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Abstract: In multi-attribute group decision-making (MAGDM) problems, prioritization is sometimes
important. Several techniques and methods have been introduced in fuzzy systems to use prior-
itization. The main purpose of this paper is to propose prioritized aggregation operators (AOs)
for intuitionistic fuzzy (IF) information. These AOs are symmetric in nature and are based on the
novel Aczel-Alsina t-norm and t-conorm. Herein, we propose IF-prioritized Aczel-Alsina averaging
(IFPAAA) and IF-prioritized Aczel-Alsina geometric (IFPAAG) operators. It is shown that these AOs
satisfy the basic features of aggregation. Some additional results for these AOs are also investigated.
These proposed operators can capture the prioritization phenomenon among the aggregated argu-
ments, and the weights for prioritization are obtained from expert information. Finally, the proposed
AOs are used in an MAGDM problem where a doctor is selected for a hospital. A comparison of the
proposed prioritized AOs is also established with other well-known AOs to show the significance of
the IFPAAA and IFPAAG operators.

Keywords: intuitionistic fuzzy set; Aczel-Alsina t-norm; decision-making; prioritized aggregation
operators

1. Introduction

The classical set is characterized so that the universe of elements is split into two
groups, i.e.,, members and non-members. This kind of system can appoint just two numeric
values, for example 0 or 1. There are numerous phenomena that cannot be depicted utilizing
the classical theory, for example knowledge, age, beauty, intelligence, etc. Zadeh [1] tried
to describe such phenomena by introducing the theory of fuzzy sets (FSs) in 1965. Human
assessment of some phenomena is not generally unidirectional, and the framework of FSs
depicts only one aspect of a questionable occasion by using a membership grade (MG), thus
not giving any information about the second aspect, i.e., the non-membership grade (NMG).
Atanassov [2] introduced the notion of intuitionistic FSs (IFSs) that describe the MG and
NMBG of any unsure phenomena. IFSs have a few certain limits, i.e., the sum of MG and
NMG cannot exceed [0, 1]. This implies that the duplet (0.9, 0.7) cannot be considered an
IF value (IFV). IFSs also describe doubts in human opinion using the hesitancy grade (HG),
which is defined as the information left when the sum of the MG and NMG is subtracted
from 1. Some further work on the theory and applications of FSs and IFSs can be seen
in [3,4].

MAGDM is a hot research area, and the most useful tools that has been extensively
used in dealing with MAGDM problems are AOs. Most AOs are based on triangular
norms (TNs) and triangular conorms (TCNs). These TNs and TCNs include algebraic [5],
Einstein [6], Hamacher [7], Frank [8], Dombi [9], Aczel-Alsina [10], etc. There is a wide
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range of research that has been conducted on the theory of AOs. Xu [11] and Xu and
Yager [12] first investigated the algebraic AOs for IF information. The Einstein AOs of IFVs
were investigated for MAGDM problems by Wang and Liu [13,14]. The theory and applica-
tions of Hamacher AOs for IFSs was investigated by Huang [15]. Zhang et al. [16] used
Frank TN and TCN to introduce IF Frank AOs for decision-making problems. Recently,
Senapati et al. [17] used IF information for MAGDM using the Aczel-Alsina TN and TCN.
This led researchers to produce some useful results for the Aczel-Alsina TN and TCN.
Hussain et al. [18] introduced Aczel-Alsina AOs for Pythagorean fuzzy information for
MAGDM problems. Khan et al. [19] studied the construction material selection problem us-
ing novel Aczel-Alsina AOs for generalized orthopair fuzzy information. Hussain et al. [20]
studied MAGDM problems using T-spherical fuzzy (TSF) Aczel-Alsina AOs. Some further
recent work on the theory and application of AOs based on TNs and TCNs can be seen
in [21-25].

In MAGDM problems, sometimes one attribute has priority over other attributes,
while sometimes experts have prioritizations. To keep in mind the prioritization of at-
tributes and experts, the concept of prioritized AOs was introduced for the first time by
Yager [26] in 2008. Yager [27] also investigated prioritized ordered weighted averaging
operators. Yan et al. [28] extended the study of prioritization. Yu and Xu [29] introduced
prioritized AOs for IF information. Ali et al. [30] studied the significance of prioritization
in the frame of complex IF soft sets for MAGDM problems. Arora and Garg [31] intro-
duced prioritization for linguistic IF information aggregation. Arora and Garg [32] also
investigated prioritized AOs for IF soft sets. Chen [33] discussed some comparison perspec-
tives of interval-valued prioritized AOs for MAGDM problems. Gao [34] developed some
prioritized AOs for Pythagorean fuzzy information based on the Einstein TN and TCN.
Jana et al. [35] developed some prioritized AOs for bipolar fuzzy information based on
the Dombi TN and TCN. Riaz et al. [36] studied prioritized AOs for generalized orthopair
fuzzy sets. More recent work on prioritized AOs can be found in [37-42].

The concept of Aczel-Alsina AOs is a recent contribution to the theory of fuzzy
mathematics, where some significant results have already been established in [17,19-22].
Farahbod and Eftekhari [43] utilized some TNs and TCNs in a classification problem and
declared the Aczel-Alsina TN as the most efficient. Keeping in mind the significance of the
Aczel-Alsina TN- and TCN-based AOs and prioritization in aggregation phenomena, the
goal of this paper is to introduce prioritized AOs for IFSs based on the Aczel-Alsina TN and
TCN. The proposed results are novel, and the main advantage of such AOs is to aggregate
IF information by using the prioritization phenomenon. To show the effectiveness of
the proposed AOs, a few comparisons are provided to understand the advantages of the
suggested approaches. It emerges that the results proposed by the IFPAAA and IFPAAG
operators are reliable. Such AOs will enable us to aggregate information based on IFVs and
keep the attributes or experts in a prioritization order. The key features of the manuscript
are as follows:

(1) To propose prioritized AOs for IF information based on the Aczel-Alsina TN and
TCN, i.e., IFPAAA and IFPAAG operators, to overcome shortcomings.

