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The aim of this paper is to develop partitioned Pythagorean fuzzy interaction Bonferroni mean operators based on the Pythagorean
fuzzy set, Bonferroni mean, and interaction between membership and nonmembership. Several new aggregation operators are
developed including the Pythagorean fuzzy interaction partitioned Bonferroni mean (PFIPBM) operator, the Pythagorean fuzzy
weighted interaction partitioned Bonferroni mean (PFWIPBM) operator, the Pythagorean fuzzy interaction partitioned
geometric Bonferroni mean (PFIPGBM) operator, and the Pythagorean fuzzy weighted interaction partitioned geometric
Bonferroni mean (PFWIPGBM) operator. Some main properties and some special particular cases of the new operators are
studied. Many existing operators are the special cases of new aggregation operators. Moreover, a multiple-attribute decision-
making method based on the proposed operator has been developed and the investment company selection problem is

presented to illustrate feasibility and practical advantages of the new method.

1. Introduction

Pythagorean fuzzy set was first developed by Yager [1, 2],
which is the extension of intuitionistic fuzzy set [3-5].

In Pythagorean fuzzy set, the square sum of membership
and nonmembership is no more than 1, which can lead to
larger feasible space than that of intuitionistic fuzzy set.
Hence, comparing with the existing tools to model fuzzy
and uncertain information, the Pythagorean fuzzy set is more
powerful and flexible. In the literature, many studies have
been conducted for decision-making problems with complex
uncertainty in Pythagorean fuzzy environment [6-12].

Yager [12] developed the Pythagorean fuzzy weighted
averaging (PFWA) operator and Pythagorean fuzzy weighted
geometric averaging (PFWGA) operator. Garg proposed
some Pythagorean fuzzy Einstein aggregation operations in
[13] and Pythagorean fuzzy Einstein geometric aggregation
operators using f-norm and ¢-conorm in [14]. Some Pythag-
orean fuzzy interaction weighted geometric aggregation

operators were proposed in [15]. Yang and Pang [16] devel-
oped some Pythagorean fuzzy interaction Maclaurin sym-
metric mean operators. Peng and Yang [17] defined the
Pythagorean fuzzy Choquet integral aggregation operator.
Zhang et al. [18] proposed generalized Pythagorean fuzzy
Bonferroni mean operator. Liang et al. [19] developed
Pythagorean fuzzy geometric Bonferroni mean and weighted
Pythagorean fuzzy geometric Bonferroni mean operator. Wei
[20] presented some Pythagorean fuzzy interaction aggrega-
tion operators. Wei and Lu proposed some Pythagorean
fuzzy power aggregation operators in [21] and presented
some Pythagorean fuzzy Maclaurin symmetric mean opera-
tors in [22]. Zeng [23] developed Pythagorean fuzzy probabi-
listic ordered weighted averaging operator by considering
probabilistic information in aggregating Pythagorean fuzzy
values. Garg [24] proposed some probabilistic Pythagorean
fuzzy aggregation operators by considering probabilistic
information and decision maker’s attitudinal character. Peng
and Dai [25] proposed Pythagorean fuzzy stochastic decision-
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making method based on the prospect theory and regret the-
ory. Some Pythagorean fuzzy multiple-attribute decision-
making methods have been developed including the TOPSIS
[26], QUALIFLEX [27], clustering analysis [28], TODIM
[29], and VIKOR [30]. Pythagorean fuzzy set has been further
extended to accommodate interval values [31, 32], linguistic
variables [33] and so on.

Though several studies have been conducted in Pythago-
rean fuzzy environments, interaction between membership
and nonmembership is considered less in existing studies
and partitioned Pythagorean fuzzy values to be aggregated
are rarely considered yet.

Bonferroni mean (BM) was introduced by Bonferroni
[34], which has the capability of capturing interrelationship
among arguments to be aggregated by considering conjunc-
tion among each pair of aggregated arguments. Yager [35]
provided an interpretation of Bonferroni mean as involving
aproduct of each argument with the average of the other argu-
ments. Beliakov et al. [36] developed generalized Bonferroni
mean to extend the Bonferroni mean in a more general form.
Beliakov and James [37] extended the generalized Bonferroni
mean to intuitionistic fuzzy environment. Xu and Yager
[38] extended the Bonferroni mean to accommodate intui-
tionistic fuzzy values. Zhu and Xu [39] developed hesitant
fuzzy Bonferroni mean operator and weighted hesitant fuzzy
Bonferroni mean operator. Zhu et al. [40] explored the
geometric Bonferroni mean under hesitant fuzzy environ-
ment. Xia et al. [41] introduced the Bonferroni geometric
mean and further developed intuitionistic fuzzy geometric
Bonferroni mean operator. Blanco-Mesa et al. [42] developed
Bonferroni ordered weighted averaging index of maximum
and minimum level operators by using Bonferroni mean,
OWA operators, and some distance measures. Liang et al.
[43] proposed the Pythagorean fuzzy Bonferroni mean and
the weighted Pythagorean fuzzy Bonferroni mean. Dutta
and Guha [44] presented the partitioned Bonferroni mean
for 2-tuple linguistic information by considering the parti-
tioned attribute class. Z. Liu and P. Liu [45] developed intui-
tionistic uncertain linguistic partitioned Bonferroni mean.

In some cases, the interrelationship does not exist in the
whole attributes, but in some of the attributes. For example,
consider a candidate selection problem for research sector
in a university where the best candidate is selected among
several candidates based on the following attributes: manage-
ment skill (A,), interpersonal relationship (A,), research
ability (A;), and grant (A,). The attributes should be parti-
tioned into two classes P, ={A;,A,} and P,={A;, A,}.
Obviously, A, and A, are interrelated and they belong to
P,. A; and A, are interrelated and they belong to P,. But
there is no interrelation between P, and P,. Hence, there is
a need to partition attributes into several classes when there
is no interrelationship among all the attributes but there is
interrelationship among parts of the attributes. Though
many useful Bonferroni mean operators have been developed
in various environments, the partitioned aggregation opera-
tors in Pythagorean fuzzy environment have not been con-
sidered yet. Moreover, interaction between the membership
and nonmembership of Pythagorean fuzzy values should be
considered in the partitioned Pythagorean fuzzy aggregation
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operator. Hence in this paper, based on the partitioned
Bonferroni mean operator, we develop Pythagorean fuzzy
interaction partitioned Bonferroni mean operators by con-
sidering partitioned values and interaction between member-
ship and nonmembership. Then, we give a new multiple-
attribute decision-making method based on the partitioned
Bonferroni mean operators. Comparing with the existing
methods based on the Bonferroni mean operators, our pro-
posed method is a good complement to the existing work and
it can be used to solve more complex multiple-attribute
decision-making problems.

The structure of the paper is as follows. In Section 2, some
basic concepts on Pythagorean fuzzy set and Bonferroni
mean have been reviewed. In Section 3, some Bonferroni
mean operators in Pythagorean fuzzy environments con-
sidering interaction have been developed including the
Pythagorean fuzzy interaction partitioned Bonferroni mean
(PFIPBM) operator, the Pythagorean fuzzy weighted inter-
action partitioned Bonferroni mean (PFWIPBM) operator,
the Pythagorean fuzzy interaction partitioned geometric
Bonferroni mean (PFIPGBM) operator, and the Pythago-
rean fuzzy weighted interaction partitioned geometric Bon-
ferroni mean (PFWIPGBM) operator. Some properties and
some special cases of the new aggregation operators have
been studied. In Section 4, a new multiple-attribute group
decision-making method based on the new proposed opera-
tors has been proposed. In Section 5, the problem of invest-
ment company selection has been presented to illustrate the
new method and some comparisons with other methods
have been conducted. Conclusions have been given in the
last section.

2. Preliminaries

Pythagorean fuzzy set [1, 2] is the extension of fuzzy set and
intuitionistic fuzzy set. We review some concepts of Pythag-
orean fuzzy set and their operations in the following.

Definition 1 (see [26]). Let X be a fixed set. A Pythagorean
fuzzy set P on X can be represented as follows:

P={<x, (up(x), vp(x)) > |x € X}, (1)

where pp(x): X — [0, 1] is the membership function and v,
(x): X —[0,1] is the nonmembership function. For each
x€X, it satisfies the following condition 0< (,(x))* +

(vp(x))? < 1. mp(x) = \/1 — (1p(x))* = (vp(x))? is the inde-

terminacy degree of x to X. For simplicity, (yp(x), vp(x))
is called a Pythagorean fuzzy number (PFN), denoted by

1= (up)* = (vp)’, and

(¢4p> vp)> where pup, vp € [0, 1], 71p =

0< (up)" + (vp) < 1.

Definition 2 (see [26]). Let a = (py Vy)> @1 = (> Vs, )> and
o, = (//t%, v,,) be three PENs. The operations are as follows:

(1) vy @a, = (\/#él + g, — #ilﬂiz,valvaz)-
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_ 2 2 2 42
(2) oy ®a, = (yalyaz, Vo, Ve valvaz)

(3) ka = ( 1-(1-w2)F, (va)k>,k20.
(4) o = (y’;, 1-(1 —vg)"),kzo.
Let a=(u,v,) be a PEN; the score function [26] is

defined as
S(@) = ()" = (va)*- (2)
The accuracy function [46] is defined as

Ad) = ()" + (va)™. (3)

Definition 3 (see [2]). Let ay = (pty > vy, ) and o = (pt, > Vs,
be two PFNs. Yager and Abbasov defined the following
method to compare two PFNs:
(1) If S(a;) < S(evy), then «; < a,.
(2) If S(a;) = S(y),
)
)

(i) IfA(a;) < A(a
(ii) If A(a,

,), then a; < a,.

=A(a,), then o) = a,.

Example 1. Suppose a, = (0.6,0.4), a, = (0.5,0.6), and a; =
(0.7,0.0), the corresponding weight vector is (0.25,0.4,0.35),
then o =w,a; ® w,a, ® wyar; = (0.6045,0). This means that
nonmemberships have no effects on the overall results,
which is not reasonable. In order to overcome this shortcom-
ing, some new operational laws on Pythagorean fuzzy set
were developed.

