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Abstract: In this paper, we investigate multiple-attribute decision-making (MADM) with Pythagorean
2-tuple linguistic numbers (P2TLNs). Then, we combine the weighted Bonferroni mean (WBM)
operator and weighted geometric Bonferroni mean (WGBM) operator with P2TLNs to propose the
Pythagorean 2-tuple linguistic WBM (P2TLWBM) operator and Pythagorean 2-tuple linguistic WGBM
(P2TLWGBM) operator; MADM methods are then developed based on these two operators. Finally,
a practical example for green supplier selection is given to verify the developed approach and to
demonstrate its practicality and effectiveness.
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1. Introduction

The intuitionistic fuzzy set (IFS), developed by Atanassov [1], is an extension of fuzzy set theory [2].
IFS is constructed by a membership degree and a nonmembership degree, and can therefore depict
the fuzzy character of data more comprehensively and in greater detail. In the past decades, many
intuitionistic fuzzy information aggregation operators have been proposed [3–14]. More recently, the
Pythagorean fuzzy set (PFS) [15,16] has appeared as an effective tool for depicting the uncertainty
of multiple-attribute decision-making (MADM) problems. The PFS is also characterized by the
membership degree and the nonmembership degree, whose sum of squares is less than or equal to
1; the PFS is thus more general than the IFS. In some cases, the PFS can solve problems that the IFS
cannot—for example, if a DM problem gives the membership degree and the nonmembership degree as
0.8 and 0.6, respectively, then it is only valid for the PFS. In other words, all the IFS degrees are a part of
the PFS degrees, which indicates that the PFS is more powerful for handling uncertain problems. Zhang
and Xu [17] developed a Pythagorean fuzzy Technique for Order Preference by Similarity to an Ideal
Solution(TOPSIS) for handling the MADM problem. Peng and Yang [18] developed the Pythagorean
fuzzy superiority and inferiority ranking method to solve multiple-attribute group decision-making
problems. Beliakov and James [19] focused on how the notion of “averaging” should be treated in
the case of Pythagorean fuzzy numbers (PFNs). Reformat and Yager [20] used PFNs to handle a
collaboration-based recommender system. Gou et al. [21] investigated the properties of continuous
PFNs. Ren et al. [22] proposed the Pythagorean fuzzy TODIM(an acronym in Portuguese of interactive
and multi-criteria decision making) method for MADM problems. Garg [23] proposed generalized
Pythagorean fuzzy information aggregation based on the Einstein operations. Zeng et al. [24]
developed a hybrid method for the Pythagorean fuzzy MADM method. Garg [25] investigated
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the novel accuracy function of interval-valued PFNs for solving MADM problems. Liang et al. [26]
developed a projection model for fusing the information of PFN multicriteria group decision-making
based on the geometric Bonferroni mean. Peng et al. [27] defined some information measures of PFNs.
Garg [28] proposed the generalized Pythagorean fuzzy geometric aggregation operators using the
Einstein t-Norm and t-Conorm for MADM problems. Wei and Lu [29] proposed the Pythagorean
fuzzy Maclaurin symmetric mean (PFMSM) operator and Pythagorean fuzzy weighted Maclaurin
symmetric mean (PFWMSM) operator. Wei [30] developed some interaction aggregation operators
for MADM with PFNs. Wei and Lu [31] proposed some Pythagorean fuzzy power aggregation
operators: the Pythagorean fuzzy power average (PFPA) operator, Pythagorean fuzzy power geometric
(PFPG) operator, Pythagorean fuzzy power weighted average (PFPWA) operator, Pythagorean fuzzy
power weighted geometric (PFPWG) operator, Pythagorean fuzzy power ordered weighted average
(PFPOWA) operator, Pythagorean fuzzy power ordered weighted geometric (PFPOWG) operator,
Pythagorean fuzzy power hybrid average (PFPHA) operator, and Pythagorean fuzzy power hybrid
geometric (PFPHG) operator. Wei and Lu [32] defined the concept of dual Pythagorean hesitant
fuzzy sets and proposed some dual hesitant Pythagorean fuzzy Hamacher aggregation operators:
the dual hesitant Pythagorean fuzzy Hamacher weighted average (DHPFHWA) operator, dual
hesitant Pythagorean fuzzy Hamacher weighted geometric (DHPFHWG) operator, dual hesitant
Pythagorean fuzzy Hamacher ordered weighted average (DHPFHOWA) operator, dual hesitant
Pythagorean fuzzy Hamacher ordered weighted geometric (DHPFHOWG) operator, dual hesitant
Pythagorean fuzzy Hamacher hybrid average (DHPFHHA) operator, and dual hesitant Pythagorean
fuzzy Hamacher hybrid geometric (DHPFHHG) operator. Lu et al. [33] defined the concept of hesitant
Pythagorean fuzzy sets and utilized Hamacher operations to develop some hesitant Pythagorean
fuzzy aggregation operators: the hesitant Pythagorean fuzzy Hamacher weighted average (HPFHWA)
operator, hesitant Pythagorean fuzzy Hamacher weighted geometric (HPFHWG) operator, hesitant
Pythagorean fuzzy Hamacher ordered weighted average (HPFHOWA) operator, hesitant Pythagorean
fuzzy Hamacher ordered weighted geometric (HPFHOWG) operator, hesitant Pythagorean fuzzy
Hamacher hybrid average (HPFHHA) operator, and hesitant Pythagorean fuzzy Hamacher hybrid
geometric (HPFHHG) operator. Wei et al. [34] defined the concept of Pythagorean 2-tuple linguistic
sets and utilized arithmetic and geometric operations to develop some Pythagorean 2-tuple linguistic
aggregation operators: the Pythagorean 2-tuple linguistic weighted average (P2TLWA) operator,
Pythagorean 2-tuple linguistic weighted geometric (P2TLWG) operator, Pythagorean 2-tuple linguistic
ordered weighted average (P2TLOWA) operator, Pythagorean 2-tuple linguistic ordered weighted
geometric (P2TLOWG) operator, Pythagorean 2-tuple linguistic hybrid average (P2TLHA) operator,
and Pythagorean 2-tuple linguistic hybrid geometric (P2TLHG) operator.

Obviously, these established Pythagorean 2-tuple linguistic operators cannot be utilized to fuse
arguments which are correlated. Meanwhile, the Bonferroni mean (BM) [35–42] is a very practical
tool with which to tackle arguments which are correlated. How to effectively extend the mature
BM operator [35] and geometric BM (GBM) operator [36] to the P2TLN environment is a significant
research task and is the focus of this paper.

The organization of this manuscript is given as follows. Section 2 reviews P2TLNs and some
other basic definitions. Section 3 introduces the extended BM operator [35] and geometric BM (GBM)
operator [36] which can be used to fuse the P2TLNs, and describes some properties of these operators.
In Section 4, we study the MADM problem with P2TLNs based on the P2TLWBM and P2TLWGBM
operators. Section 5 illustrates the functions of the proposed operators with an example for green
supplier selection in the green supply chain management area. Section 6 concludes the paper.
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2. Preliminaries

2.1. P2TLSs

Wei et al. [34] proposed the Pythagorean 2-tuple linguistic sets (P2TLSs) based on the PFSs [15,16]
and 2-tuple linguistics [43–55].

Definition 1 [34]. A P2TLSs A in X is given by

P =
{(

sθ(x), ρ
)

, (µP(x), νP(x)), x ∈ X
}

(1)

where sθ(x) ∈ S, ρ ∈ [−0.5, 0.5) , uP(x) ∈ [0, 1], and vP(x) ∈ [0, 1], with the condition 0 ≤ (uP(x))2 +

(vP(x))2 ≤ 1, ∀x ∈ X. The numbers µP(x), νP(x) represent, respectively, the degree of membership and degree
of nonmembership of the element x with respect to linguistic variable

(
sθ(x), ρ

)
.

Wei et al. [34] call p =
〈(

sp, ρ
)
,
(
up, vp

)〉
a Pythagorean 2-tuple linguistic number (P2TLN).

Definition 2 [34]. Let p1 =
〈(

sp1 , ρ
)
,
(
up1 , vp1

)〉
and p2 =

〈(
sp2 , ρ

)
,
(
up2 , vp2

)〉
be two P2TLNs;

S(p1) = ∆
(

∆−1
(

sθ(p1)
, ρ1

)
· 1+(µp1)

2−(νp1)
2

2

)
and S(p2) = ∆

(
∆−1

(
sθ(p2)

, ρ2

)
· 1+(µp2)

2−(νp2)
2

2

)
be the scores of p1 and p2, respectively; and let H(p1) = ∆

(
∆−1

(
sθ(p1)

, ρ1

)
· (µp1)

2
+(νp1)

2

2

)
and

H(p2) = ∆
(

∆−1
(

sθ(p2)
, ρ2

)
· (µp2)

2
+(νp2)

2

2

)
be the accuracy degrees of p1 and p2, respectively.