(2) To study the importance of the proposed IFPAAA and IFPAAG operators.

(3) To study some properties of the proposed prioritized AOs.

(4) To apply the IFPAAA and IFPAAG operators in a MAGDM problem.

(5) To compare the results obtained using the proposed prioritized AOs of IFVs with other
existing AOs.

This paper is organized as follows: Section 1 covers the introduction and brief history
of previous concepts with relevant literature. In Section 2, we discuss some basic concepts
of IFSs, the Aczel-Alsina TN and TCN, and Aczel-Alsina AOs. In Section 3, we propose
the IFPAAA and IFPAAG operators and study their relevant properties. In Section 4,
we discuss the MAGDM algorithm based on IFPAAA and IFPAAG operators, followed
by a comprehensive decision-making example in Section 5. In Section 6, we establish a
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comparison study of the proposed and existing theories, while in Section 7, we summarize
the article with some concluding remarks.

2. Preliminaries

As an extension of an FS, Atanassov [2] proposed IFSs. IFSs deliver both an MD and
an NMD simultaneously, whereas fuzzy sets only deliver the MD of an element in a specific
set. The MD in the context of fuzzy sets is a real number between 0 and 1. Similar results
are obtained for the NMD, and additionally the sum of the two degrees is less than or equal
to 1. IFSs are defined by means of the following:

Definition 1 [2]. Let F be considered a universe of discourse; an IFS in F is an expression ¢ given by

B=1{(5 () 0p(5):C€F)}

where v : F — [0,1], g : F — [0, 1], including the condition 0 < y5(¢) + (&) < 1, foreach &
in F. The numbers yg(&) and 6g(&) serve as the MD and NMD of the element & in the set F, respec-
tively. For every IFS Bin F, we denote 7tg(8) = 1 —v5(8) —0p(5),V & € F. Then 1g(¢) is known
as the hesitancy degree (HD) of & to B. Especially, if t(5) = 1 — v5(8) — 05(8) = 0,VG € F,
then the IFS B is diminished to an FS. Furthermore, (vg(Z),0g(¢)) is known as the intuitionistic
fuzzy value (IFV).

Definition 2 [12]. Let 1 = (vp,,dp,) be an IFV. Then

Sco(B1) = vp, — g, 1

is the score value of B;.
Definition 3 [12]. Let 1 = (vp,,0p,) be an IFV. Then

Acc (B1) = 71, + 95, 2)

is the degree of accuracy of B1.

(1) If Sco(B1) < Sco(B2), then By has less preference than pB,.
(2) If Sco(B1) = Sco(B2), then By and B, are the same.

(3) If Acc (B1) < Acc (B2), then By has less preference than ;.
(4) If Acc (B1) = Acc (B2), then B and B, are the same.

Definition 4. The Aczel-Alsina t-norm (T)) is ascertained by

ne(0,00]

TD (Z, ZJ) lf n=20
(Tz)(f’v) — min(¢,v) 1fln =
e—((—ln()n—&-(—lnv)q)“ otherwise

The Aczel-Alsina t-conorm (S ) | is ascertained by

ne [0,00

Sp(¢,v) lf =10
(5;14)(“) — max(¢,v) ifn= o0
1— e—((—In(l—E))n-&-(—l‘rz(l—v))n)ﬁ otherwise

Limiting values: T} = min, Tg =Tp, T}‘ =Ty, S} = max, S?q = Sp, and S}q = Sp. The t-
norm T, and t-conorm S’ are dual with regard to each other for all ne[0, 0. Both the Aczel-Alsina
t-norm family and the Aczel-Alsina t-conorm family show strictly expanding and strictly reducing
trends, respectively.
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Furthermore, the Aczel-Alsina t-norms are the only ones that truly satisfy the equivalence T (¢}, v}) =
T(£,v)" forany A > 0and £,v € [0,1].

Definition 5 [17]. Let p = ('yﬁ,éﬁ) B1 = (7}31,551), and By = ('yﬁz,éﬁz) be three IFVs,
n > 1and ® > 0. Then the Aczel-Alsina t-norm and t-conorm operations of IFVs are defined as:

1/n 1/n

7

() 1P — (1 o (=) (=g ) = (= In(0py)) (=185, )")
1/n

(i) 1 pa = (e ~tn(yp )"+ (= (r5,))") ,1_e—((—ln(l—sﬁl))“+<—ln(1—5ﬂ2>)")““>,

(iii) OB = (1 e @ma—y)m " e(@(ln(%))“)”“),

(o) p® = (e—<d><—ln<w>>“>““

. e_(q>(_zn(1_5ﬁ))“)1/n>,

Definition 6. Let ; = (*yﬁ 5,31) be a collection of IFV's and [3] ( [31, 219 [32, .

le]_‘Bg)T shows a weight vector of Bi(j=1,2,...,8) in a manner allowmg Bi € [0,1],

i=1,2,.. ﬁandzﬁ‘ 10 =1.
So, the IFPAAA operator of dimension ¢ is a function IFPAAA: L*% — L*

3. Intuitionistic Fuzzy Prioritized Aczel-Alsina Averaging Aggregation Operators

In this section, we present a few IFPAAA operators by means of the Aczel-Alsina
operations. Throughout this article, (j = 1,2..., ¢) will stand for indexing terms.

Definition 7. Let f; = (7/5/., 5/5].) be an accumulation of IFVs. Then, the (IFPAAA) operator is a
function IFPAAA: L*® — L* and defined as:

T.
IFPAAA(By, Ba, - Bo) = @4 ﬁﬁf
Zj:l j

Using Aczel-Alsina operations on IFVs, we prove the following theorem.