Definition 4 (see [20]). Let a = (4> vy), &y = (4 » Vs, )> and
a, = (Uy,»Va,) be three PENs. The operation laws can be
defined as follows:

— 2 2 2 2
(1) ay@a,= ( Ha, + Mg, — P M,
2 2 a2 a2 g2 a2 _ a2 42
\/v Ve, = Ve, Va, ~ My, Va, valy%).

— 2 2 2 2 2 2 2 42
(2) 0(1 ®“2 - (\/nual +#o¢2 _Au(xltuotz _lelytxz _Au(xlvotz’

2 2 2 42
Vo, + Ve, valvaz)

3 Aa=(\/1-(1-2)

A>0.

@ @'= (- - (- g o)
1-(1-%)")A>0.

A=) - (1= 22,

Equations (1) and (2) can be rewritten as follows:

won=(\/1-(1-m)1-4),

(L= ) (1= g ) = (1= (2, +2)) (1K, +v§2)))”2)
(e
VI, 0= -0, +2)).
@@= (/192 )(1-v2) = (1= (3, + V3 ) (1= (1, +2,))
=)
(YT T (- )

1/1—]‘[]?:1(1-@])).

Definition 5. Let ay = (i, » v, ) and ay = (4, ,V,,) be two
Pythagorean fuzzy numbers. The Hamming distance
between «, and «, can be defined as follows:

()

@ e vl @

1

d(ay, ay) = % (

3. Pythagorean Fuzzy Weighted Interaction
Partitioned Bonferroni Mean Operator

The Bonferroni mean (BM) aggregation operator was
defined by Bonferroni [34] in 1950. It was generalized by
Yager [35] and others. The BM operator has the following
forms.

Definition 6 (see [35]). For any p, g > 0 with p + ¢ > 0, the BM
aggregation operator of dimension 7 is a mapping BM:
(R")" — R, such that

1 n 1/(p+q
BMP(ay, a,, ..., = P 1 .
(al a, an) (I’l(l’l _ 1) i,j;,i;kjal a})
(5)
Definition 7 (see [44]). For any p,q >0 with p+g>0 and
T=(ay,a,...,a,) with a,>0(k=1,2,...,n), which is

partitioned into d distinct sorts Pj,P,,...,P,;, where

UZ:1Ph =T, the partitioned Bonferroni mean aggregation
operator of dimension n is a mapping PBM:

1/(p+q)
q) ) ,

(6)

where |P),| denotes the cardinality of P, d is the number

PBMP(ay, a,, ..., a,)

Sz (e 2

i€P), JEP)j#i

of partitioned sorts, and Y¢_ [P, =n.

Definition 8. Let T = (a4, a,, ... , a,,) be a collection of PFNs,
which is partitioned into d distinct sorts Py, P,, ..., P;, where



«;=(upv;)(i=1,2,...,n)and UL, P, = T. The Pythagorean
fuzzy interaction partitioned Bonferroni mean (PFIPBM)
operator is defined as follows:

PFIPBM?(ay, a,, ..., )
g 1/(p+q)
%eP»#i“j))) s

BYSVS 1
—3<$h1(P—h|@iep,,<“f®<—|Ph_l
(7)

where p,q>0, |P,| denotes the cardinality of P,, d is the
number of the partitioned sorts, and Zizl |P,| = n.

Theorem 1. Let o; = (4, v;)(i=1,2, ..., n) be a collection of
PENs and p, q > 0. The aggregated result of PFIPBM operator
is still of a PEN, which has the following form:

PFIPBMP (), oy, ..., t,,)

B 1 d 1 “P 1 g 1/(p+q)
=71 ®n= B, Diep, | 0 ® -1 D jep, it

= ((1— i[ (1— (1—11(1—(1—vf)P(1—§+q)
1P, 1(p+q)
R (RN

d N U(p+q)\ 4 172
‘[[((1;[ (1= (i +v7)) 17) ) )
(8)
where f: HjEPh,j# ( (1 _ ) +1-— (M v ) )1/(|Ph‘—1)

1/(|P,]-1)
and = ([Tjep, ;i1 - (12 +v7))7) 100,

Proof 1.

Complexity

q
® jep, j#i%]

AR
IT(-(-)" (- (1))

jEP),, j#i

ILO-Ee)) )

JEPj#i

1 1
By =1 CiePuiti®

(‘ ‘ 1)
<( i l”Jl ) ( (‘u]-'—v,?)))/ h )
J h]l

V(Py-1)\ 12
</ 1— [,4 + V5 ))q> .
€P,,j#i

172

(9)
Let
6= (- (-9 (- ()"
2\ V0P
(L0 G))
JEPj#i
e (IPh% ® jep, j+i% )

=(¢o—%Va—£+m—o—oﬁ+ﬁ»%,
1—f+f1)>

1
P, (“I’? ? (|Ph|—_1 ® et >)
(( “TI(--w)a-gen
i€P),

+o—wﬁwﬂwoy7
(HO—uwW

i€Py

—Hu—w+@f0m)

i€Py,

e (1=E4m)+ (1= (2 +v0))"n)
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1 1 . 1/(p+q)
(VT Pieh (“f ¢ (|Ph| -1 e’f“’wf'*"“f')))
- <<<1—H(1— (1-v2Y(1-E+n)
ieP,

+(1- (4 +vf))pfl) o

iy \ 0
JI(- @ evd))n) )

h g\ VO 12
—<1;I((1—(Mf+vf))p’1) ) ) ,
(1—(1—H(1—(1—vf)P(1—£+q)

1/|P|
(1 (2 +v§))*’;7) '

1/|P,| Wpray 12
+g((l—(‘uf+vf))pq) ) > >,

(st (o (o fromnen) )
( 1_ﬁ<1_<1-H(1—<1—v%)"(1—s+n>

ieP),

» \ VIR 1/(p+q)
+ 1-(u +vf n >
,@h(< (4 +v)))'n)
12
pp NP (p+a)
+ H((l—(y +v})) ;1) ,
iePy,

ﬁ (1— (1—H(1—(1—v§)"(1—5+q)

iePy,

[Py

- +v%>>"n)

' <g((1 - (u +v§))pn>”Ph|> v q>>
_g<(g((l_(!‘f+ 1) )“Ph> (P*‘D) @\ 2
1 (10)

Moreover,

(MprrpEMPra )2 + (Vprppamea )2

+
/E
—~
—
—
|
—
=
+
2
o
S~—
S~—
S
=
N
]
~——
<
3
)
N~

since

/(|Py|=1)

(Ie-@ey)

jEP),,j#i

then 0 <7 <1and

., " U(p+q)\ V4
031—H(<H((1—(yf+vf)y,1) ) ) <1.

h=1 i€P),
(13)

Hence, the aggregated result of the PFIPBM?? operator is
still a PFN.

Theorem 2 (idempotency). Let o; = (4, v;) (i=1,2, ... ,n) be
a collection of PENs and p, q > 0. Ifall a;(i=1,2,...,n) are
equal, that is, ;= a = (u,v) (i=1,2,...,n

PFIPBM™(ay, ay, ..., a,) = a. (14)



Proof 2. Let PFIPBM?(a;, ay, ..., «,,) = (0, 7). Because p, =
u and v; = v, then we get

&= H (1 - (1 - vf)q + (1 - (‘ujz + v?))q) B

J€P#

= 11 (1_(1—v2)q+(1—(#2+v2))q)1/<‘[’”71)

JEPsj#i
=1- (1 —vz)q + (1 - (;42 +v2))q,

AR
= (JL0-())

jEPyj#i

1/(|P,|-1)
(I -y

jEP j#i

= (1- (2 +)"

Therefore, we have

h=1 i€Py,

(1 b
1/|P,|

(1= (@) (1= (1 +9))")

(p+g)
1=+ ) 0= )
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(0w

=(1—(1—v2)+(1—(y2+v2))—(1—(y2+

)=

(16)

Hence, we get (0, 7) = (4, v) and PFIPBM™(a,, a;, ...,
a,)=a.

Theorem 3 (commutativity). Let o; = (p;, v;) (i=1,2,...,n)
and o ;= (U ,v'}) (i=1,2,...,n) be two collections of PENG.
Ifd ;= (4, v',) is any permutation of a; = (u,, v;), then
PFIPBMP4 (aty, a1y, ... , ) = PFIPBMP4 (a’l, oy ... ,oc'n).
(17)

Proof 3. By using (8), we can get

PFIPBMP(a, ay, ..., @)

- ((1 f[ <1— (1—H(1—(1—V?)P(1—E+ﬂ)

f[(l— (1—H(1—(1—v§)"(1—§+q)

ieP),

1/|Py|

L= (s +99)) )
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! (H((l ~ (1 +v3))"n) “Ph> 1/@”)) i

i€Py,
) 1 2 oyyp\ VI Vipsa\ -
(g enr ™) |
(18)
where
= I (0= () () )
jEPy,j#i
. ] ([P, |-1)
” ’€g¢i<l_(#§+‘)fg>)) :

PFIPBMP (a'p ayrns oc'”)

(B EIREOIE

+ (1 - ([4'.2 +v,‘2)>p71>1/\P,,\
T
I (o)) ™)

+ (1;{((1 - (Wi +v'?)>1”1/)1/Ph> 1/@+q>> 1/d> 1/2)
(ﬁ (1 <1£[h(1 (Lv,’?)p(l*fw')

(2 +2))) "™
(- () ™)

+ ( <<1_( ’,2+v/?>)17 /)”Ph)l/(l’ﬂ])
icp, Hi Ny

_ ﬁ (Q;I,((l - (#’? +vlf))pﬂ')1”’h> ”<P+q)> 1/d> 10))

1/(p+q)

1/d

(19)
where
- IL0-0-)"s (- ))
/ 2 2\\4 VB
n:égAL«m+hD>
(20)

Since o; = (4';,v';) is any permutation of &; = (;, v;),
then we can get

PFIPBMP(a}, oy, ..., )
= PFIPBMP4 (a;, wh . oc;) .

(21)

Theorem 4 (boundedness). Let & = (1,0) and ¢ = (0, 1), then

& < PFIPBMP(a, at,, ..., t,) < & (22)

Proof 4. The property of boundedness can be proved easily by
using Theorem 1.