If S(p1) < S(p2), then p1 < p2.
If S(p1) = S(p2), then

(1) if H(p1) = H(p2), then p1 = p2;
(2) if H(p1) < H(p2), then p1 < p2.

Wei et al. [34] defined some operational laws of P2TLNs.

Definition 3 [34]. Let p1 =
〈(

sp1 , ρ
)
,
(
up1 , vp1

)〉
and p2 =

〈(
sp2 , ρ

)
,
(
up2 , vp2

)〉
be two P2TLNs, then

p1 ⊕ p2 =

〈
∆
(

∆−1
(

sθ(p1)
, ρ1

)
+ ∆−1

(
sθ(p2)

, ρ2

))
,
(√(

µp1

)2
+
(
µp2

)2 −
(
µp1

)2(
µp2

)2, νp1 νp2

)〉
;

p1 ⊗ p2 =

〈
∆
(

∆−1
(

sθ(p1)
, ρ1

)
· ∆−1

(
sθ(p2)

, ρ2

))
,
(

µp1 µp2 ,
√(

νp1

)2
+
(
νp2

)2 −
(
νp1

)2(
νp2

)2
)〉

;

λp1 =

〈
∆
(

λ∆−1
(

sθ(p1)
, ρ1

))
,

(√
1−

(
1−

(
µp1

)2
)λ

,
(
νp1

)λ

)〉
;

(p1)
λ =

〈
∆
((

∆−1
(

sθ(p1)
, ρ1

))λ
)

,

((
µp1

)λ,

√
1−

(
1−

(
νp1

)2
)λ
)〉

.

2.2. BM Operator

Definition 4 [35]. Let t, r > 0 and ai (i = 1, 2, · · · , n) be a set of nonnegative crisp numbers with weight

vector ω = (ω1, ω2, · · · , ωn)
T , ωi ∈ [0, 1], and

n
∑

i=1
ωi = 1. The weighted Bonferroni mean (WBM) is

WBMt,r
ω (a1, a2, · · · , an) =

(
n

∑
i,j=1

ωiωjat
i a

r
j

)1/(t+r)

. (2)
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Definition 5 [36]. Let t, r > 0 and ai (i = 1, 2, · · · , n) be a collection of nonnegative crisp numbers with

weight vector ω = (ω1, ω2, · · · , ωn)
T , ωi ∈ [0, 1], and

n
∑

i=1
ωi = 1. If

WGBMt,r
ω (a1, a2, · · · , an) =

1
t + r

n

∏
i,j=1

(
tai + raj

)ωiωj , (3)

then the WGBMt,r
ω operator is called the weighted geometric BM (WGBM) operator.

3. The P2TLWBM Operator and P2TLWGBM Operator

This section extends WBM and WGBM to fuse the P2TLNs and proposes several new Pythagorean
2-tuple linguistic operators.

3.1. P2TLWBM Operator

Definition 6. Let t, r > 0 and pi = ((si, ρi), (µi, vi))(i = 1, 2, · · · , n) be a set of P2TLNs with weight vector

ω = (ω1, ω2, · · · , ωn)
T , ωi ∈ [0, 1], and

n
∑

i=1
ωi = 1. If

P2TLWBMt,r
ω (p1, p2, · · · , pn) =

(
n
⊕

i,j=1
ωiωj

(
pt

i ⊗ pr
j

))1/(t+r)

, (4)

then the P2TLWBMt,r
ω is called the Pythagorean 2-tuple linguistic WBM (P2TLWBM) operator.

The P2TLWBM operator has four properties.

Property 1. Let t, r > 0 and pi = ((si, ρi), (µi, vi))(i = 1, 2, · · · , n) be a collection of P2TLNs. The aggregated
result of P2TLWBM is a P2TLN.

P2TLWBMt,r
ω (p1, p2, · · · , pn)

=

(
n
⊕

i,j=1
ωiωj

(
pt

i ⊗ pr
j

))1/(t+r)

=

∆

( n
∑

i,j=1
ωiωj

(
∆−1(si, ρi)

)t(∆−1(sj, ρj
))r
)1/(t+r)

 ,(√1−
n
∏

i,j=1

(
1− µ2t

i µ2r
j

)ωiωj

)1/(t+r)

,√√√√1−
(

1−
n
∏

i,j=1

(
1−

(
1− v2

i
)t
(

1− v2
j

)r)ωiωj

)1/(t+r)



(5)

Proof.

pt
i =

(
∆
((

∆−1(spi , ρi
))t
)

,
(

µt
i ,
√

1−
(
1− v2

i
)t
))

(6)

pr
j =

(
∆
((

∆−1
(

Spj , ρj

))r)
,

(
µr

j ,

√
1−

(
1− v2

j

)r
))

(7)
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Thus,
pt

i ⊗ pr
j =

(
∆
((

∆−1(Si, ρi)
)t(∆−1(Sj, ρj

))r
)

,(
µt

i µ
r
j ,
√

1−
(
1− v2

i
)t
(

1− v2
j

)r
)) (8)

Thereafter,

ωiωj

(
pt

i ⊗ pr
j

)
=
(

∆
(

ωiωj
(
∆−1(Si, ρi)

)t(∆−1(Sj, ρj
))r
)

,(√
1−

(
1− µ2t

i µ2r
j

)ωiωj
,
(√

1−
(
1− v2

i
)t
(

1− v2
j

)r
)ωiωj

)) (9)

Furthermore,

n
⊕

i,j=1
ωiωj

(
pt

i ⊗ pr
j

)
=

(
∆

(
n
∑

i,j=1
ωiωj

(
∆−1(Si, ρi)

)t(∆−1(Sj, ρj
))r
)

,(√
1−

n
∏

i,j=1

(
1− µ2t

i µ2r
j

)ωiωj
,

(√
n
∏

i,j=1

(
1−

(
1− v2

i
)t
(

1− v2
j

)r))ωiωj
)) (10)

Therefore,
P2TLWBMt,r

ω (p1, p2, · · · , pn)

=

∆

( n
∑

i,j=1
ωiωj

(
∆−1(Si, ρi)

)t(∆−1(Sj, ρj
))r
)1/(t+r)

 ,(√1−
n
∏

i,j=1

(
1− µ2t

i µ2r
j

)ωiωj

)1/(t+r)

,√√√√1−
(

1−
n
∏

i,j=1

(
1−

(
1− v2

i
)t
(

1− v2
j

)r)ωiωj

)1/(t+r)



(11)

Hence, (5) is maintained. Thereafter:

ωiωj

(
∆−1(Si, ρi)

)t(
∆−1(Sj, ρj

))r
≤ ωiωj

(
∆−1(Smax, ρmax)

)t+r
, (12)

n
∑

i,j=1
ωiωj

(
∆−1(Si, ρi)

)t(∆−1(Sj, ρj
))r ≤

n
∑

i,j=1
ωiωj

(
∆−1(Smax, ρmax)

)t+r
=
(
∆−1(Smax, ρmax)

)t+r
. (13)

∆

( n

∑
i,j=1

ωiωj

(
∆−1(Si, ρi)

)t(
∆−1(Sj, ρj

))r
)1/(t+r)

 ≤ (Smax, ρmax). (14)

Similarly,

(Smin, ρmin) ≤ ∆

( n

∑
i,j=1

ωiωj

(
∆−1(Si, ρi)

)t(
∆−1(Sj, ρj

))r
)1/(t+r)

. (15)
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Thereafter,

0 ≤

√√√√1−
n

∏
i,j=1

(
1− µ2t

i µ2r
j

)ωiωj

1/(t+r)

≤ 1, (16)

0 ≤

√√√√√1−
(

1−
n

∏
i,j=1

(
1−

(
1− v2

i
)t
(

1− v2
j

)r)ωiωj

)1/(t+r)

≤ 1. (17)

Because µ2
i + ν2

i ≤ 1,

√√√√1−
n

∏
i,j=1

(
1− µ2t

i µ2r
j

)ωiωj

1/(t+r)

≤

√√√√√(1−
n

∏
i,j=1

(
1−

(
1− v2

i
)t
(

1− v2
j

)r)ωiωj

)1/(t+r)

. (18)

Therefore, (√1−
n
∏

i,j=1

(
1− µ2t

i µ2r
j

)ωiωj

)1/(t+r)
2

+
√√√√1−

(
1−

n
∏

i,j=1

(
1−

(
1− v2

i
)t
(

1− v2
j

)r)ωiωj

)1/(t+r)


2

≤
(

1−
n
∏

i,j=1

(
1−

(
1− v2

i
)t
(

1− v2
j

)r)ωiωj

)1/(t+r)