Theorem 1. Let ; = ('m],, 5/5]> be a collection of IFVs. Then, the aggregated value of B; utilizing
the IFPAAA operator is also an IFV, given by:

1

[FPAAA(B1, Ba, ... Bo) = | 1 ¢ ’Tf o ®)

Proof. Theorem 1 can be demonstrated in the following way using the mathematical
induction approach.
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() For ¢ = 2, using Aczel-Alsina operations of IFVs, we obtain
/1 /1
. (g Iy ) (g (8, )")
=B =|1—e =17 ,e =L
T
TN AL R SR UL
y o _ YY T 2 0T 2
Z}LlTJ"BZ toe 7 e
IFPAAA S L
(B1,B2) 212:11 Tjﬁ1 ® I T/_ﬁz 1
(2 (=g MY — (A (—In(5p, )"
N PR ():12:1T]_( n( Vﬁ1))) p ():]2:17“( n( ﬂl)))
- —In(1- mt (T In(s5 )™M
ol1_e (ng:lTj( n(1-vg,))") (Z]gle/( n(8p,))")
(g (im0 TS SEMERUL
e ):2 Yy 212:111, 1By ,
- (g (—tn(8 )+ 2 (—in(5,))) "
e ):JZ=1Tf ! ):/2=1Tf 2
B DL E A WO N S SV SN N
_ 1_e (2/21 ):]2:1]"]_( n( Y/S])) ) e (21:1 Z/ZZ]T]'( Vl( ﬁ])))

Hence, Equation (3) is true for ¢ = 2.

(I) Assume that Equation (3) is true for & = k, then we have

1

k n
o g )
IFPAAA(B1, B2, - Br) = ®j:1k7T(ﬁj) = oo s
Lj-1Tj (D gt (i3, ))
e =
Now for ¢ = k + 1, we obtain
T +1
IFPAAA(B1, B2, - - Pry1) = Zk+1 (B)) @ W (Br+1)
j=1 "]
1 _ 1
~(Ey sy (=) (D S (I
= 1—e ] 17 ,e LitTj
del (1 (e sy, )Y
ol1 e (E;(+11 J( n( y‘Bk+1)) ) p (25211 ]( n( ﬁkﬂ)) )
() gt (g (8 gk e
=|1-e L=t T ,e Y=t !

Equation (3) is therefore valid for ¢ = k + 1.

We conclude that Equation (3) holds for any value of ¢ as a result of forms (I) and (II).
Every aggregation operator must satisfy the boundedness and monotonicity condition;
idempotency is also one the famous properties of aggregation. Below, we show that the
IFPAAA operator satisfies the condition of boundedness, monotonicity, idempotency.



Symmetry 2022, 14, 2655

6 of 21

The following properties, given in Theorems 2, 3, and 4, are likely to satisfy using the
IFPAAA operator. [

Theorem 2. Ifall §; — (ryﬁ].,(sﬁj) — (74,65) = B, that is B; = B for all j, then IFPAAA(By, B,
-Bs) =B

Proof. Since B; = (’)’/5] 5/3] 75,5/5) then we have by Equation (3)
. 1/n . 11
IFPAAA(B1, B2, - - - Bo e ) o T 7o)
1 ~In(1-vp) >”“,e—<<—ln<5ﬁ>>“)”“)
( e~ In(1=vp) ln5ﬁ> = (7p,85) = B
Thus, IFPAAA(B1,B2, - .., Bg) = pholds. O

Theorem 3. Let f; = (75/,55],) be a collection of IFVs. Let B~ = min(B1, Bz, ..., Py)
and Bt = max(B1, B2, ..., Bs). Then B~ < IFPAAA(B1,B2,---,Bs) < BT.

Proof. Let B; = (’)fﬁj,&ﬁ.) be a collection of IFVs. Let B~ = min(B1, B2, ..., Bs) = (’y/; (5/;)
and Bt = max(B1, B2, ..., Bs) = ( ﬁ ) Hence, there are the subsequent inequalities:

1 , 1

n,.n i
L, (2;912/0 T]( In(1=75))") - l_ef(zf-’]zg T]( n(1=v;)")
s o tnioyg )
- n
<l-e = Zf'ﬂflT b
; . 1/0 T, /n T, g /m
. (2;9 1 219 T]( li’l((sg)) ) > e—(Zle ﬂ( li’l(5/5])) ) > (2;9 1 219 T ( ln(éﬁ)) )

Therefore, B~ < IFPAAA(B1,B2,...,Bs < BT). O
Theorem 4. Let B; and B; be two sets of IFVs. If B; < B for all j, then

IFPAAA(B1, Ba, - -, Bs) < IFPAAA(BY, B, - .. BYy)
Proof. Straightforward. [J

Theorem 5. Let B; = (’)’/5 Jp; ) be a collection of IFVs, where T, H SBr)(j=2...9),
Ty =1,and S (By) is the score of IFVs (By). If & = (7ya, 0x) is IFVs on k then

IFPAAA(By D a, B D, ..., By ® &) = IFPAAA(B, Ba, - .., Bs) D

Proof. First, we compute IFPAAA(B1 @, B2 P w, ..., Ly P ).
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T' n 1/n Tv 1/
IFPAAA(B1, B, - - - Bs) 1 - 157 T( n(l=yp))")  —(T T T( n(55))")
1,P2,---Py) = —e

4

n n 1/“ n n 1/'}
ﬁj Da = (1 _e—((—ln(l—ﬁﬁj)) +(=In(1-72))") e—((—ln(éﬁ]_)) +(=1n(8:))Y) )

IFPAAA(B1®w, Br @ u, ..

