By applying Properties 1, 5, and 6, we can prove  Definition 7. Let &; = (y;,7;) be a collection of FESs and

it. O K= (Kl,Kz,...,Kn)T be its WV, such that x;>0 and
Y, & = 1; then FFHIOWG: Q" — Q is defined as

4. Fermatean Fuzzy HIOWG Operators

This section elaborates the notion of Hamacher interactive
ordered weighted geometric operators (HIOWGO) under
FESs.

FFHIWG(Z), 25, .. %y) = 61.L 0 (1) @KLy ® Ky Ly ()0 (35)

where  (p(1),0(2),...,0(y)) is a permutation of  Theorem 3. Let &; = (y;,v;) be a collection of FFSs; then
(1,2,...,y), such that p(i — 1) > (i) for any i.

v C{H?:l(l "’Z(i))xi -T2, (1 B 3 i ‘P‘Zﬁ )Ki}
o (1 +(c— l)vg(t)) ft(c- I)H (1 - v ))K”
FFHIOWG(Z), %,,..., %) = < . (36)
T (L =) — T (1= 7)™
| (1+(<—1)v9(1) + (- DI (1—’/<>)Ki

Proof. 'The proof is similar to that of Theorem 1. O (i) For ¢ = 1, FFHIOWGO becomes FF interactive or-
dered weighted geometric operator (FFIOWGO):

Remark 2. The two cases of the FFHIOWG operator are as

follows:

) : . Yy K_
PFIOWG(gl,yz,...,zn)=< [10-%0) -T2 - #e)™ 1_H(1_v3(i))'>, (37)

(ii) For ¢ =2, FFHIOWGO becomes FF Einstein in-
teractive ordered weighted geometric operator
(FFEIOWGO) operator:
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; 2{1—1?:1 (1 - vzm)”‘ -1, (1 - ”3(0 - ”iv(i))m}
[T, (1 + VZ(&))M + 1T, (1 - 1’z(i))Ki
) :< > (38)

(T (L4 7) " — T (1= %)

H?=1 (1 + ”z)(t))Ki + H?=1 (1 - ”Z(i))Ki

>

FFEIOWG(Z,, Z,,. ..

Property 8. Let Z; = (u;,7;) be a collection of FFSs and x =

(k1. %y, . - .,K,,)T its WV such that x; >0 and ¥ & = L.
(i) Idempotency: if &; = £, = (y,,7,), Vi, then

FFHIOWG(Z,, %5, ..., %) = & (39)

0*

FFHIOWG(Z,, %>, ...

(iv) Shift invariance: if 7 = (ug,v5) is another FFS,
then

(ii) Boundedness: let &~ = (min; (y;), max; (v;)) and
' = (max; (4;), min; (v;)); then

&~ <FFHIOWG(Z,,%Z,,...,%,)<Z".  (40)

(iii) Monotonicity: when Z; <7, Vi, then

,Zy) SFFHIOWG(T |, T, ..., T ). (41)

FFHIOWG(¥Z,07,%,87,...,%,®7 ) = FFHIOWG(Z,, %,,...,%,)®J. (42)

(v) Homogeneity: let A > 0; then,
FFHIOWG(AZ,\%Z,,...,A%,) = \FFHIOWG(Z,, Z,, ..., Z,). (43)
Proof. The proofis similar to that for FFHIWG operator. [0  where = 'WV”  associated ~ with ~ FFHIHWG s
K= (K, K. Kn)T and ¢ = (¢1,¢,, ..., gbn)T is the WV of

5. Fermatean Fuzzy Hamacher Interactive
Hybrid Weighted Geometric Operators

Definition 8. Let Z; = (u;,7;) be a collection of FFSs; then,
FFHIHWG: QY — Q is defined as
FEHIHWG(Z,, 25, ..., %) = 1, %, @K, 2,8 - 81, L),

(44)

2, such that ¢; € 10,1 and Y, ¢; = 1. Consider Z is the
ith largest among all the weighted FFSs (Z = y¢;<;) and
(0(1),0(2),...,0(y)) is a permutation of (1,2,...,Y), such
that o (i — 1) > () for any i.

Theorem 4. Let &, = (u;,7;) be a collection of FFSs;
then,
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T (1= 950) " T (V=9 — i80) " }

[T (1 (6= Digg)™ + (6= DT (1= 5) ™

FFHIHWG(Z,, Z,,...,%,) =

w

>. (45)

e (1= D))" ~ T (1-75)"

L (14 6= D)™ + (o= DT (1= 95)"

Proof. It is the same as that of Theorem 1. O

Remark 3. The FFHIHWGO also satisfies the same results as
given in Property 8.