Some of the special cases of the proposed PFIPBMP4
operator regarding parameters p and q are as follows:

(i) When g — 0, we can get

&= H (1 - (1 _V];)q + (1 - (//112 +v12->)q) VR =1,

JePyj#l

g /(|Py|-1)
n= I (1_(Mj+v§))> _1.
P, j#i

(23)

Thus, we can get

PFIPBM? (o, 1y, ..., at,)

C-ﬁ(h<beru—@P

h=1 i€P,

NPW%ﬁWYW+H@k@%ﬁWym>

i€Py,

' (H (1= +v))) ”Ph> “P> ud> 1/2,
(ﬁ <1_ (“H(l— (1)’

i€Py,

N“W%ﬁWYW+QUFW%ﬁwyﬁ>
+ (1;{ (1= (u +vf))1’)1/Ph>l/P> d



(ii) When g — 0 and p =1, we can get

&= 1 (1 - (1 —v?)q + (1 _ (#]2 +v]g)>q>1/(\Ph\—1)

jEP#i
1/(|Py|-1)

q
(o)) -
j€P),,j#i

Thus, we can get
PFIPBM" (o}, oy, ... , @)
] ya\ 12
Py
([T (rro-e) )
(( h=1 <iePh

J 1/d

(10

h=1 \ieP,

i vd\ 12
_ (1 _ (;42 n 2))1/|Ph> )

E (z’ePh

(iii) When p — 0, we can get
PFIPBMP(ay, ay, ..., at,,)
d
= {-TI(1- 1—H(1—1—v§"
h=1 Pt
ay V([Py
(1)
(-0 M
N\ 4
AT (- () )
jEP,,j#i
12

IT (1

(1&&#1‘
d

-)™))
11
h

(-

+(1-(+v))) B
IT (- (« +v]2_>)q> ”(Ph"”)
d

€ Py j#i
2\ YOP-D Ve
(- (+))

I1,(- (-

JEPyj#i
1/q

1d

11

j€P, j#i

Complexity

>

(27)

(iv) When p — 0 and, g =1, we can get

(25)
PFIPBM™(a, a,, ... , a,))
12
d wpn)
- - H H ( _‘MJ) ’
hel \jeP.j#i
4 v\ "
I 11 (1-#)
h=1 jeP,j#i
(26) . ey Y4\
(et
h=1 jeP)j#i
(28)
If all the PENs are partitioned into one sort, then the
PFIPBM operator reduces to the Pythagorean fuzzy interac-
tion Bonferroni mean (PFIBM) operator as follows:
PFIBM(ocl, Ay oens )
U(p+a)
q
n(n ol w( ®“f))
-y (1-93)°
(pta)
+(1-( — (w2 ++?))’
‘ul + vl 1 Wi +vj
n
+ (1= (u +v}))”
=T
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o)) )
* (11— yjz.+v? ) >
(29)

Definition 9. Let T = (&, ay, ... , «,,) be a collection of PFNs,
which is partitioned into d distinct sorts Py, P,, ... , P;, where
«;=(upv;) (i=1,2,...,n) and UL,P,=T. The Pythago-
rean fuzzy weighted interaction partitioned Bonferroni mean
(PFWIPBM) operator is defined as follows:

PFWIPBMP!(ay, a,, ... , &)

1 <@d ( 1
d\ "R (Py - 1) (30)
U(p+q)
® jep, joi ((wier) © (wjer;)")) ) ’
where p,q>0, |P,| denotes the cardinality of P,, d is
the number of the partitioned sorts, and Y4_ |P,| =n. W =

(wy, w,, ..., w,) is the weight vector of (a, a,, ... , a,) satis-
. . n
fyingw; €[0,1},j=1,2,...,mand 37 ,w; = 1.

Theorem 5. Let o; = (y;, v;) (i=1,2, ..., n) be a collection of
PENs and p, q > 0. The aggregated result of PFWIPBM opera-
tor is still of a PFN, which has the following form:

PFWIPBM?(ay, a,, ... , &)

1 o ( 1
d\ "=\ P, [ (1P, 1-1)

. 1/(p+q)
@ iep, jpi(W;o)f ® (w)a;) >

d
-] 1_<1_ I (1-&+n)" B

h=1 i,jePy i

1/(p+q)
+ H nll(PhI(Phl))>

ijePy,jiti
vdy\ 12
+ H nlf(\Ph\(lPh\-l)(Pw)) ,
ijeP, j#i
ﬁ ( ( H V(|Pyl(1Ps]-1))
1-[1- (1= &+ )"/ 0PRlUR
h=1 ijePy, j#i

i,j€P,, j#i 1,jE€P,j#i

1/p+q 1/d
+ H ,71/<Ph(Phl-1))> + H ,Il/(lPh(Ph—l)(Pw)))

1/2

d
_ H H nll(lph\(\Ph\*l)(PW)d)
h=

1 i,jeP, j#i

(31)

where £= (1 (1= )" + (1= (4 +37)") (1 (1 - )"
# (= + D)) and = (1 (8 +7)"(1 - (s +
v

Proof 5.

(wa)'® (we)"( ((1-(-4)" (32)

® i,jePh,j:#i(wi‘xi)p ® (wj"‘j)q

= 1- H (1-&+n), H 1-&+n- H nl,
i,jePyj#i ijePyj#i ijePyj#i
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1 1(p+q)
(= st @ (w)')

i,jePy,j#i i

= (1_ H (1_€+n)1/(‘Ph‘(‘Ph"1))
i,jeP, j#i
V(p+q) 1/2
+ H ;11/(|Ph|(Ph1))> _ H WI/(IP;II(\Ph\*l)G’W))
i,jeP,j#i i,jeP,j#i
(1 _ (1 _ H (1 E_,_ﬂ)l/(\l’h\ [P, |-1))
i,jeP,,j#i
U(p+q)\ 12
+ H ﬂl/(IP;XI(Ph—l))> ,
i,jeP,,j#i
1 U(p+q
cep (Wi @ (wa q)
|Ph| ‘Ph‘ _ 1) JEP;X»J#( ) ( j J)
1- (1 _E_,_,,I)U(\PMQPH*I))
( h=1 ( x,]elP_[h,j#i
1/(p+q) 12
+ H 111/<Ph(Ph|1))> + H ;fll/(‘thPh"l)(P*q))
ijEPy jiti i,jEP,j#i
d
H 1- <1_ H (1 E+f1)1/ P3| (1Py]-1))
h=1 i,jep,, j#i
1/(p+q) d
+ H 111/<Ph(Ph|1))> + H ;/Il/(‘thPh"l)(P*q))
i,jePy,j#i 1jEPyj#i
172
d
H H 1(|Py|(|Po|=1) (p+q)d)
h=1 i,jePy,j#i
(33)
Moreover,
2 2
(Mprwrpsmra)” + (VeEwipBMP4)
d
=1- H 1-]1= H (1-&+ n)l/(lPh\(IPh\—l))
h=1 ( i,jeP,,j#i
U(p+q) Ld
+ H nl/(Phl(Ph_l))> + H nl/(\Ph\(\Ph\-l)@W))
i,jeP,,j#i i,jeP,,j#i
ﬁ < H L/(|Py|(|P|-1))
+ 1-(1- (1=&+p) Tl
h=1 i,jeP,,j#i
1/d

H rll/(‘thPh"l)@*q))

i,jeP,, j#i

+ 11

i,jePy, j#i

1(p+q)
,71/(Ph|<Ph1)>> +

Complexity

d

H H V(|Py[(1Py]| 1) (p+q)d)
1 i,jEP),j#i
d
= H H V(P (P4 -1) (p+g)d)
h=1 i,j€Py,,j#i

(34)

= (5 +v7))"", then 0<y<1
(P I(1Ps|-1)(p+q)d) < 1.

since 7= (1- (2 +2)) (1

and we can get 0<1— HZ:IHi)jeph’#iql
Hence, the aggregated result of the PEWIPBM?? operator
is still a PFN.

Some special cases of the PFWIPBM operator are dis-
cussed as follows:

A If g—0, we can get &=(1-(1-ud)"+
(1= (¢ +v1))") and = (1~ (g +v}))*". Thus,

we can get
PFWIPBM? (o}, a, ... , @)
d
= 1- H (1 —(1- H (1 =&+ ) IR IRAD)
h=1 i,j€Py,j#i

1/2

1p 1/d
+ H nl/(Ph(PHl))) + H ,11/<|Ph(Ph1)P)> ,

i jP, i i,jeP, i

ﬁ ( H 1/(|Py|([Py|=1))

1-(1- (1 =& +p) NHTRE
h=1 i,jeP) jiti
1p 1/d
/(1P| (|P|-1)) ([P, (|P4]-1)p)
+ n + 1
i,jell’_[h,j#i ) i,jelP_[h,j#
1/2
d
H H 1/(|Py|([Py|=1)pd)
h=1 i,jePy,j#i
(35)

(i) If g—>0 and p=1, we can get E=1—(1-p?)" +

(1- (@2 +v2)* and n=(1-(p?+v?))"“". Thus,
we can get
PFWIPBM" (ay, a,, ... , a,,)
M vd\ 12
_ H( H )wi/(Ph(lph_l)d)>
U; )
h=1 \ijeP,j#i
1/d
ﬁ( 2) - ))) (36)
h=1 \i,jeP,,j#i
172
‘ AR 1)d)
H H 1_ +V )>w (1Py|(|Py
h=1 i,jeP),j#i



Complexity
(iii) If p — 0, we can get &= (1~ (1 - p)" + (1 - (4 +
vi))“)?and = (1 - (4 +v}))"". Thus, we can get
PFWIPBM®™(ay, ay, ..., @)

d
= 1- H (1_ <1_ H (1_£+;1)1/(|Ph\(\Ph|‘1))
h=1 i,jeP, i
1/2

1/q 1/d
+ 1 ,,1/<P;,<Ph1>>> + 1 ,11/<Ph<m1)q>) ,

i,jeP, j#i i,jePy, j+i

d
H 1-— (1 _ E‘H’])l/ [Py |(|Py|-1))

IT a

h=1 i,jE€Py,j#i
1/q 1/d
+ LAY > + I woreana
i,jEPy,j#i i,jEP),,j#i
1/2

d
H H /(1Py|(1P4]-1)q4)