-”819@0()
. i M
(Zfl T v( In(1—(1—e ((*In(lf“r,s’.)) +(=In(1=ya))") ")
1—e s
1/n
: (—tn(gy )+t
gy e " N )
e
1
((zflzflT( 1=y )"+t =(ra))")
_ ]
IFPAAA(B1 @, o Dt ..., Py D) = | L 7€ / o
(2t Zo £ (005" (e
e

IFPAAA(B1 Do, By D at, ..., By B «)
1

0 T I n /0 9 T ! 1
(Z] 120 T]( ”(1*Vﬁjaaa)) ) . (Z/ 120 T( ”(Sﬁj(Dlx)) )

1/n

=|1-—e

Then, we make an expression for IFPAAA(B1, B2,

. Bs) Du
: 1/n . 1/n
IFPAAA(B1, Ba, ... Be) = | 1 gy Oy (g (i)
1B, Po)=|1—¢ = )
1
g )
IFPAAA(By, By fo) da= | 1 ¢ ’ S

1- j=1"] )
IFPAAA(B1, B2, .- - Po) B e ﬁ " .
,(Z] 12}9: Tj(*ln(éﬁj)) )
IFPAAA(B1, Ba, - .. Bo) @
. }
—(x?_ 7f(7zn(1fyﬁ_)>n)
1 — e~ ((=In(1-(1-e Y j

) +(=In(1=(7:)))")

7
T. 1m0 1/n

_ ] n
— (=In(85.))")

j=1"] J

) +(—In(8))")

1
L (T il = (=In(1=v )"+ (=In(1= (7)) ,
1/n
(s gy (In(05))+(<In60)")
e 7=

Hence:

IFPAAA(B1 ® 0, By D w, ..., By D) = IFPAAA(B1, B2, ..., By) D
O
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j—1

Theorem 6. Let B; = (75].,5/5j) be a collection of IFVs, and T; = [1 S (Bx)(j =2,...9),
k=1

T1 =1,and S (By) is the score of By, if © > 0, then:

IFPAAA(DB, DBy, ..., PPy) = PIFPAAA(B, Ba, - -, Bs)

Proof. We have the following based on the operational laws listed in Section 2:
_ _ n,1/1n _ _ n,1/n
op — ( | @)D @(in(ss)) )

According to Theorem 1, we have:

IFPAAA (DB, DB, ..., PBy)

n x ! Tl}
~(@(~In(1—yp )M T
R AT e )
o — e ’
- 1/n
, ~@(—n(s5 nH" !
g g e )
" T n & " T 1 &
. (X 53 T](( (=In(-vp)))) " —(Ea 1Tj((®(7ln(5’57)) )
= —e ,e i=
_ 1 T 1
-(x, 219 7 (ZIn(l=vg, nh -, oo In(8g, N
DIFPAAA(By, Ba, ..., Bs) =P | 1—e =17 e =11
1
1t
~(5fy by v
| 1= (@(=In(1-(1—e =t DD
- . 1/n n 1/n
~(£) ) gL (-mm(g. )™M
@ AT )
; 1/n s T o /0
. —(P((ZL =2 T]( In (1~ NM)) —(@((Zi = T( In(96,))"))
= —e ,€
Hence

IFPAAA(DB, DBy, ..., PPy) = PIFPAAA(B, Ba, - .-, Bs)

Theorem 7. Let B = (’)’lg op; ) be a collection of IFVs, and T; = H SBr)(j=2,...9),
T1 =1,and S (By) is the score of IFVs By, if ® >0, & = (Y, 0n) isa IFVs on k. Then

IFPAAA(DB, D, PPy D a, ..., PPy ® ) = PIFPAAA(B1, Ba, ..., By) Da



Symmetry 2022, 14, 2655 9 of 21

Proof.
IFPAAA(®: @ o, ®pa ..., @By &) = PIFPAAA(1 Py Po) D
. 1/ . 1/
(Kl gl vy (5 g (o))
IFPAAA(BL, Ba,... Bo) = | 1—e e
d)IFPAAA(/Sl,/Sz,. ,Bs) o
ol —():}9:1 z;’ T( In(1— 'Yﬁj))) (ZflnglT( ln(s,;])))
= —e =1 ,e
<I>IFPAAA([51,1,[/52,... ,Bs) )
. n
: —<<1><zf120 oy ) (@ (zlefT< In(8.))™)
= —e , e
PIFPAAA(B1, Pa, .. fo) D 1
(@, —d (—In(1— T @t (—in(sg ) "
ek g Gy T g ) o)
1
(@ gl (v )+ (In(1=) )
IFPAAA(By, Bar ..., Be) Ba= | 1 ¢ " o
(@ (z,f’lzﬁ 5 (C1n(85,))+ (-tn(a)))
e
IFPAAA(q)ﬁl@&,@ﬁz@ﬂ(,...,@ﬁg@lx)
o 1- o @t (@) “>
n,1/n n,1/n
wp; D = ( T )@(va,m
1
—<q><—zn<1—vﬁ.>>“>% ' n !
O = | 1- e (=0 ) )
a=
7@(7[“(%‘))11)1/11 n . 1/n
e~ ((—In(e ) @)™
1 n A
—(@(=In(1-75 )" 1 ! i
1 —(zflzo 7 (In(1=(1-e (= T e )
_ —e ’
~@(-nmiog " "
(s g e e P e )
e
1
L 7 =y "))
—e ,
) 1/n
(T g (@55 (- tnlen))
e 1=
O

Theorem 8. Let ;- ('yﬁj, (55]) and oj— (’ya ; ) be two collections of IFVs, and T, H S (Bx)
(j =2,...9), Ty =1,and S (By) is the score of IFVs By. Then

IFPAAA(ﬁl (&) 061,[32 Duao,.. .,‘319 (&%) 0619) = IFPAAA(,BL ‘32, .. .,‘319) (&) IFPAAA((Xl, Ko, ... ,0619)
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Proof. According to Theorem 1, we have:

1/n

7

1/n
Bi®a; = (1 _e*((fln(lfmsj))”+(fln(1fw]-))") e—((71n(5,5j))“+(7zn(5,xj))"*) )

1/n T, 1/n
—():;?120 F(mni=yg)) (o (~In(55.)")
IFPAAA(B1, Ba, ..., Bs) = [ 1—e e

E”T

IFPAAA(ﬁ1 ©® 0(1,,32 Duay,... ,ﬁﬁ D 0(19)
1
e (== +(=In (=72, )"M)) "
—e

— 7

- 1/n
(T g () in(e))
e

TFPAAA(B1, B2, Po) © IFPAAA(21, 2, . t9)