6. Decision-Making Analysis under FFE

In a MADMM, it is a difficult task for decision makers to
select the most feasible alternative among the given choices.
Let {@1, S,,..., @n} be y distinct alternatives that can be
characterized under a set of m different criteria
{e1,¢55 .. 05¢,,} taken by decision makers. Suppose that
decision makers express their preference values in terms of
FFSs ;= (uijovi) (i =1,2,...,9;j=1,2,...,m), where
t;; and v;; are the BD and NBD of each alternative, re-
spectively, corresponding to the given attribute such that
0< yfj + v;”j < 1. There are different steps of MADM prob-
lem, given as follows:

Step 1. Decision criteria can be grouped into two opposite
categories, usually called the “benefit” and the “cost”
criteria. Benefit criteria may be called “reward” criteria
and cost criteria “regret” or “loss” criteria. A benefit
criterion means that the higher an alternative scores in
terms of it, the better the alternative is. The opposite is
considered true for the cost criteria. The normalized
Fermatean fuzzy decision matrix (FFDMx) is obtained by
interchanging the assessment values of cost attributes
(CAs) with benefit attributes (BAs) [36]; that is,

& a;;, forCAs, 46
Y a;j, forBAs.

Step 2. By using the DMx given in Step 1, the overall
aggregated value of alternatives &; under different

=FFHIWG(©,,,©,,,©,3, @)

choices of attributes c; is obtained by using any of
FFHIWG, FFHIOWG, or FFHIHWG operators.

Step 3. The score function is used to determine the score
values of the alternatives.

Step 4. The alternatives {@1’@2""’@11} are firstly
arranged in descending order according to the score

values and after it, the most appropriate alternative is
selected.

A flowchart for the proposed MADM is shown in
Figure 1.

6.1. Numerical Example. This section presents an application
of the proposed MADM model in the field of medical sci-
ence. Suppose that a doctor wants to select a patient who is
more affected by cancer. Let {A,, A,, A;, A;, A5} be a set of
patients and {C,,C,,C;,C,} be a set of attributes with WV
{0.3,0.3,0.2,0.2}. The following are the most important
factors which increase the chances of cancer in a patient:

C, stands for tobacco,

C, stands for alcohol,

(47)
C, stands for unhealthy diet,

C, stands for physical inactivity.

By FFHIWG operator, see the following
Step 1: since the criteria set is of the same type, DMx
cannot be normalized.

Step 2: to determine the combined assessment of each
alternative, we apply the FFHIWGO for ¢=2 as
follows.

For &,

jz(@ -0.6") " (1-01%) " (1-047)"(1-03%)"" ~(1- 0.6 ~0.9°)"(1- 0.1 ~ 0.6°) (1 - 0.4 ~ 0.9°) (1 - 0.3" - 0.53)“)

(1+0.6°)"(140.0%) (14 0.4) "7 (1+03) " +(1- 0.6")"(1- 0.0%) (1 - 0.4%)"(1 - 03%)"

g

L (1+0.6°) " (1+0.0°) (1 40.47) " (140.3°) " ~(1-0.6") " (1-0.°) (1 - 0.47)" (1~ 0.3°)"
(1+0.6) " (1+0.0%) 7 (1+0.4°) " (1+03%)" +(1- 067) (1 - 0.°) (1 - 0.4°)"*(1 - 0.3%)"

=(0.87,0.56).

(48)
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@
/ Selection of possible alternatives /
Choose the particular attributes
for alternatives
Assign the weight vectors
to attributes

Compute the aggregated value of
alternatives by using FFHIWG

Calculate the score values
of alternatives

/ Select the optimal result /

End

FiGgure 1: Flowchart for the selection of the best alternative.

For &,,

wz((l —0.4)(1-047)"(1-05) " (1-027)" ~(1- 0.4~ 0.7) (1 - 04> - 0.8°) (1~ 0.5 — 0.8°)* (1 - 0.2° - 0.73)0‘2)

(1+0.4)7(1+04%) " (1405) 7 (1+02%)" +(1- 0.4) (1 - 0.47)"(1- 0.5°)*(1 - 0.2°)" ' >

g

(140477 (140.4) 7 (1+05°) " (140.2°) ~(1-04°) " (1-0.4) " (1-0.5%) (1 - 0.2°)"
(1+0.4)7(1+04%) " (1+05) 7 (1+02%)" +(1- 0.4) 7 (1 - 0.47)"(1- 0.5°)*(1 - 0.2°)"

= (0.76,0.37).
(49)

For &,
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wz((l -0.6)"7(1-0.6)"7(1-0.6)"(1-04)" ~(1-0.6" - 0.7) (1 - 0.6" - 0.4) (1 - 0.6’ - 0.9°)"*(1 - 0.4> - 0.83)0‘2)

(1+0.6)7(1+06%) " (1+0.6) " (1+0.4)" +(1- 0.6) (1~ 0.67) (1~ 0.6°)"(1 - 0.4°)"

.