1 i,j€Py,j#i

(37)

(iv) If p—> 0 and g=1, we can get’q’-l—(l—y )Y+
(1= (5 +v7)” and n=(1- (g +v}))". Thus,
we can get

PFWIPBM* (a;, ay, ..., a,,)

d wyB2 1)\
(-t ey )

1/d
2\ Wil (1Pul(1P[-1)) (38)
1- yj>

- ﬁ 11 (1_ (yzwz))wﬂ(f’h(\lﬂu—l)d)

If all the PFNs are partitioned into one sort, the
PFWIPBM operator reduces to the Pythagorean fuzzy
weighted interaction Bonferroni mean (PFWIBM) operator
as follows:

1/(p+q)
@ jep, jui (W) ® (wj“j)q)

1
<|Ph|(|Ph|_1)
= <1— IT a

ijEP,,j#i
1/(p+q)
+ H ;11/<|Ph(Ph|_l)>>

i,jeP, j#i

—&+ ﬂ)lf(lph\(\Ph\*l))

1/2

_ H ,II/(IPh\(\Phlfl)(Pw))
i,jeP,,j#i

11
1— (1 — H (1 _§+n)1/(\Ph\(\Ph|‘1))
i,jP jii
U(p+q)\ 2
+ H ,11/(|Ph(Ph1))> ,
ijeb, j#i
(39)

where &= (1—(1-pf)" + (1= (u +v])*) (1= (1= )"

(1= (VD)) 1= (1 (6 )71 6+ D)%
p>q=0; and (wy, w,, ..., w,) is the weight vector of («;, «,,
..., q,) satisfying w; € [0,1],7=1,2,...,n,and Z;‘:le =1.

Definition 10. Let T = (e, @y, ... , a,,) be a collection of PFNs,
which is partitioned into d distinct sorts Py, P,, ... , P, where
«;=(u,v;) (i=1,2,...,n) and UL,P,=T. The Pythago-
rean fuzzy interaction partitioned geometric Bonferroni
mean (PFIPGBM) operator is defined as follows:

PFIPGBM™(ay, ay, ..., )

1 ~ 1/d
= (@gl <PTq ( ® i,jEPh,j$i((pai) (&) (qaj)))llqphmph‘ 1))))

(40)

where p,q>0, |P,| denotes the cardinality of P, d is the
number of the partitioned sorts, and ZZ:1 |P,| = n.

Theorem 6. Let o, = (u;, v;) (i=1,2, ..., n) be a collection of

PFENs and p, q > 0. The aggregated result of PFIPGBM opera-
tor is still of a PEN, which has the following form:

PFIPGBM™(ay, ay, ..., @)

1 —
- (® 1 (PT‘I (® i,jePh,jati((P‘xi) ® (qo‘j))) HEIE 1>)))

= ﬁ 1—(1— H(l

h=1 ijEPy j#i

1/d

—E+ n)l/(\P;xl(IPh\-U)

1/d

H nll(\Phl(\Ph\*l)(Pw))
i,jePy, j#i

1/(p+q)
+ H nll(Phl(lphU)) +

i,jeP,,j#i
12

d 1/d
H( H Ph(Phl)(P+q))> ,
h=1 \i,jeP,j#i

d
_ H 1— <1 _

h=1

H (1_6_,_17)1/ [Py |(1Py|-1))

i,jeP, ji

1(p+q)
+ H 1/,1/<Ph|(|Ph_1)>>

i,j€P, j#i



12
va\ 12
i H 7 (Psl(PaI=1) (p4) ,
i,jePyj#i
(41)

where  E=(1-2f(1-2)" and n=(1-(2+2)
(1= (g + V)"
Proof 6.

o= (1 0P 0@y O o))
o —<l—uﬁ>ﬂ<o—uf>q—<1—<uf+vf->>q>“)’

(po;) ® (qo‘j)
- (yfi--sr (=)’ (- (1)
-G (- (4 +)) ).

(42)

Let = (1) (1-42)" and n=(1- (2 +v2)/(1-

(/4]2, + vjz-))q, then
® jep, jui((P;) ® (q“j))

- ¢H (1=E+n) -

I »

i,jeP, j#i i,jeP, j#i

\/1— II a-&+n ).

i jP, jti
1 (1P, |(|1Py]-1
biq (®i,jePh,j¢i((p“i)€B (q“j))) (ElP=1)
- [:1- <1_ T (1= n)H0min)
i jeP, i

1/2

1/(p+q)
+ H rll/(Ph(Phl))>

ijeP, i

(1_ H (1 E""’I)l/ [Py|(1P4]-1))

i,jePy,j#i

1/(p+q)
+ H ,71/<Ph<Ph—1>)>

ijeP,, j#i
172

_ H ,71/(\Ph\(\Ph\*1)(P+q)) ,
i,jeP,, j#i

Complexity

1/d

< el <p% (®ijep, i ((p) ® (q0t}))) 1/<IPh\(\PhI—1>)) )

(- 1o

i,jePy, j#i

iy ,7)1/ LAY

1/(p+q) 1/d
+ nl/(Ph(lphl))) + H ,71/(|Ph(P111)(P+Q))>

i,jEP,j#i i,jEPy,j#i
172
d 1/d
— H< H nl/(lph(f’hl)(}’*‘l))>
b
h=1 \ijeP,j#i

AR

d
-1 1—(1— II @
h=1 i,jEPy, j#i
(p+q)
+ H Ul/(Ph(lph_l))>

i,jePy,jti
12

1/d
+ H ﬂl/(Ph(lph_l)@"’q)))

i,jeP,jiti
(43)
Moreover,
2 2
(Upregemea)” + (Verpgemes)
d
= H 1— (1 _ H (1-&+ n)lf(lPh\(\Phlfl))
h=1 i,jeP,, i
1/(p+q) d
+ H ,lll(PhI(IPhl))> + H nll(\PthPh\*l)(P*q))
ijeP, i ijeP,, i
B 1/d
_ H( H nl/(Ph(Phl)@w)))
h=1 \i,jeP,,j#i
d
+1- H 1- (1_ H (1 E"’ﬂ)l/ [Py|(|Py|-1))
h=1 i,jeP, j#i

i,jePy, j#i i,jeP, j#i

vd
L/(|Py|(|Pal= 1)(1’“1))) ,

1/(p+q) 1d
+ H ;11/<P}x|(|Ph_1)>> + H #H(Pul(IPy=1 (P+q))>
=TT I

h=1 \i,j€Py,j#i
(44)

since 17:(1—(yf+vf))p(1—(y]?+vf))q, then 0<n<1
and we can get

d 1/d
0<1- H( 11 ,71/<Ph<|Ph—1>@+q))> <1 (45)

h=1 \iLj€Py,j#i



Complexity

Hence, the aggregated result of the PFIPGBMP!
operator is still a PFN.

Theorem 7 (idempotency). Let T = (ay, ,, ..., ) be a col-
lection of PENs. If all ay (k=1,2,...,n) are equal, that is,
a=a=(uv)(k=1,2,...,n), then

PFIPGBMP(a}, ay, ..., @) = . (46)

Theorem 8 (commutativity). Let oy = (4, vy) (k=1,2, ...,
n) and &, (k=1,2,...,n) be two collections of PENs. If
o =V (k=1,2,...,n) is any permutation of & =
(b vi)» then

PFIPGBM(a;, as, ... , ,) = PEIPGBMP4 (a{, ayo a;) .
(47)

Theorem 9 (boundedness). Let a=(1,
then

0) and @=(0,1),

& < PFIPGBMP(a, 1y, ..., t,) < . (48)

Some special cases of the PFIPGBM operator based
on the parameters p and g are discussed as follows:

(i) When q—0, we can get &=(1-p2) 5=
(1= (a7 + )

PFIPGBM?’(a, ay, ... , ;)

d
) (H <1_ (1_ IT (1=’
h=1 i,jEP,,j#i
+ (1 _ (.”,2 +v%>)p)l/<|Ph‘(‘Ph"1)>

o st

i,jeP j#i

DINECITIE

ijePy j#i
- 1 (- e 0= ody) )
5jEPy j#i
d
T (-1
ijePy j#i h=1 \ijeP,j#i

vdy 12
(1_(‘14 iy ))Pl/(lph\ [Py=1)p )) )

< ﬁ(l_ L= (4 +v ))pl/“)"' IPy|-1) )Up

h=1

1/d 1/2
e T (- ) >>> )

i,jeP j#i

13

(i) When g — 0 and p=1, we can get E=1—p?, =1
- (42 ++2), and

PFIPGBM?’ (o}, o, ... , )

1/d
< H )1/ AICA 1)))
h=1 \i,jeP),j#i
172

d 1/d
H( T (1- (2 +v2)) i 1>>> ,

h=1 \ijeP,,j#i
1/d
)1/(P}1(Ph|_1))>

mm.

12
-1I( 1T o
h=1 \iLj€Py,j#i
(50)
(iii) When p— 0, we can get 52(1_#]2)‘1 and 5=
2, 12y
(1= (15 +v7))%
PFIPGBM™(a;, ay, ... , @)

(-0 o0y

h=1 i,jeP,, j#i

' <1 B (‘”12 +V?>)q)1/(‘Phl(|Ph\71))
+ H (1 - (#]2 +v]g)>q/(Ph|<|Phl))> l/g

i jeby i
1Rde @)\
q h nl=1)q
+ H (1—(‘[4]2-+V]2»)>
i jeb, i
i 1/d 1/2
STI( T emdceve )
b=l \ijePp.j#i

ay V(P (1P4I-1)
(=)

1/q
1(PA(1P4I-1))
+ H (1—(y§+v§))q e )
i,jeP, j#i
1/d 1/2
/(|Py|(|Py|-1
C I ( (#+ ))qumh\ >>>
i,jEP),j#i

(51)
i - _ 2
(iv) When p;)O a;nd q=1, we can get E—l—[/tj and
’7:1_(["]‘ +vi)s
PFIPGBM" (o}, oy, ... , ;)

d wrge-m\
- H H j)

h=1 \iLjeP),j#i
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wieoe-n )
) )
1/d 1/2
>1/<Ph|(Ph—1>>>
j

d
TI( I
i,jEP),j#i

d
-1 I
h=1 \ijeP,,j#i

(52)

If all PENs are partitioned into one sort, the PFIPGBM
operator reduces to the Pythagorean fuzzy interaction geo-
metric Bonferroni mean (PFIGBM) operator as follows:

PFIGBM™(ay, a, ..., t,,)

1 m(m—
= qu (®i,jeph,j¢i((poci)e; (‘I“j)))”( (m-1))

([ (1 ngl;[h’j#(1 (1-4) (1 yj)

(= () (1= (o)) )
+ I (a-@+w)

i jEP, j#i
U(p+q)\ 2

, (1 _ (pﬁ +v2)>q)1/<Ph<Ph—1>>>
(1 - 11 (1 -(1 —#f)P(l - ptf-)q

(1 (4 +v§))1’(1 - (M]% +v;))q)
+ 11 ((1- (2 ++2))

i,jeP, j#i

' (1 B (M? +V?)>q)1/<Ph<Ph—1>>>

(53)

L(|Py|([Py]=1))

1/(p+q)

172

(B (3-1)(p+9)
(=)

where p, > 0.