*(2}91 (=In(1- 0 N™h)
1—e

1
; 1 ‘ 1
219 T /(;(E}9 . 219 7 (- ln(éﬁ])) ) .
/1 17n
~(Z =8 T,( m(l-v,)")  —(T (~In(80,))")

l’ 1T
1—e ,e L

Bl

n

T; T.
(S gt (=g ) ~(C g (e )™)

1 — e ((~In(1—(1—e =17 T Hem-(1-e j=1] )
1/n

n

Sl
Sl

1 " n
- %(—wﬁj»“)“ (5 ﬁ(—m(«w“)m
e~ ((=In(e =1 ) +(=In(e =1 )
1
TR )+ (=In(1=y, )")
—e

_(2;9 1
e

2” Tj
1/n

(((=1n(dg)) +(=1n(8)))"))

20T

O

Definition 8. Let §; = (’yﬁj, 5/3].) be a collection of IFVs, and let IFPAAG: L*® — L* if

T

_ b gol
IFPAAG(B1, B2, ---Bo) = ®j-1B;

j—1
Then the function IFPAAG is called an interval-valued IFPAAG operator, where Ti— T] S (Bx)
k=1

(j=2,...9), Ty =1,and S (By) is the score of IFVs By.

Theorem 9. Let §; = (fyﬁj,éﬁ j) be a collection of IFVs. Then, the aggregated value using the

IFPAAG operator is also an IFV, given by:

IFPAAG(B1, B2, - - - Bo)
’642]-”120 7 (<In(55,)") /

_(2}91
1—e

1
it

1/n

g7y (i)



Symmetry 2022, 14, 2655

11 of 21

Proof. Theorem 9 can be demonstrated in the following way using the mathematical
induction approach:

() For ¢ = 2, using Aczel-Alsina operations of IFVs, we obtain
i L g (g (= In(1=vp)) "
/312}9:1Tj = e H " 1—e 239 17 n
1/n 1/1
'B % . (20 ( ln(éﬁz))) 1—e (Z]Tl ]( In(1- Yﬂz))n)
2 - P— P —
Ty T
9 . ']
IFPAAG(B1, B2) = 157111 @ Bpti=1
_ Tl 711/1(6 )11 1/n 7( Tl n(1— )n)l/n
|, (E]gle]_( p))) e Z%:]Tj( (1=vp,) o
(2 (s, )" D (“in(—ys, )"
. ():]2=1Tj( n( /32)) ) 1-e (ij o -(=In( 'Yﬁz)) )
1
(e (= In (55 )+ —2— (~In(85,))H)"
. ():/2:1Tj( n(dp,)) Z]g:lTj( n(8p,))") ’
T (v W2 (e NI
, (2]2:1%_( In(1=vg,)) +2]2:1T,( In(1=vp,))")
T: 1/n T 1/n
B ef(z;f;lzjz':i]]T]_(*ln(&ﬁj))n) L, (Zf1 ]( In(1— Vﬁ)))

Hence, Equation (4) is true for ¢ = 2.

(I) If Equation (4) holds true for ¢ = k, then we have

ES gy L i)™
ok T _ e
IFPAAG(B1, B2, - - - Bx) = ®j_1pj 771 = T, o 1
ot ﬁ(—m(l—vﬁj)) )
j=1"1

Now, for ¢ = k + 1, we get

T:

] Tjt1
k1T, kT
IFPAAG(B1, B2 -+ Brer) = @511 @ Brpa -1
1 1
T: i T Y
—(Zky o= (~In(8p )" —(x (—In(1—yg.))")
o T B
T, 1/n T, 1/n
— (L (~In(1-5 N — (- (—In(1—y N
ol e 27+11] Br+1 1-e Z;fl—llT]_ Br+1
S T s b iy )
. j=1 ):k+1 T Bj j=1 Zk+1 YB;

Equation (4) is therefore valid for ¢ = k 4 1.
We conclude that Equation (4) holds for any value of ¢ as a result of forms (I) and (II)
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IFPAAG (1, B2, ... Bs) = | e 7.h

The following properties, given in Theorems 10, 11, and 12, are likely to satisfy using the
IFPAAG operator. [

Theorem 10. Ifall ; = (7/51'5%9,') is a collection of IFVs where T; H SBr)(j=2...9),T1 =1,
and S (By) is the score of IFVs (By), if all Bj = B for all , then IFPAAG(ﬁ1,ﬁ2,. ..,Bs) = B

Proof. Since Bi = <7ﬁj'5ﬁj) =p= (’7/3,5/5), we then have, by Equation (4):

/0 T /0
(~In(8))") . -(Z), (=In(1=vp))")
,1—e

9
—(Xa 2‘9 T

1/n

:<£<<m®mﬁ

— 1 _ e—l}’l(l—‘yﬁ),elnéﬁ — (,)//S/ 5‘3) — ﬁ
Thus, [FPAAG(B1,Ba, - .-, Be) = B holds. O

1 e((znayﬁ))“)““)

Theorem 11. Let B; = (’yﬁj,éﬁj> be a collection of IFVs. Let B~ = min(B1, B2, ..., Bs)
and BT = max(B1, B2, - .., Bo). Then B~ < IFPAAG(B1,B2,---,Bs) < BT.