+ 1

−
(

1−
n
∏

i,j=1

(
1−

(
1− v2

i
)t
(

1− v2
j

)r)ωiωj

)1/(t+r)

= 1

(19)

�

Property 2 (Idempotency). If pi = p = ((s, ρ), (µ, v)), then

P2TLWBMt,r
ω (p1, p2, · · · , pn) = p. (20)

Proof.
P2TLWBMt,r

ω (p1, p2, · · · , pn)

=

(
n
⊕

i,j=1
ωiωj

(
pt ⊗ pr))1/(t+r)

= p

(
n
⊕

i,j=1
ωiωj

)1/(t+r)

= p

(21)

�

Property 3 (Monotonicity). Let pi =
((

Spi , ρpi

)
,
(
µpi , vpi

))
. (i = 1, 2, · · · , n) and qi =((

Sqi , ρqi

)
,
(
µqi , vqi

))
(i = 1, 2, · · · , n) be two sets of P2TLNs. If

(
Spi , ρpi

)
≤
(
Sqi , ρqi

)
, and µpi ≤ µqi

and vpi ≥ vqi hold for all i, then

P2TLWBMt,r
ω (p1, p2, · · · , pn) ≤ P2TLWBMt,r

ω (q1, q2, · · · , qn). (22)
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Proof. Let P2TLWBMt,r(p1, p2, · · · , pn) =
((

Sp, ρp
)
,
(
µp, vp

))
and P2TLWBMt,r(q1, q2, · · · , qn) =((

Sq, ρq
)
,
(
µq, vq

))
. Given that ∆−1(Sp, ρp

)
≤ ∆−1(Sq, ρq

)
, we can obtain

(
∆−1(Spi , ρpi

))t
(

∆−1
(

Spj , ρpj

))r
≤(

∆−1(Sqi , ρqi

))t
(

∆−1
(

Sqj , ρqj

))r (23)

Therefore, (
n
∑

i,j=1
ωiωj

(
∆−1(Spi , ρpi

))t
(

∆−1
(

Spj , ρpj

))r
)1/(t+r)

≤(
n
∑

i,j=1

(
∆−1(Sqi , ρqi

))t
(

∆−1
(

Sqj , ρqj

))r
)1/(t+r) (24)

Thus,

∆

(
n
∑

i,j=1
ωiωj

(
∆−1(Spi , ρpi

))t
(

∆−1
(

Spj , ρpj

))r
)1/(t+r)

≤

∆

(
n
∑

i,j=1

(
∆−1(Sqi , ρqi

))t
(

∆−1
(

Sqj , ρqj

))r
)1/(t+r) (25)

That means that
(
Sp, ρp

)
≤
(
Sq, ρq

)
, and we also can obtain

µ2t
pi

µ2r
pj
≤ µ2t

qi
µ2r

qj
, (26)

n

∏
i,j=1

(
1− µ2t

pi
µ2r

pj

)
≥

n

∏
i,j=1

(
1− µ2t

qi
µ2r

qj

)
, (27)

1−
n

∏
i,j=1

(
1− µ2t

pi
µ2r

pj

)
≤ 1−

n

∏
i,j=1

(
1− µ2t

qi
µ2r

qj

)
. (28)

Therefore,√√√√1−
n

∏
i,j=1

(
1− µ2t

pi
µ2r

pj

)1/(t+r)

≤

√√√√1−
n

∏
i,j=1

(
1− µ2t

qi
µ2r

qj

)1/(t+r)

. (29)

Thus,
√√√√1−

n

∏
i,j=1

(
1− µ2t

pi
µ2r

pj

)1/(t+r)


2

≤


√√√√1−

n

∏
i,j=1

(
1− µ2t

qi
µ2r

qj

)1/(t+r)


2

, (30)

which means µ2
p ≤ µ2

q. Similarly, we can obtain v2
p ≥ v2

q.
If
(
Spi , ρpi

)
<
(
Sqi , ρqi

)
, and µ2

pi
< µ2

qi
and v2

pi
> v2

qi
, then

P2TLWBMt,r
ω (p1, p2, · · · , pn) < P2TLWBMt,r

ω (q1, q2, · · · , qn);

If
(
Spi , ρpi

)
<
(
Sqi , ρqi

)
, and µ2

pi
< µ2

qi
and v2

pi
> v2

qi
, then

P2TLWBMt,r
ω (p1, p2, · · · , pn) < P2TLWBMt,r

ω (q1, q2, · · · , qn);

If
(
Spi , ρpi

)
<
(
Sqi , ρqi

)
, and µ2

pi
= µ2

qi
and v2

pi
> v2

qi
, then

P2TLWBMt,r
ω (p1, p2, · · · , pn) < P2TLWBMt,r

ω (q1, q2, · · · , qn);
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If
(
Spi , ρpi

)
<
(
Sqi , ρqi

)
, and µ2

pi
= µ2

qi
and v2

pi
= v2

qi
, then

P2TLWBMt,r
ω (p1, p2, · · · , pn) < P2TLWBMt,r

ω (q1, q2, · · · , qn);

If
(
Spi , ρpi

)
=
(
Sqi , ρqi

)
, and µ2

pi
< µ2

qi
and v2

pi
> v2

qi
, then

P2TLWBMt,r
ω (p1, p2, · · · , pn) < P2TLWBMt,r

ω (q1, q2, · · · , qn);

If
(
Spi , ρpi

)
=
(
Sqi , ρqi

)
, and µ2

pi
< µ2

qi
and v2

pi
= v2

qi
, then

P2TLWBMt,r
ω (p1, p2, · · · , pn) < P2TLWBMt,r

ω (q1, q2, · · · , qn);

If
(
Spi , ρpi

)
=
(
Sqi , ρqi

)
, and µ2

pi
= µ2

qi
and v2

pi
> v2

qi
, then

P2TLWBMt,r
ω (p1, p2, · · · , pn) < P2TLWBMt,r

ω (q1, q2, · · · , qn);

If
(
Spi , ρpi

)
=
(
Sqi , ρqi

)
, and µ2

pi
= µ2

qi
and v2

pi
= v2

qi
, then

P2TLWBMt,r
ω (p1, p2, · · · , pn) = P2TLWBMt,r

ω (q1, q2, · · · , qn).

Therefore, the proof of Theorem 3 is completed. �

Property 4 (Boundedness). Let pi = ((Si, ρi), (µi, vi))(i = 1, 2, · · · , n) be a set of P2TLNs. If p+ =

(maxi(Si, ρi), (maxi(µi), mini(vi))) and p− = (mini(Si, ρi), (mini(µi), maxi(vi))), then

p− ≤ P2TLWBMt,r
ω (p1, p2, · · · , pn) ≤ p+. (31)

Proof. From Theorem 2, we can obtain

P2TLWBMt,r
ω

(
p+, p+, · · · , p+

)
= p+,P2TLWBMt,r

ω

(
p−, p−, · · · , p−

)
= p−. (32)

From Theorem 2, we can also obtain

p− = P2TLWBMt,r
ω (p−, p−, · · · , p−) ≤

P2TLWBMt,r
ω (p1, p2, · · · , pn) ≤

P2TLWBMt,r
ω (p+, p+, · · · , p+) = p+

(33)

Therefore,
p− ≤ P2TLWBMt,r

ω (p1, p2, · · · , pn) ≤ p+. � (34)

3.2. P2TLWGBM Operator

Thereafter, we extend WGBM to P2TLN and introduced the Pythagorean 2-tuple linguistic WGBM
(P2TLWGBM) operator.

Definition 7. Let t, r > 0 and pi = ((si, ρi), µi, vi)(i = 1, 2, · · · , n) be a set of P2TLNs with weights

ω = (ω1, ω2, · · · , ωn)
T , ωi ∈ [0, 1], and

n
∑

i=1
ωi = 1. If

P2TLWGBMt,r
ω (p1, p2, · · · , pn) =

1
t + r

n
⊗

i,j=1

(
tpi ⊕ rpj

)ωiωj , (35)
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then the P2TLWGBM operator has four properties.

Property 5. Let t, r > 0 and pi = ((si, ρi), µi, vi)(i = 1, 2, · · · , n) be a set of P2TLNs. The aggregated result
of P2TLWGBM is a P2TLN.