Definition 11. Let T = (ay, ay, ..
which is partitioned into d distinct sorts Py, P,, ...

, &,,) be a collection of PFNS,
,P; and
UZ:1Ph =T. The Pythagorean fuzzy weighted interaction
partitioned geometric Bonferroni mean (PFWIPGBM) oper-
ator is defined as follows:

Complexity

PFWIPGBMP (), s, ... , )
1
d w,
= ® — (®.. L )i
< h=1 (P +q ( i,jEP),,j#i (p(‘xl) (54)
V([P (1Py]=1)) v
®q(e)”)) >) ’

where a; = (4, v;) (i=1,2,...,n); p,q>0; |P,| denotes the
cardinality of P,; d is the number of the partitioned sorts;
and Y9 |P,|=n. w=(w,,w,,...,w,) is the weight vector
of (a, ¢, ..., 00,), w;20,j=1,2,...,n,and 37 jw; = 1.

Theorem 10. Let o; = (u,, v;) (i=1,2, ..., n) be a collection of
PENs. For any p,q>0, the aggregated result of the

PFWIPGBM operator is still a PEN, which has the following
forms:

PFWIPGBM? (o, a5, ..., )

! w; Al
= (o (5 (Suen ot @a(e))) ") )
d
= H 1—<1— H (1
h=1 i,jeP),j#i

1/(p+q) L/d
+ H ;/ll/(Ph<Ph_1)>> + H yll/(Ph(lPh_U(P"'q)))

i,jePy,j#i i,jeP), j#i

1/d

&+ n)ll(\Phl(\PnI—l))

172

d 1/d
(H H L/(|Py|(1Py]-1)( P“D))

1 i,jePy,j#i

H<1<1

1/(p+q)
+ H 171<Ph|(Ph|1))>

ijeP, j#i

AN

IT a

i,jEP,,,j#i

172

1/d
+ H ﬂl/(Ph(Ph_U(P"’q))) ,

i,jeP,,j+i

(55)

where €= (1= (1-v3)" + (1= (4 +¥))") (1= (1 =)
# (L= D))" and = (1= (497" (1 - (i +
v

Proof 7.

= (((1 —v) - (1= (i +vg))wz)“2,

(-0-9")



Complexity

Let
® ijepj#i ((Po‘?}") ® (qa'f" ))
=¢= (1 - (1 - v?)w" + (1 _ (#12 +Vl;))w,>l’
(= ()7 (o))

w;q

q:(1-(yf+vf))‘“4’(1-(Vj,wf)) :

¢Ila—&wr I

i,j€Py,j#i i,jeP, j#i

\/1_ H (1-&+n) |,
i,jEP),j#i
e (Susmn ()8 (7))

= 1_<1_ I1 @ CAGARY
i,jeP,,j#i

1/(p+q)
+ H ﬂI/(Ph(PhIU))

i,jeP, j#i

i,jePh,j;&z
1(p+q)
+ H nl/(Ph(Phl_l)>>

ijePyjti
1/2

_ H nll(\Ph\(\PhI*U(Pw))
i,jeP,,j#i

—&+y

172

—E+ ,1)1/ Pyl (1P|=1))

15

(o)
- ﬁ (1— (1— IT a
=1 i,jEPy,j#i

1/(p+q) Ld
N ,71/<Ph<Ph1)>> + T et
i,jePyj#i

—&+ ,7)1/ [Pyl ([Pr|=1))

i,jeP,,j#i
172

d 1/d
_ <H H nl/(Ph(Ph-l)(PW)))

h=1 i,jePy,j#i

d
-1 1—(1— I a
h=1 i,jePy j#i
1/(p+q)
+ H r]l/(Ph(Ph_l))>

i,jePy,j#i

1/d
7] I([Py|(|Pu]=1)(p+q))
i jeP, j#i

_E 4 ) OB

1/2

+ 11

(57)
Moreover,
(MprwipGBMPY )2 + (VprwipGBMP )2
d
- H 1-[1- H (1 §+,1)1/ LACARY)]
H=1 ( ( P i
1d

1/(p+q)
+ H ,71/(P».<Ph—1))> + H ,71/(\P».\<\Ph|—1)<p+q>)

ijEPyj#i ijPyj#i
d 1/d

~(TT TT n"temvesar ) 4
h=1 i,jeP,,,j#i

_ £ 4 )V

1d
nl/(P;z(Phll)@w)))

I o

i,jEP, i

_ﬁﬁ_ﬁ_

1/(p+q)
o T e ) + 1

hjePyj#i i,jePy,,j#i

d 1d
(H H A )(P+q))> .

h=1 i,jeP),j#i
(58)

Since 7= (1~ (uf ++7))"" (1
n<1 and we can get

- (;4]2 + v%))wfq, then 0<

d 1/d
0S1‘<H 11 ,11/<|Ph<Ph—1><p+q>>> <1 (59)

h=1 i,jePy,j#i
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Hence, the aggregated result of the PFWIPGBM™! is
still a PFN.

Some special cases of the PFEWIPGBM operator are dis-
cussed as follows:

(i) If =0, we can get &= (1 - (1-v7)“ + (1 - (4} +
vi)“) and n=(1- (4 + vi))“".

PFWIPGBM?(ay, a1y, ..., at,,)

{(i(--

(1 - (1 —(1-v})"
h=1 ijeP; j#i

L/(|Py[(1Ps|-1))

# (1 (1 4v2)") + (1= (1 92)"7)

1p
n H (1_(V§+vlg))wip/(lPh(Ph—1))>

ijeP, j#i
1/d
+ 1- ”2+v2 wi/(lph(Ph_l))>
i)jélp_[h#i( (47 +vi))
- 1(|Py|(|Py]-1)) v
_ 1— #2_'_\)2 Wil (1| ([ER = ) ,
(gg&;<, )

d
1- H(l— (1— 11 (1—(1—(1—v§)“’"
h=1 i,jeP, j#i

)wip/(\Ph\(lPh\—U)

+ (= (D)) s (1= (1)
1ip
+ H (1_(#2+V;))wip/(lPh(Ph—l))>

i,jePy, j#i

1/d
+ H 1- (H?+VZ-2)U}{/(Ph|(Ph1))>

i,jeP, j#i

172

(60)

(i) If g=0 and p=1, we can get E=1-(1-v})" +
(1= (f +v))™ and g = (1= (uf + )™

PFWIPGBM" (o}, oy, ... , ;)

d 1/d
H ( H (1 _Vz)wz/(Phl(IPh1>)>

h=1 \ijePy.j#i
172

: 1/d
_<H I (1—(u?+v2))wz/<Ph|<|Ph1>)> |
h=1 ijePyj#i l

i,jeP, j#i

172

d 1/d
1— (1 _vlg)wi/(lph(Phl—l))>
h

=1

Complexity

(iii) If p =0, we can get &= (1 - (1-v)) + (1 - (u +
vi)“)Tand = (1~ (u; +v})"".

PFWIPGBM®™ (o}, ay, ... , ;)
d w;
e —_— —_— p— p— — 2 4
- (I (1 (1 I1 (1 (1 (1 vj)
h=1 i,jeP,,j#i

+ (1 - (IMJZ +V]2‘))w))q + (1 — (//‘]2 +v];))qu) V(P4 (P4]-1))
+ H (1 - (yz +v2)>wfq’(Ph|(lPh1>)> 1/q
AN

i,jeP,,j#i
1(|Py|(|Py|-1 1
C I (1_(“?+V?))w,<\ WP >>>
i,jeP,,j#i
vdy\ 12
d > o\ \ @A PP
_<H H (1—(yj+vj)) ) ,
h=1 i,jeP,, j#i

d .
1—H<1—<1— I1 (1—(1—(1—v§)w]
h=1 i,jePy i
- 1(PyI(PyI-1))
F(1= (o)) (- () )
A\ WP (P4 1)
+vj)>

(1- (s v?))w,»/muph—l»)

1/q
yds 172
+ 11
i,jePyj#i
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(iv) If p=0,9=1, we can get zq':(l—(l—vjz.)wj+
(1= (12 +¥1)™) and = (1 - (2 + )",

PFWIPGBM®! (o, a5, ..., at,,)

= ﬁ( I1 (1 vz)wﬂ(PmPhl)))“d
= Vi

h=1 \ijeP,,j+i
d d\ 12
2 o)\ @R
-(IT II (1= (s++)) ’
h=1 i,jeP,,j#i
J vd\ 12
i (|Pp|(|Pp|=1
- H( 1 (1—v§)wf<‘ WP >>)
h=1 \ijeP, j#i
(63)

If all PFNs are partitioned into one sort, the PFWIPGBM
operator reduces to the Pythagorean fuzzy weighted inter-
action geometric Bonferroni mean (PFWIGBM) operator
as follows:
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PFWIGBMP(ay, ay, ..., ,,)

= }%q (® i,jeP,jti ((Pocgv") ® (qoc}u’))) Hemim-1))

= ((1 - (1 - H (1
i,jeP, j+i

U(p+a)\ 2
+ H nl/(m(ml))) > ,

i,jeP, i

_ £ 4 ) Vnim-D)

<1 _ H (1 —E-I—I’])l(m(m_l))

i,j€P,,j#i

1/(p+q) 1/2
+ H ;71/('"(’”"‘1))> _ H nl/(m(m‘l)(P+Q))) )

i jEP, jiti i jEPyj#i

(64)

4. A New Method for Multiple-Attribute
Decision-Making Based on the Proposed
PFWIPBM and PFWIPGBM Operator

For a MAGDM problem with PENs, let {E}, E,, ... ,E,} bea
collection of decision-makers, let {A;, A,, ..., A, } be a col-
lection of alternatives, and let C={C,,C,, ..., C,} be a col-

lection of attributes. D) = (d@)mxn is a decision matrix

ij
given by decision-maker E,, where dl( (y,] ,vf] ) is the
evaluation value of A; with respect to attribute C; given by
decision-maker E;. (A\;,\,, ..., \,) is the weight vector of
decision-makers, where \, >0 and Y};_ A, = L. Let (w;, w,,
w,) be the weight vector of attributes with w;>0 and
2j-w; = 1. The proposed method based on the new opera-

tors is presented as follows.