Proof. Let B; = (')//3].,5/3].) be a collection of IFVs. Let B~ = min (B, B2, ..., Bs) = (')//; 5;)
and B = max (B4, B2, ..., By) = ('Y/s 8 ) Hence, there are the subsequent inequalities:

1

S

_(yv? i 1 _(v? i n
1_6 (2]1219 T( 171(1 "/ﬂ))) 21_6 (2]1219 T( l'rl(l ’Yﬁ)))
T l y L/
S1_ e*(Zj:l m(* ”(1*3//3]-)) )
X n 1/n T- 1/n T- . 1/n
. —(Zfy 7, T( In(65))") - 67(2}9 T T( In(56,))") e —(E 7, T( In(35))")

Therefore, B~ < IFPAAG(B1,B2, ..., Bs < BT). O

j—1
Theorem 12. Let f; = ('ylg],,éﬁ]) be a collection of IFVs, where Ti— TT S (Bx)(j =2,...9),
k=1
T; =1,and S (By) is the score of IFVs(By). If « = (ya, 6x) is IFVs on k, then:

IFPAAG(B1®a,Br®a,..., By ®a) = IFPAAG(B1, B2, ..., Bs) D
Proof. Theorem 5’s proof can be used to prove Theorem 12 as well. [J

j-1
Theorem 13. Let f; = ('yﬁj,éﬁj> be a collection of IFVs, where Ti— T1 S (Bx)(j =2,...9),
k=1
Ty =1,and S (By) is the score of IFVs (By). If r > 0, then:

IFPAAG(B,, B, ..., B}y) = IFPAAG (B, B2, .., Bo)"

Proof. Theorem 6’s proof can be used to prove Theorem 13 as well. [J
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j—1

Theorem 14. Let f; = (’y,g].,éﬁj) be a collection of IFVs, where Ti— TT S (Bx)(j =2,...9),
k=1

T1 =1,and S (By) is the score of IFVs (By). If r > 0,0 = (Ya,da) is IFV on k, then:

IFPAAG(Bi @ u, By ®a,... By @ a) = IFPAAG(B1,Ba, -, Bs) @u
Proof. Theorem 7’s proof can be used to prove Theorem 14 as well. [

-1
Theorem 15. Let ;- ('yﬁ]., 5/3].) and Xj— ('ya]., 50(].) be two collections of IFVs, and Ti-I1S (Bx)

k=1
(j=2,...9), Ty =1,and S (By) be the score of IFVs By. Then

IFPAAG(ﬁl Ruay,Pr @y, ..., PR Délg) = IFPAAG(ﬁl,,BZ, .. .,ﬁg) (%9 IFPAAG(DCl, Ko, .. .,0(19)

Proof. Theorem 8’s proof can be used to prove Theorem 15 as well. [

4. MAGDM Methods Using Investigated Operators Based on IFVs

In this section, we will create an MADM methodology based on the proposed aggre-
gation operators under IFVs to illustrate reliability and effectiveness. It is assumed that
the set of alternatives in a group decision-making problem is k = {ky, k, ... k;;}, and that
the set of parameters in the problem is A = {ay,ay,...,a,} and the parameters represented
by the linear ordering are prioritized. a; > ap > as,...,a, shows that the a; criterion is
more important than a i ifj<i. E= {61, e, ..., ep} is the set of decision makers; there is a
prioritization among the decision makers indicated by linear ordering. e; >e; >,..., > ep

shows that the e, criterion is more important than e; if 0 < 7. Let K7 = (K?) be an
mxn

IFV-based decision matrix and K?j = (’y?j, 5?]) denote the attribute value provided by the

decision maker e;, which is expressed as IFVs, where (’y?j, (5?]) indicates the degree range
that the alternative k; satisfies. The attribute c; expresses the decision maker ¢4, such that
(7?](52) c (0,1), (ryfng) <1,i=12,...mj=12,...n
If all the attributes a;(j = 1,2,...,n) are of the same type, then the attribute val-
ues do not need normalization. Otherwise, we normalize the decision-maker matrix
K1 = (KZ) into R7 = (1’?]> , where:
mxn mxn

r

9 _ {k?]-, for benefit attribute a;
)

k?j, forcost attribute a;
Then, we utilize the IFPAAA operator to develop an approach to multi-criteria

decision-making under an interval-valued IF environment; the main steps are as follows:
Step 1: on the basis of the following equations, calculate the values of TZ., (g=1,2,...p):

j—1
q — 1 _
Tj:kHls (M) a=2,..p), Th=1
Step 2: Utilize the IFPAAA operator given by:

rij = IFPAAA(Bij", Bif?, .-, Bii" o)
B 1/n (r)

iyt T (1 D e _ n
o, (X T, (=In(1=vp,))") , (X T (~In(85))")

1/n

7



Symmetry 2022, 14, 2655

14 of 21

or the IFPAAG operator:

rij = IFPAAl(/;n(ﬁijlf Bii®s - ﬁffpﬁ)

. () (p)
gy (g i S A

=1,e ,1—e

1/n

L9
Lio1Tj

to aggregate all the individual IF decision matrixes R7 = (r?]) mxn(q =2,...p) into the

collective IF decision matrix R = (r;j) .
Step 3: Calculate the values of Tj;, (i=1,2,...m,j=1,2,...n) based on the follow-
ing equations:
j—1

]"]:kl—[S (r?j)(qzz,...p), T =
=1

Step 4: Aggregate the IFVsr;;:

X 1/n 1/
(L (~In(1-vg )" —(TL (~In(3,)")
IFPAAA(B1, Ba, ... Bs) = | 1—¢ FIEL T e ]12‘9 i ’
or
} b
—-(xL (=In(8; N —(x (=In(1=vp;))")
IFPAAG(B1, Bar ... Bs) = | e F e 1o T

Step 5: Rank all the alternatives by the score function described in Section 2:
Sco(Bi) = vp, — 0, i=1,2,...m

then, the bigger the value of S(7;) , the larger the overall IFVs (7;), and thus the alternative
ki(i = 1,2, . Wl)