P2TLWGBMt,r
ω (p1, p2, · · · pn)

= 1
t+r

n
⊗

i,j=1

(
tpi ⊕ rpj

)ωiωj

=

(
∆

(
1

t+r

n
∏

i,j=1

(
t∆−1(Si, ρi) + r∆−1(Sj, ρj

))ωiωj

)
,


√√√√1−

(
1−

n
∏

i,j=1

(
1−

(
1− µ2

i
)t
(

1− µ2
j

)r)ωiωj

)1/(t+r)

,

(√
1−

n
∏

i,j=1

(
1− v2t

i v2r
j

)ωiωj

)1/(t+r)


(36)

Proof. Through Definition 3, we can obtain

tpi =

(
∆
(

t∆−1(Si, ρi)
)

,
(√

1−
(
1− µ2

i
)t, vt

i

))
, (37)

rpj =

(
∆
(

r∆−1(Sj, ρj
))

,

(√
1−

(
1− µ2

j

)r
, vr

j

))
. (38)

Thereafter,
tpi ⊕ rpj =

(
∆
(
t∆−1(Si, ρi) + r∆−1(Sj, ρj

))
,(√

1−
(
1− µ2

i
)t
(

1− µ2
j

)r
, vt

i v
r
j

))
(39)

Thereafter, (
tpi ⊕ rpj

)ωiωj

=
(

∆
((

t∆−1(Si, ρi) + r∆−1(Sj, ρj
))ωiωj

)
,((√

1−
(
1− µ2

i
)t
(

1− µ2
j

)r
)ωiωj

)
,
√

1−
(

1− v2t
i v2r

j

)ωiωj

)) (40)

Therefore,

n
⊗

i,j=1

(
tpi ⊕ rpj

)ωiωj

=

(
∆

(
n
∏

i,j=1

(
t∆−1(Si, ρi) + r∆−1(Sj, ρj

))ωiωj

)
,((√

n
∏

i,j=1

(
1−

(
1− µ2

i
)t
(

1− µ2
j

)r))ωiωj

,

√
1−

n
∏

i,j=1

(
1− v2t

i v2r
j

)ωiωj

)) (41)
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Thus,
P2TLWGBMt,r

ω (p1, p2, · · · pn)

= 1
t+r

n
⊗

i,j=1

(
tpi ⊕ rpj

)ωiωj

=

(
∆

(
1

t+r

n
∏

i,j=1

(
t∆−1(Si, ρi) + r∆−1(Sj, ρj

))ωiωj

)
,

√√√√1−
(

1−
n
∏

i,j=1

(
1−

(
1− µ2

i
)t
(

1− µ2
j

)r)ωiωj

)1/(t+r)

,

(√
1−

n
∏

i,j=1

(
1− v2t

i v2r
j

)ωiωj

)1/(t+r)


(42)

Hence, (36) is maintained. Thereafter,(
t∆−1(Si, ρi) + r∆−1(Sj, ρj

))ωiωj ≤
(
(t + r)∆−1(Smax, ρmax)

)ωiωj
, (43)

n
∏

i,j=1

(
t∆−1(Si, ρi) + r∆−1(Sj, ρj

))ωiωj ≤
n
∏

i,j=1

(
(t + r)∆−1(Smax, ρmax)

)ωiωj = (t + r)∆−1(Smax, ρmax)
(44)

∆

(
1

t + r

(
n

∏
i,j=1

(
t∆−1(Si, ρi) + r∆−1(Sj, ρj

))ωiωj

))
≤ (Smax, ρmax). (45)

Similarly,

(Smin, ρmin) ≤ ∆

(
1

t + r

(
n

∏
i,j=1

(
t∆−1(Si, ρi) + r∆−1(Sj, ρj

))ωiωj

))
. (46)

Thereafter,

0 ≤

√√√√√1−
(

1−
n

∏
i,j=1

(
1−

(
1− µ2

i
)t
(

1− µ2
j

)r)ωiωj

)1/(t+r)

≤ 1, (47)

0 ≤

√√√√1−
n

∏
i,j=1

(
1− v2t

i v2r
j

)ωiωj

1/(t+r)

≤ 1. (48)

Because, µ2
i + v2

i ≤ 1

√√√√1−
n

∏
i,j=1

(
1− v2t

i v2r
j

)ωiωj

1/(t+r)

≤

√√√√√(1−
n

∏
i,j=1

(
1−

(
1− µ2

i
)t
(

1− µ2
j

)r)ωiωj

)1/(t+r)

. (49)
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Therefore, 
√√√√1−

(
1−

n
∏

i,j=1

(
1−

(
1− µ2

i
)t
(

1− µ2
j

)r)ωiωj

)1/(t+r)


2

+

(√1−
n
∏

i,j=1

(
1− v2t

i v2r
j

)ωiωj

)1/(t+r)
2

≤

1−
(

1−
n
∏

i,j=1

(
1−

(
1− µ2

i
)t
(

1− µ2
j

)r)ωiωj

)1/(t+r)

+

(
1−

n
∏

i,j=1

(
1−

(
1− µ2

i
)t
(

1− µ2
j

)r)ωiωj

)1/(t+r)

= 1

(50)

This completes the proof. �

Similar to P2TLWBM, the P2TLWGBM has the same properties. The proofs of these properties are
similar to those of the properties of P2TLWGBM, Accordingly, the proofs are omitted to save space.

Property 6. Let t, r > 0 and pi = ((Si, ρi), (µi, vi))(i = 1, 2, · · · , n) be a set of P2TLNs.

(1) Idempotency. If pi = p = ((S, ρ), (µ, v)), then

P2TLWGBMt,r
ω (p1, p2, · · · pn) = p. (51)

(2) Monotonicity. Let pi =
((

Spi , ρpi

)
,
(
µpi , vpi

))
(i = 1, 2, · · · , n) and qi =((

Sqi , ρqi

)
,
(
µqi , vqi

))
(i = 1, 2, · · · , n) be two sets of P2TLNs. If

(
Spi , ρpi

)
≤

(
Sqi , ρqi

)
, and

µpi ≤ µqi and vpi ≥ vqi hold for all i, then

P2TLWGBMt,r
ω (p1, p2, · · · pn) ≤ P2TLWGBMt,r

ω (q1, q2, · · · , qn). (52)

(3) Boundedness. If p+ = (maxi(Si, ρi), (maxi(µi), mini(vi))) and p− =

(mini(Si, ρi), (mini(µi), maxi(vi))), then

p− ≤ P2TLWGBMt,r
ω (p1, p2, · · · pn) ≤ p+. (53)

4. Models for MADM with P2TLNs

Based on the P2TLWBM (P2TLWGBM) operators, in this section, we shall propose the model
for MADM with P2TLNs. Let A = {A1, A2, · · · , Am} be a discrete set of alternatives, G =

{G1, G2, · · · , Gn} be the set of attributes, and ω = (ω1, ω2, · · · , ωn) be the weighting vector of

the attribute Gj(j = 1, 2, · · · , n), where ωj ∈ [0, 1], and
n
∑

j=1
ωj = 1. Suppose that R =

(
rij
)

m×n =〈(
sij, ρij

)
,
(
µij, νij

)〉
m×n is the P2TLN decision matrix, where the rij take the form of the P2TLNs,

where µij indicates the degree to which the alternative Ai satisfies the attribute Gj given by the
decision-maker, νij indicates the degree to which the alternative Ai does not satisfy the attribute Gj

given by the decision-maker, µij ∈ [0, 1], νij ∈ [0, 1],
(
µij
)2

+
(
νij
)2 ≤ 1, πij =

√
1−

((
µij
)2

+
(
νij
)2
)

,

sij ∈ S, ρij ∈ [−0.5, 0.5) , i = 1, 2, · · · , m, j = 1, 2, · · · , n.
In the following, we apply the P2TLWBM (P2TLWGBM) operator to the MADM problems

with P2TLNs.
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Step 1. We utilize the decision information given in matrix R, and the P2TLWBM operator

p̃l = P2TLWBMt,r
ω (rl1, rl2, · · · , rln)

=

(
n
⊕
i,j

ωiωjrα
li ⊗ rβ

l j

)1/(t+r)

=

∆

( n
∑

i,j=1
ωiωj

(
∆−1(sli, ρli)

)t
(

∆−1
(

sl j, ρl j

))r
)1/(t+r)

 , l = 1, 2, · · · , m.(√1−
n
∏

i,j=1

(
1− µ2t

li µ2r
lj

)ωiωj

)1/(t+r)

,√√√√1−
(

1−
n
∏

i,j=1

(
1−

(
1− v2

li
)t
(

1− v2
l j

)r)ωiωj

)1/(t+r)



(54)

or
p̃l = 2TLWGBMt,r

ω (rl1, rl2, · · · , rln)

= 1
t+r

n
⊗

i,j,k=1

(
tpli ⊕ rpl j

)ωiωj

=

(
∆

(
1

t+r

n
∏

i,j=1

(
t∆−1(sli, ρli) + r∆−1

(
sl j, ρl j

))ωiωj

)
, l = 1, 2, · · · , m.