Step 1. Decision-maker E; gives the evaluation value of alter-

native A; with respect to attribute C; using Pythagorean fuzzy
number dl(]k). Then, the decision matrix is formed as D% =
k

(dY) k=12t

Step 2. Aggregate different decision matrices into a collec-
tive one by using the PFIPBM operator or the PFIPGBM
operator.

ry= (#vis) = PEIPBMP (1, D))

<$ (|P | l“’h(<“
riron()))) )

17
= (;4,] ) PFIPGBMM( o, r(j))
:(® 1(1) lkePhl#k(( )
@( )) 1/ (IPy|(|Pp|-1)) ))
(65)

where p,g>0, |P,| denotes the cardinality of P,, d is the
number of the partitioned sorts and ZZ:1|Ph\ =t. By using
Eq.(8) and Eq. (41), r;;=(4;;, v;j) can be calculated.

Step 3. Calculate the collective evaluation values of each alter-
natives by using the proposed PFWIPBM operator or
PFWIPGBM operator.

r= (Mi’ Vi) = PFWIPBMP’q(ril, Tigseees rm)

1 o ( 1
d\ "R (1P - 1)

(p+q)
® i,jePh,j#i((wi‘xi)P ® (w](x])q)> ) >

PEWIPGBMP (1,1, T, .. s 1)

(66)
= (Hpvi) =

1 )
. ( ®f (qu (® ijep, i (P()"

/([P |(|Py|-1)) v
@q(e)*))" "))

where p,q>0, |P,| denotes the cardinality of P, d is the
number of the partitioned sorts, and Zzzl [P =n. (w,,
W, ..., w,) is the weight vector with w; >0 and }* ,w; = 1.
By using (31) and (55), the collective evaluation values r; =
(ppv;) (i=1,2, ..., m) of alternatives can be calculated.

Step 4. Calculate the score value S(r;) and accuracy value
A(r;) of the collective evaluation value r; of alternative
A, by using (2) and (3).

Step 5. Rank alternatives according the method introduced
in Definition 3 and select the optimal alternative.

The new method has some desirable advantages as
follows: (1) Pythagorean fuzzy numbers are used as the eval-
uation values, which are more powerful and flexible compar-
ing with other existing tools to model uncertain and fuzzy
information; (2) Bonferroni mean has been used to model
interrelationship of attributes; (3) partitioned Bonferroni
mean operator is used to depict the interrelationship among
different sorts, which can lead to more accurate decision
results; and (4) the interaction between membership and
nonmembership has been considered to avoid unreasonable
results caused by extremely small values of membership or
nonmembership.
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TasLE 1: Pythagorean fuzzy decision matrix D).
C G, C, Cy Cs
A, (0.65, 0.30) (0.60, 0.10) (0.80, 0.30) (0.75, 0.40) (0.80, 0.10)
A, (0.70, 0.20) (0.50, 0.30) (0.60, 0.40) (0.80, 0.10) (0.70, 0.30)
A, (0.50, 0.40) (0.80, 0.20) (0.40, 0.30) (0.90, 0.20) (0.60, 0.30)
A, (0.50, 0.60) (0.40, 0.20) (0.70, 0.20) (0.60, 0.40) (0.85, 0.15)
As (0.80, 0.30) (0.90, 0.00) (0.50, 0.10) (0.40, 0.20) (0.50, 0.30)
TaBLE 2: Pythagorean fuzzy decision matrix D).
o C, G, Cy Cs
A, (0.50, 0.40) (0.60, 0.20) (0.85, 0.35) (0.70, 0.30) (0.80, 0.20)
A, (0.75, 0.25) (0.40, 0.50) (0.70, 0.30) (0.85, 0.20) (0.60, 0.20)
A, (0.60, 0.30) (0.85, 0.10) (0.50, 0.40) (0.90, 0.10) (0.75, 0.25)
A, (0.50, 0.65) (0.30, 0.40) (0.80, 0.15) (0.65, 0.30) (0.80, 0.20)
A (0.85, 0.20) (0.95, 0.05) (0.60, 0.20) (0.40, 0.30) (0.50, 0.40)
TaBLE 3: Pythagorean fuzzy decision matrix D(®).
C G, G, Cy Cs
A, (0.60, 0.35) (0.50, 0.30) (0.80, 0.40) (0.50, 0.25) (0.85, 0.25)
A, (0.80, 0.20) (0.30, 0.40) (0.65, 0.20) (0.90, 0.20) (0.50, 0.40)
A, (0.70, 0.30) (0.80, 0.25) (0.60, 0.30) (0.80, 0.30) (0.50, 0.30)
A, (0.50, 0.50) (0.40, 0.20) (0.85, 0.10) (0.60, 0.20) (0.90, 0.10)
A (0.75, 0.35) (0.80, 0.05) (0.55, 0.25) (0.30, 0.40) (0.40, 0.50)
TaBLE 4: Pythagorean fuzzy collective decision matrix D.
G G G Gy Cs
Ay (0.5889, 0.3510) (0.5706, 0.2119) (0.8206, 0.3515) (0.6765, 0.3335) (0.8210, 0.1927)
A, (0.7541, 0.2187) (0.4115, 0.4089) (0.6545, 0.3081) (0.8589, 0.1742) (0.6122, 0.3090)
A (0.6106, 0.3355) (0.8186, 0.1889) (0.5109, 0.3386) (0.8738, 0.2065) (0.6350, 0.2869)
A, (0.5043, 0.5882) (0.3712, 0.2815) (0.7715, 0.1524) (0.6197, 0.3102) (0.8555, 0.1521)
As (0.8035, 0.2864) (0.9010, 0.0448) (0.5531, 0.1958) (0.3709, 0.3100) (0.4711, 0.4070)

5. An Illustrative Example

An investment company wants to invest a large amount of
money to the following five possible areas: A, —real estate,
A,—energy industry, A;—gold, A,—stock market, and
A;—artificial intellectual company. The company’s board
has decided to appoint an expert panel consisting of three
decision-makers E;(i=1,2,3) to evaluate the investment
opinions on the basis of following five interrelated attributes:
C,—market potential, C,—growth potential, C;—risk of los-
ing capital sum, C,—the amount of interests received, and
C;—inflation. Based on the interrelationship, the attributes
have been partitioned into the following two sets P, = {C,,
C,} and P, ={C;, C,, Cs}. The proposed multiple-attribute

group decision-making method is applied for the selection
of the best investment option as follows.

5.1. Decision-Making Steps

Step 1. Decision matrices D) (k=1,2,3) are presented by
decision-makers when evaluating alternatives with respect
to attributes. The results are shown in Tables 1-3.

Step 2. The collective decision matrix is obtained by aggre-
gating different decision-makers’ evaluation values. The
decision-makers are partitioned into one sort, and (30) is
used to calculate the collective decision matrix, and the
results are shown in Table 4. Here, p=1 and g=2.
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TaBLE 5: Results of different p and g considering interaction.

S(ay) S(ay) S(ay) S(ay) S(as) Ranking of alternatives OA
p=1,q=1 0.0904 0.0950 0.1256 0.0734 0.1091 Ay>As> A > A, > A, A,
p=1q= 0.0904 0.0955 0.1249 0.0742 0.1099 Ay > A > Ay > A > A, A,
p=1,q=3 0.0264 0.0958 0.1163 0.0754 0.2574 As>A;>A,>A > A A
p=2,9=2 -0.0268 0.0891 0.0630 0.0743 0.2040 As>A, > A, > A > A, Ay
p=1g=4 ~0.1183 0.2049 0.5881 0.1483 ~0.3674 Ay> A, > A, > A, > A, A,
p=2,q=3 -0.2481 0.1444 0.4812 0.0797 -0.4889 Ay> Ay > A, > A, > A, A,
p=1,9=5 -0.0570 0.2625 0.6405 0.2327 -0.3190 A3 >A>A > A > A A,
p=2,q9=4 -0.2037 0.1983 0.5309 0.1647 -0.4507 As>A,>A >A > A, A,
p=3,q=3 ~0.2567 0.1791 0.4917 0.1474 ~0.5051 Ay> A, > A, > A, > As A,

Step 3. The attribute weight vector is given as (0.10, 0.20, 0.25,
0.30, 0.15). The alternative’s collective evaluation values are
calculated by using the PFWIPBM operator and p=1,g=2.
The results are as follows

r, = (0.3563,0.3563),
r, = (0.3514,0.1674),
r, = (0.3892,0.1629), (67)
r, = (0.3222,0.1721),
rs = (0.3588,0.1374).
Step 4. The scores of r; can be calculated as follows:
S(r,) = 0.0904,
S(r,) = 0.0955,
(68)

S(r,) =0.0742,

(r)=
(r2) =
S(rs) =0.1249,
(ra) =
(rs) =

S(rs) =0.1099.
Step 5. The alternatives can be ranked according to the rank-
ing of scores S(r;) (i=1,2, -+, 5) to get

A;>As> A, > A > A, (69)

The optimal alternative is A;.
5.2. Comparison Analysis and Discussions

5.2.1. Influence of the Parameters p and q. In order to illus-
trate influence of parameters p and g on the ranking results,
we consider different p and ¢q in Steps 2 and 3. For simplicity,
the same p and g are used in Steps 2 and 3. For example, if
p=1and q=2areusedin Step 2, then p=1and g =2 arealso
used in Step 3. The results are shown in Table 5; here, OA
means the optimal alternative. From the results, we can see
that A; is the optimal alternative in the cases of p=1
and g=3 and p=2 and g=2 and A, becomes the optimal
alternative in other cases. If p=1 and g=1 and p=1 and
q=2, the optimal alternative is A, and the suboptimal

alternative is A;. With the increase of p and g, the suboptimal
becomes A, and A; is ranked last. A; has relatively larger
memberships and relatively smaller nonmemberships com-
paring with other alternatives. Though A, has the largest
membership and the smallest nonmembership among all
the evaluation values, it is still ranked last with increasing p
and q due to the intersection between membership and non-
membership that is considered. The rankings of alternatives
change with different p and g.