5. Practical Example

In this example, we take the selection of a doctor for a hospital. Suppose a hospi-
tal needs a doctor (medical specialist). There is a committee whose job is to select the
most suitable candidate among a finite list of doctors. The committee consists of the
president as ¢, the psychologist as e;, and the medical specialist or dean as e3. These
experts are responsible for the whole induction process. They made a strict evaluation
of five candidates K;(i =1,2,...,5) from four aspects, namely morality a1, good com-
munication skills a;, competence a3, and compassion a4. The hospital president has ab-
solute priority in decision-making, and the medical expert and psychologist come next.
In addition, this introduction will be in strict accordance with the president combining
ability with political integrity. Then, the prioritization relationship for the criteria is as be-
low, ay > ap > ag,...,a,. Three decision makers evaluate the candidates K;(i = 1,2, ...5)
with respect to the attributes Aj (j=1,2,...4) and construct the following three IF de-

cision matrixes: D7 = (d?/)S 4(q =1,2,3). Since all the attributes A (j=1,2,...,5) are
X

of a beneficial type, we do not need normalization. The experts evaluated the candi-
dates K;(i = 1,2,...5) with respect to the attributes A;(j = 1,2,...4) and constructed the

following three IF decision matrixes DY = (d?j)S 4(q =1,2,3) with all the attributes
X
Aj(j=1,2,...,5) given in Tables 1-3.
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Table 1. IF decision matrix ey.

a ap az ay
kq 0.4 0.3 0.5 0.3 0.3 0.1 0.6 0.2
ko 0.6 0.2 0.6 0.3 0.2 0.1 0.7 0.1
k3 0.4 0.3 0.5 0.4 0.6 0.22 0.6 0.22
ky 0.4 0.3 0.3 0.2 0.2 0.1 0.3 0.1
ks 0.6 0.1 0.7 0.2 0.5 0.1 0.4 0.2
Table 2. IF decision matrix e;.
ai az as ag
kq 0.5 0.2 0.22 0.21 0.5 0.3 0.41 0.1
ko 0.6 0.3 0.3 0.11 0.3 0.21 0.21 0.2
k3 0.4 0.2 0.7 0.2 0.6 0.34 0.4 0.3
ky 0.4 0.1 0.6 0.3 0.4 0.22 0.32 0.3
ks 0.6 0.1 0.5 0.4 0.6 0.12 0.12 0.1
Table 3. IF decision matrix e3.
a ap az ay
k1 0.5 0.3 0.6 0.4 0.4 0.2 0.3 0.2
ko 0.4 0.3 0.3 0.1 0.6 0.1 0.3 0.1
ks 0.3 0.1 0.3 0.1 0.4 0.3 0.41 0.4
ky 0.6 0.1 0.2 0.1 0.4 0.3 0.6 0.2
ks 0.5 0.2 0.3 0.21 0.4 0.1 0.1 0.1

Since the attribute values do not need to be normalized after modifying the type, the

major stages are as follows when using the IFPAAA operator:
Step 1: Calculate the values of T%, Tl%, Tz‘3j based on

TL —

0.1
0.4
T2 = |01
0.1
0.5

0.03
0.12
0.02
0.03
0.25

ij

_ R e
[ e G = Y

0.2
0.3
0.1
0.1
0.5
0.002
0.057

[ g Y
[ S Y

0.2
0.1

0.
0.

4
6

0.38 0.38

0.1

0.4
0.04

0.009

0.
0.

0.05 0.0988

0.03
0.05

0.018
0.192

2

2

0.124
0.006
0.038
0.004
0.004

Step 2: Aggregate each individual IF decision matrix into the collective IF decision

matrix R = (Ti7)5x4

using the IFPAAA operator R7 = (r?j>4x5(q =1,2,3) (Table 4).
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Table 4. IF decision matrix R.

a ap as ag

k1 0.4124 0.2894 0.4618 0.2829 0.3403 0.1221 0.5364 0.1667
ko 0.5870 0.2298 0.5365 0.2295 0.2140 0.1069 0.5679 0.1296
ks 0.3984 0.2837 0.5147 0.3545 0.5890 0.2512 0.5494 0.2429
ky 0.4064 0.2644 0.3315 0.2035 0.2239 0.1092 0.3046 0.1203
ks 0.5870 0.1104 0.6365 0.2505 0.5168 0.1047 0.3597 0.1778

Step 3: Calculate the values of Tl-j, (i=1,2,...m,j=1,2,...n) based on

1 0123  0.022015 0.004804

1 03572 0.109698 0.011747
Tij=|1 01147 0.018376 0.006208
1 0142  0.018168 0.002084

1 04766 0.183985 0.075814

Step 4: The IFPAAA operator can be used to combine all of the desired values
rij(i=1,2,...5) on the ith line of R to obtain the overall preference values r;. This in-
formation are given in Table 5.

Table 5. Result of decision matrix.

M= 0.4172 0.2833
o= 0.5544 0.2160
3= 0.4158 0.2893
4= 0.3950 0.2522
rs= 0.5867 0.1404

Step 5: Determine each score for ;(1,2,...5) etc. as given in Table 6.

Table 6. Height priority.

5= 0.1339
Sy= 0.3384
3= 0.1265
4= 0.1428
s5= 0.4463

Since
S5> 85, >54>51> 83
we have

k5>k2>k4>k1>k3

Therefore, ks is the perfect selection.

The major steps are as follows based on the IFPAAG operator:

Step 1: Already performed.

Step 2: The individual IF decision matrix can be aggregated using the IVFPAAG

operator R1 = (T?j)4 S(q = 1,2, 3) into the collective IF decision matrix R7 = (73)4 5 (see
% X

Table 7).
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Table 7. IF decision matrix R.

a ap as ag
k1 0.4104 0.2917 0.436 0.2860 0.3288 0.1390 0.5131 0.1749
ko 0.5811 0.2357 0.500 0.2540 0.2093 0.1105 0.4450 0.1387
ks 0.3979 0.2884 0.504 0.3739 0.5840 0.2582 0.5328 0.2476
ky 0.4043 0.2795 0.316 0.2069 0.2152 0.1150 0.3039 0.1371
ks 0.5846 0.1150 0.611 0.2712 0.5095 0.1051 0.3260 0.1839

Step 3: Calculate the values of Tl-j, (i=1,2,...m,j=1,2,...n) based on

0.1187  0.017847 0.003386
0.3454  0.084959 0.008392
0.1095  0.014191 0.004623
0.1248  0.013564 0.001358
0.4695  0.159555 0.064536

ij —

H
|
[ S = S =

Step 4: The IFPAAA operator can be used to combine all of the desired values
rij(i =1, 2,...5) on the ith line of R to obtain the overall preference values r; (see Table 8).