1+067)"7(140.6) 7 (1+06°)"*(1+0.4)"” +(1- 06°) (1~ 0.6°) (1~ 0.6)"*(1 - 0.4°)"

w (1+0.6)7(1+06%)(1+0.6)*(1+04)" ~(1-0.6)"(1-06") (1 -0.6") (1 - 0.4)"
(

=(0.78,0.57).

For 2,,

= FFHIWG(©,;,©,,,©3, @14)

wz((l -0.2))(1-0.%)"(1-0.4) 7 (1-02%)" ~(1-0.2° - 0.9°) (1 - 0.7 - 0.9°) (1~ 0.4 —0.7°)"* (1 - 0.2° - 0.43)0‘2)

(1+02%)"(1+0.°) (1 +0.4%) (1 +-02°)" +(1- 02%)(1 - 0.%)(1 - 0.47)"*(1 - 02%)"

g

1+0.2°)7(1+0.%) 7 (1+0.4) 7 (1+-0.2°) " +(1- 0.2°)(1- 0.1) (1 - 0.4°)(1 - 02%)™

J\j (1+0.2°)7(1+0.13)(1+0.47) "7 (1+-0.2%)"" —(1-0.2°)"(1-0.13)(1 - 0.47) (1 - 0.2°)
(

=(0.92,0.27).

For &,

= FFHIWG(@H, @12» C"513) 614)

(51)

wz((l ~0.1%) " (1-04%) " (1-0.3) "7 (1-047)" ~(1- 0.1 - 0.8°) 7 (1 - 04> - 0.7°) (1 - 0.3 — 0.6’) * (1 - 0.4> - 0.73)0‘2)

(1+0.8%)"7(1+04%) " (140.3°) 7 (1+0.4%) " +(1- 0.0%) (1 - 047)"(1- 0.3)(1 - 0.47)"

g

J(1+0)"(140.4) 7 (1+03%) " (140.4°) 7 —(1-0.°) " (1-0.4) " (1 - 03%) (1 - 0.4°)"
(140.8%)"7(1+04%) " (140.3°) " (1+0.4%) " +(1- 0.0%) 7 (1 - 047)"(1- 0.3°)(1 - 0.47)"

=(0.72,0.34).

Step 3: the score values for each alternative are given as

$(®,) =0.56,
$(8,) =0.37,
$(&;) =0.29, (53)
$(e,) =0.76,
S(&;) =0.33.

Step 4: as ©,>©,>©,>G, >G5, hence, C, is the person,
who is most affected by cancer.

(52)

7. Influence of Distinct Parameter’s Values

An attribute ¢ performs a crucial role in ranking results. In
this section, we observe the score functions and ranking
results based on FFHIWGO, under different values of .
Here, we observed some of the following influences:

(1) The influence of attributes ¢ on alternatives’ ranking
by applying the FFHIWGO

(2) The effect of attributes ¢ on alternatives’ ranking by
using the FFHIOWGO
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TaBLE 1: Ranking order using the FFHIWG operator.

G S(A)) S(4A,) S(A;) S(A,) S(A;) Ranking order

1 0.54 0.37 0.32 0.76 0.33 ArA > Ay A A,

2 0.56 0.37 0.29 0.76 0.33 A>A Ay Ass A,

3 0.56 0.37 0.29 0.76 0.32 ArA > A A A,

4 0.58 0.37 0.29 0.76 0.34 AA> Ay Ay A,

5 0.58 0.37 0.31 0.76 0.33 ArA > A A A,
0.80

0.70

0.60 —

0.50

0.40

0.30 -~

Score values of alternatives

0.20

0.10

0.00 |

Ay A,

—o— ¢=1
—o— ¢=2

—o— ¢=3

Az Ay As
Alternatives

—o— ¢=4
—e— ¢=5

FiGure 2: Ranking order for different values of ¢.

(3) The influence of attributes ¢ on alternatives’ ranking
by applying FFHIHWGO

From Table 1 and Figure 2, we can see that alternatives may
have the same or different score values but the ranking order
remains the same for all the attributes.

8. A Comparative Analysis and Discussion

To view the importance and validity of proposed AOs, we
give a comparative analysis of the proposed model with the
different existing models. From Table 2, it is clear that there
are some values for which y+v>1 and y* + v* > 1. There-
fore, the methods presented in [18, 23] failed to handle such
problems.