The larger the p and g, the more interaction can be
emphasized. But in special cases of p=0 or g=0, there
is no interaction between input arguments. From the view-
point of the risk attitudes, decision-makers are more risk-
seeking with the increase of p and g. By taking different p
and q in the PFIPBM operator, the PFIPGBM operator, the
PEWIPBM, or the PFWIPGBM operator, different risk atti-
tudes of decision-makers can be reflected and different
aspects of decision problem can also be reflected, since the
arithmetic aggregation operator stresses the impact of the
overall input arguments while the geometric aggregation
operator emphasizes the balance of the input arguments
[47]. In real decision-making, decision-makers can select
the corresponding aggregation operator and p and g accord-
ing to their preferences and real needs. For simplicity, the
decision-makers can select p=1 and g =1 if the decision-
maker is risk averse, which is simple and intuitive.

5.2.2. Comparison with Other Methods. If interactions between
the memberships and nonmemberships are not considered,
the PFIPBM operator and the PFEWIPBM operator reduce to
the Pythagorean fuzzy partitioned Bonferroni mean (PFPBM)
operator and the Pythagorean fuzzy weighted partitioned
Bonferroni mean (PFWPBM) operator as follows:

PFPBMP (), &y, ..., @)

1 . 1(p+q)
By Ciem (“5?@ (\Ph\ 1 @)»

vd\ 12

<1 - (/4%)2) 1/ph> 1/(P+q)> |
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TaBLE 6: Results of different p and g without considering interaction.

S(ay) S(ay) S(ary) S(ay) S(as) Ranking of alternatives OA
p=1lg=1 -0.5132 -0.5198 ~0.5082 -0.5213 -0.4771 As>Ay>A > Ay > A As
p=1,q=2 ~0.5041 ~0.5030 ~0.4830 ~0.5110 ~0.4519 As>A > A > A > A, As
p=1,9=3 ~0.4892 ~0.4790 ~0.4437 -0.4946 ~0.4128 As>A > A > A > A, As
p=2,q=2 ~0.5103 ~0.5073 ~0.4989 ~0.5185 ~0.4678 As>Ay>A, > A > A, As
p=1,9=4 -0.4738 ~0.4557 ~0.4063 -0.4791 -0.3758 As>A > A > A > A As
p=2,q=3 ~0.5046 ~0.4962 ~0.4833 ~0.5121 ~0.4522 As>A>A > A > A, As
p=1Lgq=5 —-0.4599 —-0.4349 —-0.3743 —-0.4656 —-0.3444 As>A3>A,>A > A, As
p=2,q9=4 ~0.4943 ~0.4798 ~0.4563 ~0.5009 ~0.4260 Ag>Ay> Ay > A > A, As
p=3,q=3 ~0.5073 ~0.4965 ~0.4914 ~0.5155 ~0.4585 As>A;> A, > A > A, As

and nonmemberships. A; becomes the optimal alternative

d o and A, becomes the suboptimal alternative in all cases. In
H -1~ H (1 - (1-v}) fact, the rankings of alternatives are the same except for
h=t <Py the case of p=1 and g = 1. If interactions are not considered,
Upeg)y M\ the effect of memberships will reduce if one membership is

(1- ’12)> VIRl nearly approaching zero in multiply operation no matter what
about the other memberships and the effect of nonmember-

ships will be reduced if one nonmembership is nearly

(70) approaching zero in sum operation no matter what about

the other nonmemberships. These shortcomings can be over-

where come by considering interactions between memberships and

2y V(IPy1)
E_Jl_ﬁg#i(l_(ug) ) >
I ()™

JEPj#i

PFWPBM? q(txl, 0y, eens )

- % <€BZ_1 m Q)i,jePh’j#i((wi‘x{?) ® (wja;l>>) 1/(P+q))
d w;
<<IH<1( (1- @)
2 wJ L/(d|Py|(|Py|-1))
.(1—(1—<H;1>) >

(110, (-0 (-0)")

h=1 i,j€Py,j#i

(=) )

(71)

If the PEPBM?1 operator is used in Step 2 and the P
FWPBMP?? operator is used in Step 3; the interactions
between memberships and nonmemberships are not con-
sidered and the results are shown in Table 6. From the
results, we can see that the ranking of alternatives is different
from that of considered interaction between memberships

nonmemberships.

If the TOPSIS method has been used, the Pythagorean
fuzzy interaction averaging (PFIA) operator is used to aggre-
gate different evaluation values given by different decision-
makers into collective ones. Then, calculate the weighted
decision matrix D' as in Table 7. The Pythagorean fuzzy
positive ideal solution (PFPIS) can be determined as r* =
(1,135 ... 15) = (max;ry;, max;r,, ..., max;rs;) = ((0.3148,
0.1513), (0.5329, 0.0396), (0.7021, 0.1073), (0.5935,0.1907)
,(0.4240,0.1022)). The Pythagorean fuzzy negative ideal
solution (PENIS) can be determined as r™ = (1], 75, ...,75) =
(min;ryj, min;ry;, ..., min;rs;) = ((0.1684, 0.2434), (0.1908,
0.2058), (0.2700, 0.1954), (0.2082, 0.1828), (0.1918, 0.1847)).
The distances of each alternative evaluation values to the
PEPIS and the PENIS can be calculated by using the fol-
lowing equations, respectively, d} = Z 1d(rypr7), d; = Z] )
d(ryr7)(i=1,2,...,5). We can get dy —0.3196 d; =
0.2887 d; = 0.2150, d; =0.3023,d: =0.2978,d; =0.3098,
d; =0.2454,d; = 0.3047, d; = 0.2278, and d; =0.2175. The
closeness coefficients can be calculated by the equation
CC;=d;/(d; +d}), and we can get CC, =0.4923,CC, =
0.4594, CC, = 0.5863, CC, = 0.4297 and CC, =0.4221. The
alternatives can be ranked according to the ranking of CC;
to get A;>A,>A;>A,>A;. The optimal alternative is
A;. The optimal alternative is the same as the most case
of the proposed method, but the rankings of alternatives
are slightly different.

1
;= PFIA < (Jl),afJZ), e f; ) =< (a’i:l“g())
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TaBLE 7: Pythagorean fuzzy weighted decision matrix D'.

21

c, G, C, C, Cs
A, (0.2046,0.1402) (0.2751,0.1129) (0.4920,0.2945) (0.4046,0.2437) (0.3914,0.1297)
A, (0.2839,0.1038) (0.1908,0.2058) (0.5840,0.1981) (0.5721,0.1664) (0.2607,0.1515)
A, (0.2141,0.1358) (0.4459,0.1350) (0.4507,0.1954) (0.5935,0.1907) (0.2740,0.1408)
Ay (0.1684,0.2434) (0.1706,0.1366) (0.7021,0.1073) (0.3664,0.2098) (0.4240,0.1022)
As (0.3148,0.1513) (0.5329,0.0396) (0.4892,0.1139) (0.2082,0.1828) (0.1918,0.1847)

TasLE 8: Pythagorean fuzzy weighted decision matrix D",
ythag y weig

c, G, C, C, Cs
A, (0.2046,0.8997) (0.2751,0.7110) (0.4920,0.7678) (0.4046,0.7042) (0.3914,0.7673)
A, (0.2839,0.8577) (0.3245,0.8290) (0.3603,0.7329) (0.5721,0.5757) (0.2607,0.8299)
A, (0.2141,0.8951) (0.6970,0.7024) (0.2700,0.7580) (0.5935,0.5995) (0.2740,0.8272)
Ay (0.1684,0.9470) (0.2912,0.7591) (0.4501,0.6163) (0.3664,0.6887) (0.4240,0.7479)
As (0.3148,0.8792) (0.7955,0.0000) (0.2952,0.6431) (0.2082,0.6887) (0.1918,0.8688)

TaBLE 9: Results of different p and g considering interaction with one sort.

S(ay) S(a,) S(as) S(ay) S(as) Ranking of alternatives OA
p=1lq=1 0.1709 0.1893 02253 0.1583 0.1706 Ay> Ay > A > Ag> A, A,
p=19=2 0.0979 0.1073 0.1274 0.0903 0.0953 Ay> Ay > A > Ag > A, A,
p=1,9=3 0.4854 0.1068 05529 0.0920 0.5541 As> Ay > A > A, > A, As
p=2,9=2 0.4507 0.5012 0.5184 0.0904 0.5241 As>A, >A>A > A As
p=1,q=4 0.4996 0.6237 0.5562 0.5878 0.5462 Ay > Ay > Ay > As> A A,
p=2,9=3 0.4183 0.5855 0.4759 0.5463 0.4801 Ay>A>A;>A3> A A,
p=1Lq=5 0.5807 0.6883 0.6175 0.6697 0.6104 Ay >A >A>A> A A,
p=2,9=4 0.5076 0.6526 0.5392 0.6334 0.5463 Ay> Ay >Ag> Ay > A A,
p=3,9=3 0.4883 0.6419 0.5146 0.6245 0.5285 Ay>A>A;> A3 > A A,

(72)

If interaction is not considered in TOPSIS as the
method in [48], the Pythagorean fuzzy averaging (PFA)
operator is first used to aggregate evaluation values given by
different decision-makers into collective ones. The PFA oper-
ator is defined as

1
;= PFA(aE}),aﬁf’, . a@) - - oo

The weighted collective decision matrix D" is calcu-
lated as in Table 8, where the weight vector is also taken
as (0.10,0.20,0.25,0.30,0.15). The PFPIS can be deter-
mined as r* = ((0.2893,0.8577), (0.5329, 0.0000), (0.4501,
0.6163), (0.5721,0.5757), (0.4240,0.7479)). The PFNIS can
be determined as r~ =((0.1684,0.9470), (0.1908, 0.8290),
(0.2700, 0.7580), (0.2082,0.6887), (0.1918,0.8688)). The
distances of alternative’s weighted evaluation values to
the PFPIS and the PENIS can be calculated as df =
0.7299, d; =0.7030, d; =0.6430, dj =0.6901, di =0.4851,
dy =0.4651, d, =0.4159, d;=0.5009,d, =0.4361, d, =
0.6523. The closeness coefficients can be calculated as
CC, =0.3892, CC, = 0.3717, CC, = 0.4379, CC, = 0.3872,
and CC;=0.5735. The alternatives can be ranked as
A;>A;>A; >A,;>A, and the optimal alternative is As.