√√√√1−

(
1−

n
∏

i,j,k=1

(
1−

(
1− µ2

li
)t
(

1− µ2
l j

)r)ωiωj

)1/(t+r)

,

(√
1−

n
∏

i,j=1

(
1− v2t

li v2r
lj

)ωiωj

)1/(t+r)


(55)

to derive the P2TLNs p̃l(l = 1, 2, · · · , m) of the alternative Ai.
Step 2. Calculate the scores S( p̃l) (l = 1, 2, · · · , m) of the overall P2TLNs p̃l(l = 1, 2, · · · , m) to

rank all the alternatives Al(l = 1, 2, · · · , m) and then select the best one(s). If there is no difference
between two scores S( p̃l) and S( p̃t), then we need to calculate the accuracy degrees H( p̃l) and H( p̃t)

of the overall P2TLNs pl and pt, respectively, and then rank the alternatives Al and At in accordance
with the accuracy degrees H( p̃l) and H( p̃t).

Step 3. Rank all the alternatives Al(l = 1, 2, · · · , m) and select the best one(s) in accordance with
S( p̃l) (l = 1, 2, · · · , m).

Step 4. End.

5. Numerical Example and Comparative Analysis

5.1. Numerical Example

In this section we shall present a numerical example to select green suppliers in green supply
chain management with P2TLNs in order to illustrate the method proposed in this paper. There
are five possible green suppliers in the green supply chain management Oi(i = 1, 2, 3, 4, 5) to select.
The experts select four attributes by which to assess the five possible green suppliers: 1© C1 is the
product quality factor; 2© C2 is environmental factors; 3© C3 is the delivery factor; and 4© C4 is the
price factor. The five green suppliers Oi(i = 1, 2, 3, 4, 5) are to be assessed with P2TLNs according to
the four attributes (with weighting vector ω = (0.2, 0.1, 0.3, 0.4)), as shown in Table 1.
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Table 1. Pythagorean 2-tuple linguistic numbers (P2TLN) decision matrix.

C1 C2 C3 C4

O1 <(s4, 0), (0.50, 0.80)> <(s2, 0), (0.60, 0.50)> <(s2, 0), (0.30, 0.60)> <(s3, 0), (0.60, 0.70)>
O2 <(s2, 0), (0.70, 0.50)> <(s4, 0), (0.70, 0.40)> <(s1, 0), (0.60, 0.20)> <(s2, 0), (0.40, 0.60)>
O3 <(s6, 0), (0.70, 0.50)> <(s2, 0), (0.50, 0.70)> <(s5, 0), (0.50, 0.30)> <(s4, 0), (0.60, 0.20)>
O4 <(s5, 0), (0.80, 0.20)> <(s5, 0), (0.60, 0.30)> <(s7, 0), (0.40, 0.50)> <(s1, 0), (0.60, 0.60)>
O5 <(s3, 0), (0.60, 0.40)> <(s1, 0), (0.40, 0.70)> <(s3, 0), (0.70, 0.50)> <(s2, 0), (0.60, 0.80)>

Then, we utilize the proposed algorithm to select green suppliers in GSCM.
Step 1. According to P2TLNs rij(i = 1, 2, 3, 4, 5, j = 1, 2, 3, 4), we can aggregate all P2TLNs rij

by using the P2TLWBM (P2TLWGBM) operator to get the P2TLNs Ai(i = 1, 2, 3, 4, 5) of the green
suppliers Oi. Suppose that t = r = 3; then, the aggregating results are in Table 2.

Table 2. The aggregating results of green suppliers by P2TLWBM (P2TLWGBM) operator.

P2TLWBM P2TLWGBM

O1 <(s3, −0.0074), (0.5466, 0.1451)> <(s3, −0.2501), (0.1911, 0.6979)>
O2 <(s2, 0.2572), (0.6090, 0.1754)> <(s2, −0.1848), (0.1808, 0.5302)>
O3 <(s5, −0.2511), (0.6039, 0.1618)> <(s4, 0.423), (0.1865, 0.4975)>
O4 <(s5, 0.2024), (0.6531, 0.1813)> <(s3, 0.4517), (0.1658, 0.5350)>
O5 <(s3, −0.4388), (0.6320, 0.1415)> <(s2, 0.3488), (0.1744, 0.7056)>

Step 2. The scores, derived according to the information in Table 2, are shown in Table 3.

Table 3. The scores of the green suppliers.

P2TLWBM P2TLWGBM

O1 (s2, −0.0882) (s1, −0.2445)
O2 (s2, −0.4875) (s1, −0.3179)
O3 (s3, 0.1782) (s2, −0.2589)
O4 (s4, −0.3748) (s1, 0.2793)
O5 (s2, −0.2335) (s1, −0.3746)

Step 3. The ordering of the suppliers, according to the information in Table 3, is listed in Table 4.
The order of the green suppliers is slightly different, but the best green supplier is O3 or O4.

Table 4. Ordering of the green suppliers.

Order

P2TLWBM O4 > O3 > O1 > O5 > O2
P2TLWGBM O3 > O4 > O1 > O2 > O5

From Table 4, we can easily see that these two operators may generate slightly different
ranking results. The main reason causing this ranking result difference is that the P2TLWBM
operator emphasizes the group influences; however, the P2TLWGBM operator emphasizes the
individual influences.

5.2. Influence of the Parameter on the Final Result

The effects on the ranking results caused by changing parameters of (t, r) ∈ [1, 10] in the
GP2TLWBM (GP2TLWGBM) operators are listed in Tables 5 and 6.
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Table 5. Ranking results for different operational parameters of the GP2TLWBM operator.

(t, r) S(O1) S(O2) S(O3) S(O4) S(O5) Ordering

(1, 1) (s2, −0.4113) (s1, 0.1968) (s3, −0.0685) (s3, −0.4157) (s2, 0.4669) O3 > O4 > O1 > O5 > O2
(2, 2) (s2, −0.2156) (s1, 0.3525) (s3, 0.0627) (s3, 0.2016) (s2, −0.3252) O4 > O3 > O1 > O5 > O2
(3, 3) (s2, −0.0882) (s2, −0.4875) (s3, 0.1782) (s4, −0.3748) (s2, −0.2335) O4 > O3 > O1 > O5 > O2
(4, 4) (s2, 0.0032) (s2, −0.3322) (s3, 0.2805) (s4, −0.0706) (s2, −0.1699) O4 > O3 > O1 > O5 > O2
(5, 5) (s2, 0.0749) (s2, −0.1888) (s3, 0.3718) (s4, 0.1607) (s2, −0.122) O4 > O3 > O1 > O5 > O2
(6, 6) (s2, 0.1342) (s2, −0.0624) (s3, 0.4534) (s4, 0.3439) (s2, −0.0839) O4 > O3 > O1 > O2 > O5
(7, 7) (s2, 0.1847) (s2, 0.0459) (s4, −0.4732) (s4, 0.4928) (s2, −0.0527) O4 > O3 > O1 > O2 > O5
(8, 8) (s2, 0.2283) (s2, 0.1373) (s4, −0.4073) (s5, −0.3846) (s2, −0.0262) O4 > O3 > O1 > O2 > O5
(9, 9) (s2, 0.2664) (s2, 0.2142) (s4, −0.3482) (s5, −0.2825) (s2, −0.0038) O4 > O3 > O1 > O2 > O5

(10, 10) (s2, 0.2999) (s2, 0.2793) (s4, −0.295) (s5, −0.1959) (s2, 0.0155) O4 > O3 > O1 > O2 > O5

Table 6. Ranking results for different operational parameters of the P2TLWGBM operator.

(t, r) S(O1) S(O2) S(O3) S(O4) S(O5) Ordering

(1, 1) (s1, −0.1432) (s1, −0.2053) (s2, 0.1454) (s1, 0.4929) (s1, −0.1851) O3 > O4 > O1 > O5 > O2
(2, 2) (s1, −0.1993) (s1, −0.2756) (s2, −0.0883) (s1, 0.3561) (s1, −0.3002) O3 > O4 > O1 > O2 > O5
(3, 3) (s1, −0.2445) (s1, −0.3179) (s2, −0.2589) (s1, 0.2793) (s1, −0.3746) O3 > O4 > O1 > O2 > O5
(4, 4) (s1, −0.2793) (s1, −0.3433) (s2, −0.3763) (s1, 0.236) (s1, −0.4211) O3 > O4 > O1 > O2 > O5
(5, 5) (s1, −0.3062) (s1, −0.3593) (s2, −0.4583) (s1, 0.2095) (s1, −0.4513) O3 > O4 > O1 > O2 > O5
(6, 6) (s1, −0.3275) (s1, −0.3699) (s1, 0.4819) (s1, 0.1924) (s1, −0.4715) O3 > O4 > O1 > O2 > O5
(7, 7) (s1, −0.3448) (s1, −0.3774) (s1, 0.4371) (s1, 0.1801) (s1, −0.4861) O3 > O4 > O1 > O2 > O5
(8, 8) (s1, −0.3592) (s1, −0.3828) (s1, 0.4023) (s1, 0.1712) (s1, −0.497) O3 > O4 > O1 > O2 > O5
(9, 9) (s1, −0.3713) (s1, −0.3869) (s1, 0.3746) (s1, 0.1641) (s0, 0.4947) O3 > O4 > O1 > O2 > O5

(10,10) (s1, −0.3816) (s1, −0.3902) (s1, 0.3519) (s1, 0. 1585) (s0, 0.4879) O3 > O4 > O1 > O2 > O5

5.3. Comparative Analysis

Now, we compare our method with the P2TLWA operator and P2TLWG operator [34]. The
comparative results are in Table 7.