8.1. Comparison with Fermatean Fuzzy TOPSIS Method.
This section presents the comparison of the proposed work
with the FF-TOPSIS method [7]. The steps are given as
follows:

(1) Table 2 provides the FFDM in which each entry is a
FES.

(2) The Fermatean fuzzy positive ideal solution (FFPIS)
" and Fermatean fuzzy negative ideal solution
(FENIS) &~ are

" ={(0.9,0.2), (0.9,0.1), (0.9,0.4), (0.8,0.4)},
Z ={(0.7,0.6), (0.4,0.6), (0.6,0.3), (0.4,0.2)}.

(3) The distance of alternatives A; from FFPIS %" and
FFNIS 7~ is given in Table 3.

(4) The revised closeness degree of each alternative is

given:
E(A,) = -0.92,
£(A,) = -0.45,
£(A;) = -1.038, (55)
£(A,) =0,
§(As) =-1.16

(5) Arrange the alternatives in descending order with
respect to &£(A,):
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TaBLE 2: FF decision matrix.

&ij C G, Cs Cy
A, (0.9, 0.6) (0.6, 0.1) (0.9, 0.4) (0.5, 0.3)
A, (0.7, 0.4) (0.8, 0.4) (0.8, 0.5) (0.7, 0.2)
A, (0.7, 0.6) (0.4, 0.6) (0.9, 0.6) (0.8, 0.4)
A, (0.9, 0.2) (0.9, 0.1) (0.7, 0.4) (0.4, 0.2)
A, (0.8, 0.1) (0.7, 0.4) (0.6, 0.3) (0.7, 0.4)
characteristics, for example, boundedness, homogeneity,
TasLE 3: Distance of alternatives from FFPIS and FFNIS. 1dempotency, monotonicity, and shift invariance. S.0me
special cases of the proposed AOs have been also explained.
D (A, Z") D(A,Z")  The interaction between belongingness and non-
0.298 0.242 belongingness degrees has been discussed in the proposed
0.245 0.293 HIAOs. We have explained a MADM algorithm to cope with
0.307 0.222 uncertainties present in decision problems. To show the
0.174 0.306 efficacy and applicability of the intended MADM, we have
0.314 0.196 applied this method in a real-life system. We have presented
a comparative analysis of our model with some of the
A> Ay > A > Ay A, (56) existing models and concluded that our model is more

(6) Thus, A, is the best alternative.

It is clear that ranking lists is slightly different from both
methods but the most suitable alternative from both
methods is A,. Though, FF-TOPSIS method is a useful
technique to solve MADMMs, but there are also some issues
which cannot be resolved by adopting this method.
Therefore, such issues can be tackled through the proposed
model and the results obtained from it are closer to the
original results.

Advantages and limitations of intended AOs: the benefit
and motivation behind this intended approach are as
follows:

(i) The other membership grades in the aggregated
value affect the other grades even if BD of any al-
ternative is zero.

(ii) There is a relationship between the BD and NBD of
an alternative.

(iii) However, there are some limitations of this
model. It cannot be applied in situations where we
take the parameters for the evaluation of any-
thing. It means this theory has a lack of param-
etrization property.

9. Conclusions

A FFS having emerging applications in MADM, is a more
efficient technique to cope with ambiguities involved in the
given data, as compared to IFSs and PFSs. AOs are very
useful for evaluating the given alternatives in DM process
because they integrate the evaluation values of all the given
individuals into a unified form. By comparing other AOs, the
structure of Hamacher’s norms is a more general framework,
which effectively integrates complex information. In this
article, we have intended some FF-Hamacher interactive
geometric AOs such as FFHIWGO, FFHIOWGO, and
FFHIHWGO. These intended operators have some useful

flexible and it depicts ambiguous and inexact information in
complex structures. Thus, the AOs due to their highly
adaptable nature are very crucial. Therefore, taking into
account this direction further we will explore some more
properties and types of these operators in Fermatean fuzzy
soft sets and g-rung orthopair fuzzy soft sets. Moreover, we
will extend our work on the following decision-making
problems:

(1) An in-depth study of the Hamacher AOs for Fer-
matean fuzzy information such as induced Ferma-
tean fuzzy Hamacher interactive AOs and g-rung
picture fuzzy Hamacher interactive AOs will be a hot
topic in the future

(2) A MADM problem in medical diagnosis under
Fermatean fuzzy soft data using Hamacher inter-
active AOs will be discussed

(3) A MADM problem for the selection of a smartphone
under Fermatean fuzzy soft data using Hamacher
interactive AOs will be discussed
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