If attributes are all are partitioned into one sort, (37) is
used to aggregate alternative evaluation values into collective
ones in Step 3 and other steps are the same. Then, the results
are shown in Table 9. From the results, we can see that A,
becomes the optimal alternative in the cases of p=1, g=1,
p=1,and g=2 and A, becomes the optimal alternative in
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TaBLE 10: Results of different p and g without considering interaction with one sort.

S(ay) S(ay) S(ary) S(ay) S(as) Ranking of alternatives OA
p=1lg=1 ~0.4835 ~0.4958 ~0.4628 ~0.4836 ~0.4528 As>A > A > A > A, As
p=1q=2 —0.4628 -0.4627 -0.4270 —-0.4496 —-0.4147 As>A3>A > A)> A As
p=1,9=3 ~0.4399 ~0.4171 ~0.3838 ~0.4183 ~0.3669 As> A > A > A > A As
p=2,q=2 ~0.4567 ~0.4625 ~0.4195 ~0.4358 ~0.4100 As>Ay> A, > A > A, As
p=1,9=4 ~0.4199 ~0.3720 ~0.3441 -0.3920 -0.3225 As>Ay> Ay > Ay > A As
p=2,q=3 ~0.4424 ~0.4384 ~0.3939 ~0.4156 ~0.3830 As>Ay>A > Ay > A As
p=1,9=5 ~0.4029 ~0.3317 ~0.3094 -0.3726 ~0.2843 As>A > A > A > A As
p=2,q=4 ~0.4272 ~0.4057 ~0.3649 ~0.3968 -0.3507 As>Ay> Ay > A > A As
p=3,q=3 ~0.4347 ~0.4335 ~0.3821 ~0.4036 ~0.3734 As>Ay> A > Ay > A As
the cases of p=1and g=3 and p=2 and g=2. A, becomes
the optimal alternative in the other cases. The results are ([ d 1= (1= (1= 2\ Wi
different from those of the partitioned one. If attributes can B — lP_[ 4 ( ( ) ) )
be divided into several classes and there is interaction rela- =1 ISyt »
tionships among the same class and there is no interaction 0\ 2 wiN \ V([P |(|Py]-1))
between classes, the PFWIPBM operator can be used to : (1 - <1 - (Hj) ) )) )
assure accuracy and reasonableness of decision results.

If attributes have been partitioned into one sort and d w.
. . . . . 1-(1-(1-(1- 2\P '
interaction between membership and nonmembership is (1-v7)
not considered, the Pythagorean fuzzy Bonferroni mean h=1 ijePy,j#i
(PFBMP1) operator [43] is used in Step 2 and Pythagorean o w s VR (P4 -1)) 12

. . . j h hl™

fuzzy weighted Bonferroni mean (PFWBMP?1) operator is . (1 - (1 - (1 - vf) ) ! ))
used in Step 3; the results are shown in Table 10. A; becomes
the optimal alternative and A; becomes the suboptimal (74)

alternative. Though the optimal and suboptimal alternatives
are the same as those of partitioned cases, the ranking of
alternatives is different.

PFBMP(ay, a,, ...

- (ﬁ ®iep, j4i (af ®(x;?>> 1(p+q)

i ((1 ) ﬁi,jg¢i<l - (1 - <1 - ('uf)z)wi)

. (1 _ (1 ~ (M?)z)%))”(dﬂ(|Ph—1))>1/2)
(T I (- (- (- 0or))

| (1 ) (1 - (1 _"12‘>q)wj))l/(dph<1)hl1>>>”Z>,

)

PFWBM" (o, vy, ..., )

: , . 1/(p+q)
) (m ® jep, joi ((wie) © (wjor;) )>

If the PFIA operator is used in aggregating different
decision-makers’ evaluation values into collective ones in
Step 2 and the Pythagorean fuzzy weighted interaction aver-
aging (PFIWA) operator is used in aggregating alternatives’
evaluation values into collective ones in Step 3, the collective
evaluation values of alternatives are as r, = (0.7243, 0.3242),
r, = (0.7188,0.2748), r;=(0.7586,0.2535), r, = (0.6825,
0.2825), and r5 = (0.6367,0.2416). The scores of alternatives
can be calculated as S(r;) =0.4195, S(r,) =0.4411, S(r;) =
0.5112, S(r,) =0.3860, and  S(r5) =0.3990, then S(r;)>
S(ry) > S(ry) > S(rs) > S(ry). The alternatives can be ranked
accordingly as A;>A,>A, >A;>A,. The optimal alter-
native is Aj.

a; = PFIWA(a;p, g, ... ) = © 7L wjax

J7ij

n

== TI(1-)".

=

()T ()"

j=1 j=1

(75)

If the PFA operator is used in Step 2 and the PFWA
operator is used in the second phase [38], the results are
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as r, = (0.7243,0.2654), r, = (0.7188, 0.2489), r, = (0.7586,
0.2364), r,=(0.6825,0.2282), and r, = (0.6367,0.0000),
where

a;=PFWA(a;p, oy, ... ) = @ 7w

" W (76)

={ - TI(-4)" TV

=1 J=1

The scores can be calculated as S(r;) =0.4542, S(r,) =
0.4547, S(r;) =0.5195, S(r,)=0.4138, and S(r) = 0.4574.
The alternatives can be ranked accordingly to the ranking
of scores to get A; > A; >A,>A, >A,. The optimal alter-
native is Aj.

As discussed above, we summarize differences
between our proposed method with the existing methods in
Table 11. In a word, we can know from Table 11 that
our proposed method is based on the Pythagorean fuzzy
numbers and partitioned Bonferroni mean operator with
parameters p and g. Moreover, interaction between mem-
bership and nonmembership has been considered by using
the Pythagorean fuzzy interaction operation laws and inter-
action between attributes have been considered by using the
Bonferroni mean. Hence the new method is more general
and flexible than the existing methods. Partitioned the input
arguments into several sorts can accurately model the inter-
relationship between attributes.

6. Conclusions

Some Pythagorean fuzzy interaction partitioned Bonferroni
mean operators have been developed in this paper including
the Pythagorean fuzzy interaction partitioned Bonferroni
mean operator, the Pythagorean fuzzy weighted interaction
partitioned Bonferroni mean operator, the Pythagorean
fuzzy interaction partitioned geometric Bonferroni mean
operator, and the Pythagorean fuzzy weighted interaction
partitioned geometric Bonferroni mean operator. The Bon-
ferroni mean has been used to model interaction between
attributes. The attributes have been partitioned into several
classes and the attributes in the same class are interrelated,
which have been modeled by using Bonferroni mean, while
there is no interrelationship between attributes between
different classes. Some properties and some special cases
of the new aggregation operators have been studied. We have
developed new multiple-attribute group decision-making
method based on the new aggregation operators. We applied
the new method to solve the problem of selecting an invest-
ment company. Some comparisons with other existing
methods have been made to show its effectiveness and
practical advantages.

The proposed method has some desirable advantages: (1)
the evaluation values are given as Pythagorean fuzzy
numbers, which are more flexible than other tools to model
fuzzy and uncertain information; (2) interaction operations
between Pythagorean fuzzy numbers can overcome the
drawback of the existing methods; (3) interrelationship of
attributes have been modeled by using the Bonferroni mean.
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TaBLE 11: The characteristic comparisons of different methods.

Whether to consider

Infq tion b . . .
noTMation by interrelationships

Methods nythagorean between aggregating
uzzy number arguments
Liang et al. [43] Yes Yes
Xu and Yager [38] No Yes
Zhang and Xu [26] Yes No
Our proposed method Yes Yes
Whether to Whether to consider
Methods porttion of the  between memberehp
input arguments  and nonmembership
Liang et al. [43] No No
Xu and Yager [38] No No
Zhang and Xu [26] No No
Our proposed method Yes Yes

By using the partitioned structure of attributes considering
relationship among attributes, the proposed method can
model interrelationship among attributes more meaning-
fully and accurately; and (4) since attributes in different
sorts are not related, the new aggregation operators can
avoid the conjunction effect of unrelated attributes during
aggregation. The disadvantage of the new method is that
the computation amount has increased comparing with
the existing methods. But it is still a polynomial time
algorithm and can be calculated easily by using software
such as MATLAB and Excel.

The proposed method can be used to handle real-
life problems involving fuzziness and uncertainty in the
decision-making process. In the future, we will apply it in a
wide range of practical problems such as supplier selection
problems and site selection problems. Although the proposed
operators have been developed in the context of decision-
making, they can also be applied in the fields of fuzzy cluster-
ing, pattern recognition, and so on. It is also meaningful to
investigate other characteristics of the proposed operators,
such as combing with Choquet integral and Dempster-
Shafer belief structure. We will also extend the partitioned
Bonferroni mean operators to other uncertain environments
[49-54], such as interval neutrosophic sets, linguistic hesitant
intuitionistic fuzzy sets, hesitant Pythagorean fuzzy sets, and
g-rung fuzzy sets.
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