Table 7. Order of the green suppliers.

Order

P2TLWA O3 > O4 > O5 > O1 > O2
P2TLWG O3 > O4 > O5 > O1 > O2

From the above, we can see that we get the same results, showing the effectiveness of our
approaches. However, the existing aggregation operators, such as the P2TLWA operator and P2TLWG
operator, do not consider the relationship between arguments being aggregated, and thus cannot
eliminate the influence of unfair arguments. Our proposed P2TLWBM and P2TLWGBM operators
consider the information about the relationship between arguments being aggregated.

6. Conclusions

In this paper, we focused on P2TLN information operators and their application to MADM. To
aggregate the P2TLNs, the P2TLWBM and P2TLWGBM operators have been developed. We have
conducted further research on these two operators’ numerous desirable properties. In addition, we
demonstrated the effectiveness of the P2TLWBM and P2TLWGBM operators in practical MADM
problems. Finally, we use an example about green supplier selection in the green supply chain
management process to elaborate the applicability of these two operators; meanwhile, the comparison
between parameters of different values has also been analyzed. In the future, we shall expand the
proposed models to unbalanced fuzzy linguistic information [56] and some other fuzzy and uncertain
MADM problems [57–86].



Algorithms 2018, 11, 5 15 of 18

Acknowledgments: The work was supported by the National Natural Science Foundation of China under Grant
Nos. 61174149 and 71571128, the Humanities and Social Sciences Foundation of Ministry of Education of the
People’s Republic of China (17XJA630003) and the Construction Plan of Scientific Research Innovation Team for
Colleges and Universities in Sichuan Province (15TD0004).

Author Contributions: Xiyue Tang, Yuhan Huang and Guiwu Wei conceived and worked together to achieve this
work, Xiyue Tang compiled the computing program for Matlab and analyzed the data, Xiyue Tang and Guiwu Wei
wrote the paper. Finally, all the authors have read and approved the final manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Atanassov, K. Intuitionistic fuzzy sets. Fuzzy Sets Syst. 1986, 20, 87–96. [CrossRef]
2. Zadeh, L.A. Fuzzy sets. Inf. Control 1965, 8, 338–356. [CrossRef]
3. Xu, Z.S. Intuitionistic fuzzy aggregation operators. IEEE Trans. Fuzzy Syst. 2007, 15, 1179–1187.
4. Xu, Z.S.; Yager, R.R. Some geometric aggregation operators based on intuitionistic fuzzy sets. Int. J. Gen. Syst.

2006, 35, 417–433. [CrossRef]
5. Xu, Z.S.; Yager, R.R. Dynamic intuitionistic fuzzy multi-attribute decision making. Int. J. Approx. Reason.

2008, 48, 246–262. [CrossRef]
6. Wei, G.W. Some geometric aggregation functions and their application to dynamic multiple attribute

decision making in intuitionistic fuzzy setting. Int. J. Uncertain. Fuzziness Knowl. Based Syst. 2009, 17, 179–196.
[CrossRef]

7. Wei, G.W. Some induced geometric aggregation operators with intuitionistic fuzzy information and their
application to group decision making. Appl. Soft Comput. 2010, 10, 423–431. [CrossRef]

8. Wei, G.W.; Zhao, X.F. Some induced correlated aggregating operators with intuitionistic fuzzy information
and their application to multiple attribute group decision making. Expert Syst. Appl. 2012, 39, 2026–2034.
[CrossRef]

9. Yu, D.J.; Wu, Y.Y.; Lu, T. Intuitionistic fuzzy prioritized operators and their application in group decision
making. Knowl. Based Syst. 2012, 30, 57–66. [CrossRef]

10. Xu, Z.S. Approaches to multiple attribute group decision making based on intuitionistic fuzzy power
aggregation operators. Knowl. Based Syst. 2011, 24, 749–760. [CrossRef]

11. Xu, Z.S.; Chen, Q. A multi-criteria decision making procedure based on intuitionistic fuzzy bonferroni means.
J. Syst. Sci. Syst. Eng. 2011, 20, 217–228. [CrossRef]

12. Xu, Z.S.; Xia, M.M. Induced generalized intuitionistic fuzzy operators. Knowl. Based Syst. 2011, 24, 197–209.
[CrossRef]

13. Yu, D. Intuitionistic fuzzy geometric Heronian mean aggregation operators. Appl. Soft Comput. 2013, 13,
1235–1246. [CrossRef]

14. Zhao, X.F.; Wei, G.W. Some intuitionistic fuzzy einstein hybrid aggregation operators and their application
to multiple attribute decision making. Knowl. Based Syst. 2013, 37, 472–479. [CrossRef]

15. Yager, R.R. Pythagorean fuzzy subsets. In Proceedings of the Joint IFsA World Congress and NAFIPs Annual
Meeting, Edmonton, AB, Canada, 24–28 June 2013; pp. 57–61.

16. Yager, R.R. Pythagorean membership grades in multicriteria decision making. IEEE Trans. Fuzzy Syst. 2014,
22, 958–965. [CrossRef]

17. Zhang, X.L.; Xu, Z. Extension of TOPsIs to multiple criteria decision making with Pythagorean fuzzy sets.
Int. J. Intell. Syst. 2014, 29, 1061–1078. [CrossRef]

18. Peng, X.; Yang, Y. Some results for Pythagorean Fuzzy sets. Int. J. Intell. Syst. 2015, 30, 1133–1160. [CrossRef]
19. Beliakov, G.; James, S. Averaging aggregation functions for preferences expressed as Pythagorean

membership grades and fuzzy orthopairs. In Proceedings of the IEEE International Conference on Fuzzy
Systems (FUZZ-IEEE), Beijing, China, 6–11 July 2014; pp. 298–305.

20. Reformat, M.; Yager, R.R. Suggesting recommendations using pythagorean fuzzy sets illustrated using netflix
movie data. In Information Processing and Management of Uncertainty in Knowledge-Based Systems; Springer:
Cham, Switzerland, 2014; pp. 546–556.

21. Gou, X.J.; Xu, Z.; Ren, P. The properties of continuous pythagorean fuzzy information. Int. J. Intell. Syst.
2016, 31, 401–424. [CrossRef]

http://dx.doi.org/10.1016/S0165-0114(86)80034-3
http://dx.doi.org/10.1016/S0019-9958(65)90241-X
http://dx.doi.org/10.1080/03081070600574353
http://dx.doi.org/10.1016/j.ijar.2007.08.008
http://dx.doi.org/10.1142/S0218488509005802
http://dx.doi.org/10.1016/j.asoc.2009.08.009
http://dx.doi.org/10.1016/j.eswa.2011.08.031
http://dx.doi.org/10.1016/j.knosys.2011.11.004
http://dx.doi.org/10.1016/j.knosys.2011.01.011
http://dx.doi.org/10.1007/s11518-011-5163-0
http://dx.doi.org/10.1016/j.knosys.2010.04.010
http://dx.doi.org/10.1016/j.asoc.2012.09.021
http://dx.doi.org/10.1016/j.knosys.2012.09.006
http://dx.doi.org/10.1109/TFUZZ.2013.2278989
http://dx.doi.org/10.1002/int.21676
http://dx.doi.org/10.1002/int.21738
http://dx.doi.org/10.1002/int.21788


Algorithms 2018, 11, 5 16 of 18

22. Ren, P.J.; Xu, Z.; Gou, X. Pythagorean fuzzy TODIM approach to multi-criteria decision making. Appl. Soft
Comput. 2016, 42, 246–259. [CrossRef]

23. Garg, H. A new generalized pythagorean fuzzy information aggregation using einstein operations and its
application to decision making. Int. J. Intell. Syst. 2016, 31, 886–920. [CrossRef]

24. Zeng, S.Z.; Chen, J.P.; Li, X. A hybrid method for pythagorean fuzzy multiple-criteria decision making. Int. J.
Inf. Technol. Decis. Mak. 2016, 15, 403–422. [CrossRef]