Table 8. Result of decision matrix.

f= 0.4119 0.2886
ro= 0.5269 0.2328
3= 0.4096 0.2967
4= 0.3904 0.2699
rs= 05713 0.1631

Step 5: Determine each score for 7;(1,2,...5) etc. (see Table 9).

Table 9. Height priority.

si= 0.1233
= 0.2941
s3= 0.1129
s4= 0.1205
s5= 0.4082

The data given in Table 9 can be geometrically seen in Figure 1 below.

Therefore, k5 is the optimal choice. The ranking of the alternatives is the same for the
IFPAAA and IFPAAG operators. The proposed operators are simplified to the standard
IF aggregation procedures if the criteria and the decision-makers have the same priority
level. However, these four criteria and the three decision-makers have different degrees
of significance. For instance, it is quite difficult to choose the candidate if the hospital
president gave him a low assessment. From a different angle, a candidate cannot be chosen
if they have poor moral character, despite how well they have performed in other areas
such as integrity, communication skills, professionalism, and emotional stability. As a result,
we need to think about how the criteria, or the decision makers are ranked in importance;
the IFPAAG and IFPAAA operators are helpful tools for handling such circumstances.
According to the analysis above, our operators have several advantages over conventional
IF operators, including the ability to deal with the IF environment and the consideration of
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optimization between the criteria and the decision makers, which makes it more feasible
and useful.

Score values

0.5
0.4
0.3
0.2

0.1 H |[FPAAA Opr

m IFPAAG Opr
IFPAAA Opr

Figure 1. Graphical presentation of score values.

6. Comparative Study

This section compares the aggregated results obtained using the IFPAAA and IFPAAG
operators with a variety of other AOs of IFVs. These AOs include the IFWA operator [9],
IFDWA operator [44], IFFWA operator [13], and IFHWA operator [14]. We solved the
problem studied earlier using these suggested AOs and display the results in Table 10 below.

Table 10. Comparative analysis of the proposed and existing operators using the information in
Table 4.

Operator Ranking
IFPAAA operator k5 > k2 > k1 > k4 > k3
IFPAAG operator k5> k2 > k1 > k4 > k3
Seikh and Mandal [44] k5 > k2 > k4 > k1 > k3
Seikh and Mandal [44] k5> k2 >kl > k4 > k3
Huang [13] k5> k2 >kl > k4 > k3
Huang [13] k5> k2 >kl > k4 > k3
Zhang [14] k5> k2 > k4 > k1 > k3
Zhang [14] k5> k2 >kl > k4 > k3
Xu [9] k5> k2 >kl > k4 > k3
Xu and Yager [10] k5> k2 >kl > k4 > k3

The IFPAAA and IFPAAG operators show that ks is the optimal option. Moreover,
when we applied the AOs proposed by Xu [9], Xu and Yager [10], Huang [13], Zhang [14],
and Seikh and Mandal [44], we obtained somewhat similar results. ks was proven to
be the best alternative among them all. We claim that the results established by our
proposed operators are better because our method considers the prioritization of attributes.
Furthermore, in reference to Farahbod and Eftekhari [41], Aczel-Alsina t-norm-based
aggregation is more reliable than other AOs. We can see that in the Dombi AOs proposed
by Seikh and Mandal [44], where there is a slight change in the ranking results. The results
obtained using Frank AOs by Zhang [14] also show a fluctuation in ranking order. However,
the proposed results using the IFPAAA and IFPAAG operators give us a smooth ranking.
A geometrical view of the comparative study is given in Figure 2.
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0.1
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Comparison of results using different AOs
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HSco (x1) MSco(x2) M Sco (x3) Sco (x4) M Sco (x5)

Figure 2. Results of the comparative study obtained in Table 10.

7. Conclusions

In this paper, we analyzed the Aczel-Alsina AOs of IFVs. We embedded the concept
of prioritization in the Aczel-Alsina AOs of IFVs and proposed the IFPAAA and IFPAAG
operators. The significance of the proposed prioritized AOs based on the Aczel-Alsina t-
norm and t-conorm lies in the fact that in real-life decision-making problems, the attributes
sometimes need prioritization, and in some cases the decision makers have a priority
level. For this purpose, we proposed the IFPAAA and IFPAAG operators and studied their
properties. We established several other results as well. To see the impact of the proposed
IFPAAA and IFPAAG operators, we presented a numerical example where the selection
of a doctor for a hospital was carried out using an MAGDM algorithm. The proposed
MAGDM method considered the prioritization relationship among criteria and decision
makers, which allowed our technique to have wide pragmatic application possibilities.
Furthermore, we compared our results with other AOs with the concept of prioritization,
and the results were analyzed. We found that the results were similar and compatible. The
advantages of the proposed work include the inclusion of prioritization in aggregation for
uncertain information where two aspects of human opinion are involved. On the other hand,
the existing AOs do not improve the flexibility of data aggregation. Thus, our suggested
AOs are more competent and accurate when making decisions using IF information. The
proposed work has its limitations when the information expressing uncertainty has more
characteristics and can be extended to the environment of interval-valued IFSs [45]. We
also aim to extend this work to the frame of complex IFSs [46], complex Pythagorean fuzzy
sets [47], complex q-rung orthopedic fuzzy sets [48], and T-spherical fuzzy sets (TSFSs) [49].
The proposed Aczel-Alsina AOs can also be associated with Maclaurin symmetric mean
operators [24] and Bonferroni mean operators [50].
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