25. Garg, H. A novel accuracy function under interval-valued Pythagorean fuzzy environment for solving
multicriteria decision making problem. J. Intell. Fuzzy Syst. 2016, 31, 529–540. [CrossRef]

26. Liang, D.; Xu, Z.; Darko, A.P. Projection model for fusing the information of pythagorean fuzzy multicriteria
group decision making based on geometric bonferroni mean. Int. J. Intell. Syst. 2017, 32, 966–987. [CrossRef]

27. Peng, X.D.; Yuan, H.Y.; Yang, Y. Pythagorean fuzzy information measures and their applications. Int. J.
Intell. Syst. 2017, 32, 991–1029. [CrossRef]

28. Garg, H. Generalized pythagorean fuzzy geometric aggregation operators using einsteint-norm andt-conorm
for multicriteria decision-making process. Int. J. Intell. Syst. 2017, 32, 597–630. [CrossRef]

29. Wei, G.W.; Lu, M. Pythagorean fuzzy maclaurin symmetric mean operators in multiple attribute decision
making. Int. J. Intell. Syst. 2016. [CrossRef]

30. Wei, G.W. Pythagorean fuzzy interaction aggregation operators and their application to multiple attribute
decision making. J. Intell. Fuzzy Syst. 2017, 33, 2119–2132. [CrossRef]

31. Wei, G.W.; Lu, M. Pythagorean fuzzy power aggregation operators in multiple attribute decision making.
Int. J. Intell. Syst. 2018, 33, 169–186. [CrossRef]

32. Wei, G.W.; Lu, M. Dual hesitant Pythagorean fuzzy Hamacher aggregation operators in multiple attribute
decision making. Arch. Control Sci. 2017, 27, 365–395. [CrossRef]

33. Lu, M.; Wei, G.W.; Alsaadi, F.E.; Hayat, T.; Alsaedi, A. Hesitant pythagorean fuzzy hamacher aggregation
operators and their application to multiple attribute decision making. J. Intell. Fuzzy Syst. 2017, 33, 1105–1117.
[CrossRef]

34. Wei, G.W.; Lu, M.; Alsaadi, F.E.; Hayat, T.; Alsaedi, A. Pythagorean 2-tuple linguistic aggregation operators
in multiple attribute decision making. J. Intell. Fuzzy Syst. 2017, 33, 1129–1142. [CrossRef]

35. Bonferroni, C. Sulle medie multiple di potenze. Boll. Mat. Ital. 1950, 5, 267–270.
36. Zhu, B.; Xu, Z.S.; Xia, M.M. Hesitant fuzzy geometric Bonferroni means. Inf. Sci. 2012, 205, 72–85. [CrossRef]
37. Xia, M.M.; Xu, Z.s.; Zhu, B. Generalized intuitionistic fuzzy Bonferroni means. Int. J. Intell. Syst. 2012, 27,

23–47. [CrossRef]
38. Xu, Z.s.; Yager, R.R. Intuitionistic fuzzy Bonferroni means. IEEE Trans. Syst. Man Cybern. 2011, 41, 568–578.
39. Yager, R.R. On generalized Bonferroni mean operators for multi-criteria aggregation. Int. J. Approx. Reason.

2009, 50, 1279–1286. [CrossRef]
40. Wei, G.W. Picture 2-tuple linguistic Bonferroni mean operators and their application to multiple attribute

decision making. Int. J. Fuzzy Syst. 2017, 19, 997–1010. [CrossRef]
41. Jiang, X.P.; Wei, G.W. Some bonferroni mean operators with 2-Tuple linguistic information and their

application to multiple attribute decision making. J. Intell. Fuzzy Syst. 2014, 27, 2153–2162.
42. Wei, G.W.; Zhao, X.F.; Lin, R.; Wang, H.J. Uncertain linguistic Bonferroni mean operators and their application

to multiple attribute decision making. Appl. Math. Model. 2013, 37, 5277–5285. [CrossRef]
43. Herrera, F.; Martinez, L. A 2-tuple fuzzy linguistic representation model for computing with words.

IEEE Trans. Fuzzy Syst. 2000, 8, 746–752.
44. Herrera, F.; Martinez, L. An approach for combining linguistic and numerical information based on the

2-tuple fuzzy linguistic representation model in decision-making. Int. J. Uncertain. Fuzziness Knowl. Based
Syst. 2000, 8, 539–562. [CrossRef]

45. Merigó, J.M.; Casanovas, M.; Martínez, L. Linguistic aggregation operators for linguistic decision making
based on the Dempster-shafer theory of Evidence. Int. J. Uncertain. Fuzziness Knowl. Based Syst. 2010, 18,
287–304. [CrossRef]

46. Wei, G.W.; Lin, R.; Zhao, X.F.; Wang, H.J. Models for multiple attribute group decision making with 2-tuple
linguistic assessment information. Int. J. Comput. Intell. Syst. 2010, 3, 315–324. [CrossRef]

47. Wei, G.W. Extension of TOPSIS method for 2-tuple linguistic multiple attribute group decision making with
incomplete weight information. Knowl. Inf. Syst. 2010, 25, 623–634. [CrossRef]

http://dx.doi.org/10.1016/j.asoc.2015.12.020
http://dx.doi.org/10.1002/int.21809
http://dx.doi.org/10.1142/S0219622016500012
http://dx.doi.org/10.3233/IFS-162165
http://dx.doi.org/10.1002/int.21879
http://dx.doi.org/10.1002/int.21880
http://dx.doi.org/10.1002/int.21860
http://dx.doi.org/10.1002/int.21911
http://dx.doi.org/10.3233/JIFS-162030
http://dx.doi.org/10.1002/int.21946
http://dx.doi.org/10.1515/acsc-2017-0024
http://dx.doi.org/10.3233/JIFS-16554
http://dx.doi.org/10.3233/JIFS-16715
http://dx.doi.org/10.1016/j.ins.2012.01.048
http://dx.doi.org/10.1002/int.20515
http://dx.doi.org/10.1016/j.ijar.2009.06.004
http://dx.doi.org/10.1007/s40815-016-0266-x
http://dx.doi.org/10.1016/j.apm.2012.10.048
http://dx.doi.org/10.1142/S0218488500000381
http://dx.doi.org/10.1142/S0218488510006544
http://dx.doi.org/10.1080/18756891.2010.9727702
http://dx.doi.org/10.1007/s10115-009-0258-3


Algorithms 2018, 11, 5 17 of 18

48. Wei, G.W. A method for multiple attribute group decision making based on the ET-WG and ET-OWG
operators with 2-tuple linguistic information. Expert Syst. Appl. 2010, 37, 7895–7900. [CrossRef]

49. Wei, G.W. Grey relational analysis method for 2-tuple linguistic multiple attribute group decision making
with incomplete weight information. Expert Syst. Appl. 2011, 38, 4824–4828. [CrossRef]

50. Wei, G.W. Some generalized aggregating operators with linguistic information and their application to
multiple attribute group decision making. Comput. Ind. Eng. 2011, 61, 32–38. [CrossRef]

51. Wei, G.W.; Zhao, X.F. Some dependent aggregation operators with 2-tuple linguistic information and their
application to multiple attribute group decision making. Expert Syst. Appl. 2012, 39, 5881–5886. [CrossRef]

52. Wei, G.W.; Alsaadi, F.E.; Hayat, T.; Alsaedi, A. Picture 2-tuple linguistic aggregation operators in multiple
attribute decision making. Soft Comput. 2016, 1–14. [CrossRef]

53. Lu, M.; Wei, G.W.; Alsaadi, F.E.; Hayat, T.; Alsaedi, A. Bipolar 2-tuple linguistic aggregation operators in
multiple attribute decision making. J. Intell. Fuzzy Syst. 2017, 33, 1197–1207. [CrossRef]

54. Wei, G.W.; Alsaadi, F.E.; Hayat, T.; Alsaedi, A. Hesitant fuzzy linguistic arithmetic aggregation operators in
multiple attribute decision making. Iran. J. Fuzzy Syst. 2016, 13, 1–16.

55. Wei, G.W. Interval valued hesitant fuzzy uncertain linguistic aggregation operators in multiple attribute
decision making. Int. J. Mach. Learn. Cybern. 2016, 7, 1093–1114. [CrossRef]

56. Cabrerizo, F.J.; Al-Hmouz, R.; Morfeq, A.; Balamash, A.S.; Martínez, M.A.; Herrera-Viedma, E. Soft consensus
measures in group decision making using unbalanced fuzzy linguistic information. Soft Comput. 2017, 21,
3037–3050. [CrossRef]

57. Xu, Z.; Wang, H. Managing multi-granularity linguistic information in qualitative group decision making:
An overview. Granul. Comput. 2016, 1, 21–35. [CrossRef]

58. Mendel, J.M. A comparison of three approaches for estimating (synthesizing) an interval type-2 fuzzy set
model of a linguistic term for computing with words. Granul. Comput. 2016, 1, 59–69. [CrossRef]

59. Xu, Z.; Gou, X. An overview of interval-valued intuitionistic fuzzy information aggregations and applications.
Granul. Comput. 2017, 2, 13–39. [CrossRef]

60. Das, S.; Kar, S.; Pal, T. Robust decision making using intuitionistic fuzzy numbers. Granul. Comput. 2017, 2,
41–54. [CrossRef]

61. Meng, S.; Liu, N.; He, Y. GIFIHIA operator and its application to the selection of cold chain logistics
enterprises. Granul. Comput. 2017, 2, 187–197. [CrossRef]

62. Chatterjee, K.; Kar, S. Unified Granular-number based AHP-VIKOR multi-criteria decision framework.
Granul. Comput. 2017, 2, 199–221. [CrossRef]

63. Qin, J. Interval type-2 fuzzy Hamy mean operators and their application in multiple criteria decision making.
Granul. Comput. 2017, 2, 249–269. [CrossRef]

64. Wang, C.; Fu, X.; Meng, S.; He, Y. Multi-attribute decision making based on the SPIFGIA operators.
Granul. Comput. 2017, 2, 321–331. [CrossRef]

65. Liu, P.; You, X. Probabilistic linguistic TODIM approach for multiple attribute decision making.
Granul. Comput. 2017, 2, 333–342. [CrossRef]

66. Wei, G.W. Picture fuzzy Hamacher aggregation operators and their application to multiple attribute decision
making. Fundam. Inform. 2018, 157, 271–320. [CrossRef]

67. Wei, G.W.; Alsaadi, F.E.; Hayat, T.; Alsaedi, A. Projection models for multiple attribute decision making with
picture fuzzy information. Int. J. Mach. Learn. Cybern. 2016, 1–7. [CrossRef]

68. Wei, G.W. Picture uncertain linguistic Bonferroni mean operators and their application to multiple attribute
decision making. Kybernetes 2017, 46, 1777–1800. [CrossRef]

69. Wei, G.W. Some cosine similarity measures for picture fuzzy sets and their applications to strategic decision
making. Informatica 2017, 28, 547–564. [CrossRef]

70. Wei, G.W. Interval-valued dual hesitant fuzzy uncertain linguistic aggregation operators in multiple attribute
decision making. J. Intell. Fuzzy Syst. 2017, 33, 1881–1893. [CrossRef]

71. Wei, G.W.; Alsaadi, F.E.; Hayat, T.; Alsaedi, A. Hesitant bipolar fuzzy aggregation operators in multiple
attribute decision making. J. Intell. Fuzzy Syst. 2017, 33, 1119–1128. [CrossRef]

72. Wei, G.W. Picture fuzzy aggregation operators and their application to multiple attribute decision making.
J. Intell. Fuzzy Syst. 2017, 33, 713–724. [CrossRef]

73. Wei, G.W.; Alsaadi, F.E.; Hayat, T.; Alsaedi, A. A linear assignment method for multiple criteria decision
analysis with hesitant fuzzy sets based on fuzzy measure. Int. J. Fuzzy Syst. 2017, 19, 607–614. [CrossRef]

http://dx.doi.org/10.1016/j.eswa.2010.04.047
http://dx.doi.org/10.1016/j.eswa.2010.09.163
http://dx.doi.org/10.1016/j.cie.2011.02.007
http://dx.doi.org/10.1016/j.eswa.2011.11.120
http://dx.doi.org/10.1007/s00500-016-2403-8
http://dx.doi.org/10.3233/JIFS-16946
http://dx.doi.org/10.1007/s13042-015-0433-7
http://dx.doi.org/10.1007/s00500-015-1989-6
http://dx.doi.org/10.1007/s41066-015-0006-x
http://dx.doi.org/10.1007/s41066-015-0009-7
http://dx.doi.org/10.1007/s41066-016-0023-4
http://dx.doi.org/10.1007/s41066-016-0024-3
http://dx.doi.org/10.1007/s41066-017-0038-5
http://dx.doi.org/10.1007/s41066-017-0039-4
http://dx.doi.org/10.1007/s41066-017-0041-x
http://dx.doi.org/10.1007/s41066-017-0046-5
http://dx.doi.org/10.1007/s41066-017-0047-4
http://dx.doi.org/10.3233/FI-2018-1628
http://dx.doi.org/10.1007/s13042-016-0604-1
http://dx.doi.org/10.1108/K-01-2017-0025
http://dx.doi.org/10.15388/Informatica.2017.144
http://dx.doi.org/10.3233/JIFS-161811
http://dx.doi.org/10.3233/JIFS-16612
http://dx.doi.org/10.3233/JIFS-161798
http://dx.doi.org/10.1007/s40815-016-0177-x


Algorithms 2018, 11, 5 18 of 18

74. Wei, G.W.; Wang, J.M. A comparative study of robust efficiency analysis and data envelopment analysis
with imprecise data. Expert Syst. Appl. 2017, 81, 28–38. [CrossRef]

75. Wu, S.J.; Wei, G.W. Pythagorean fuzzy Hamacher aggregation operators and their application to multiple
attribute decision making. Int. J. Knowl. Based Intell. Eng. Syst. 2017, 21, 189–201. [CrossRef]

76. Lu, M.; Wei, G.W. Pythagorean uncertain linguistic aggregation operators for multiple attribute decision
making. Int. J. Knowl. Based Intell. Eng. Syst. 2017, 21, 165–179. [CrossRef]

77. Wei, G.W. Picture fuzzy cross-entropy for multiple attribute decision making problems. J. Bus. Econ. Manag.
2016, 17, 491–502. [CrossRef]

78. Wei, G.W. Approaches to interval intuitionistic trapezoidal fuzzy multiple attribute decision making with
incomplete weight information. Int. J. Fuzzy Syst. 2015, 17, 484–489. [CrossRef]

79. Wei, G.W.; Chen, J.; Wang, J.M. Stochastic efficiency analysis with a reliability consideration. Omega 2014, 48,
1–9. [CrossRef]

80. Wang, H.J.; Zhao, X.F.; Wei, G.W. Dual hesitant fuzzy aggregation operators in multiple attribute decision
making. J. Intell. Fuzzy Syst. 2014, 26, 2281–2290.

81. Wei, G.W.; Zhang, N. A multiple criteria hesitant fuzzy decision making with Shapley value-based VIKOR
method. J. Intell. Fuzzy Syst. 2014, 26, 1065–1075.

82. Zhao, X.F.; Lin, R.; Wei, G.W. Hesitant triangular fuzzy information aggregation based on Einstein operations
and their application to multiple attribute decision making. Expert Syst. Appl. 2014, 41, 1086–1094. [CrossRef]

83. Wei, G.W.; Wang, J.M.; Chen, J. Potential optimality and robust optimality in multiattribute decision analysis
with incomplete information: A comparative study. Decis. Support Syst. 2013, 55, 679–684. [CrossRef]

84. Wei, G.W.; Zhao, X.F.; Lin, R. Some hesitant interval-valued fuzzy aggregation operators and their
applications to multiple attribute decision making. Knowl. Based Syst. 2013, 46, 43–53. [CrossRef]

85. Zhang, N.; Wei, G.W. Extension of VIKOR method for decision making problem based on hesitant fuzzy set.
Appl. Math. Model. 2013, 37, 4938–4947. [CrossRef]

86. Wei, G.W. Hesitant Fuzzy prioritized operators and their application to multiple attribute group decision
making. Knowl. Based Syst. 2012, 31, 176–182. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.eswa.2017.03.043
http://dx.doi.org/10.3233/KES-170363
http://dx.doi.org/10.3233/KES-170361
http://dx.doi.org/10.3846/16111699.2016.1197147
http://dx.doi.org/10.1007/s40815-015-0060-1
http://dx.doi.org/10.1016/j.omega.2014.04.001
http://dx.doi.org/10.1016/j.eswa.2013.07.104
http://dx.doi.org/10.1016/j.dss.2013.02.005
http://dx.doi.org/10.1016/j.knosys.2013.03.004
http://dx.doi.org/10.1016/j.apm.2012.10.002
http://dx.doi.org/10.1016/j.knosys.2012.03.011
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Preliminaries 
	P2TLSs 
	BM Operator 

	The P2TLWBM Operator and P2TLWGBM Operator 
	P2TLWBM Operator 
	P2TLWGBM Operator 

	Models for MADM with P2TLNs 
	Numerical Example and Comparative Analysis 
	Numerical Example 
	Influence of the Parameter on the Final Result 
	Comparative Analysis 

	Conclusions 
	References

