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In recent years, interval-valued Pythagorean fuzzy number is playing a more and more important role in decision management. It is a
more effective and powerful tool to handle fuzzy information in decision problems. Themulticriteria decision-making theory has been
widely used in solving practical problems, such as the risk assessment of financial investment, engineering and construction, medical
and health care, and information security. The main purpose of this paper is to apply a new interval-valued Pythagorean fuzzy
decision-making method to practice and to analyze and solve the problem of wireless communication infrastructure. In this paper,
a new interval-valued Pythagorean fuzzy ranking method, extending scope of application of the VIKOR method to interval-valued
Pythagorean fuzzy set, is proposed. In order to adapt to actual needs, subjective and objective weights are combined to solve
decision-making problems to enhance its practicality, validity, and effectiveness. An example of wireless communication
infrastructure problem is provided to illustrate the rationality of this method and verify its advantages.

1. Introduction

In real life, people often cannot describe things accurately.
Words like “almost,” “probably,” and other vague adjectives
are often used to do the description. Therefore, fuzzy num-
bers are widely used, so they play an important role in
decision-making. In 1965, Zadeh developed the mathemati-
cal expression of fuzzy things, called fuzzy set theory [1]
(FS); it is widely used to deal with uncertain information in
decision-making process. It is also an important method for
fuzzy decision-making. FS expresses two dimensions: degree
of certainty (degree of membership) and degree of uncer-
tainty (degree of nonmembership). Yet, a neutral attitude
that neither agrees nor opposes cannot be expressed by FS.
Subsequently, Atanassov [2] extended fuzzy sets to intuitio-
nistic fuzzy sets (IFS); he firstly took the hesitancy degree into
consideration, which analyzes information from three
dimensions: the degree of membership u, nonmembership
v, and hesitancy π. IFS express support, opposition, and neu-

trality at the same time to overcome the disadvantages of sin-
gle membership degree of fuzzy sets. Thus, the reliability of
decision information is greatly improved. However, there
still are cases that cannot be handled by using intuitionistic
fuzzy sets, such as u + v > 1. To solve this problem, Yager
[3] introduced the concept of Pythagorean fuzzy set, stipulat-
ing that the sum of the square of membership and nonmem-
bership of Pythagorean fuzzy set is less than or equal to 1. For
example, if we describe a problem as follows: the definite
metrics (membership degree) is 0.6, indefinite metrics (non-
membership) is 0.8, because 0:6 + 0:8 > 1, which is beyond
the representation of intuitionistic fuzzy sets, but the prob-
lem can be well described by Pythagoras fuzzy set. Therefore,
Pythagorean fuzzy set extended its expression range greatly
on the basis of intuitionistic fuzzy set. It helped fuzzy
decision-making to solve more practical problems and
enhanced its practicability greatly. With the further study of
practical problems, there is also uncertainty among member-
ship index. In 2016, Zhang [4] raised the concept of interval-
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valued Pythagorean fuzzy number. This theory followed the
earlier concept of interval-valued intuitionistic fuzzy sets
and extended Interval-valued Intuitive Fuzzy Set Theory.
Besides, it enriched the previous Pythagorean fuzzy set deci-
sion method. Hereafter, Garg [5] extended Pythagorean
fuzzy set theory to interval Pythagorean fuzzy environment
and introduces some aggregation operators related to
interval-valued Pythagorean fuzzy sets. Furthermore, Garg
[6] extended the TOPSIS method and proposed a score func-
tion to determine the relative closeness coefficient in the
interval Pythagorean fuzzy environment. Chen [7] proposed
a novel function of relative closeness and uses the closeness-
based assignment model to determine the ranking of alterna-
tives. Garg [8] provided new Pythagorean fuzzy exponential
aggregation operators and methods to solve MCDM problem
under the Pythagorean fuzzy environment. A novel concept
of linguistic interval-valued Pythagorean fuzzy set (LIVPFS)
is presented in [9] to solve more MAGDM problems. More-
over, Garg [10] developed a new neutral addition and scalar
multiplication operations to solve the MAGDM problems.
These methods make fuzzy decision-making more widely
used. For example, when we say a watermelon is ripe, there
is 60% ~ 80% probability that it is ripe and 40% ~ 50% prob-
ability that it is unripe. In this case, researchers use interval
values to make a description, and the above situation can
be easily expressed as ð½0:6, 0:8�, ½0:4, 0:5�Þ.

In the process of decision-making, experts often need to
choose the best one among candidates. Therefore, ranking
method is very important in the decision-making process
for multicriteria fuzzy decision-making. It seems that the
previous Pythagorean fuzzy number ranking method is
effective to solve the multicriteria decision-making prob-
lems. Yager [3] defined a set of Pythagorean natural order
relationships to compare two fuzzy numbers through their
membership and nonmembership. However, there are some
Pythagorean fuzzy number pairs which cannot be com-
pared by Yager [3]. To solve this problem, Zhang [11] came
up with a strict order relation, which takes the hesitancy
into consideration. However, for some Pythagorean fuzzy
number pairs, the order relation cannot be clearly distin-
guished. Therefore, the researchers turned to ranking
methods based on score functions and accuracy functions.
Zhang and Xu [12] defined a score function for Pythago-
rean fuzzy numbers by using the square difference between
membership and nonmembership. If the membership
degree is the same as the nonmembership degree in a pair
of Pythagorean fuzzy numbers, they will be considered as
no difference by [12], which is inconsistent with the actual
situation. Similarly, the ranking method based on score
function and accuracy function is also proposed by Ren
et al. [13], which is sensitive to disturbance, and even very
small disturbance on membership degree could probably
result in completely different ranking results. Subsequently,
Ma and Xu [14] also proposed similar ranking methods
with [13], but the ranking method lacks robustness, and
the score function and accuracy function of ranking
methods in literature [13] and literature [14] did not take
the influence of hesitation into account. This may lead to
information loss to some extent. To overcome the defect

in [13, 14], Peng and Dai [15] have defined a new ranking
schema by incorporating hesitancy into the consideration
of the score function. However, in solving practical prob-
lems, the result is different from that of other previous
ranking methods. Zhang [4] proposed a new ranking algo-
rithm based on relative closeness. Ranking score is obtained
by calculating the distance between the positive and nega-
tive ideal solutions, but the ranking method in [4] cannot
distinguish the two Pythagorean fuzzy numbers with equal
membership degree and nonmembership degree. Consider-
ing that Zhang [16] gave an expression to describe the ratio
index of Pythagorean fuzzy number, which can sort a set of
Pythagorean fuzzy number pairs. However, this method
depends too much on the set of Pythagorean fuzzy num-
bers. Once the number changed, it may lead to different
results, lacking reliability and stability.

In view of multicriteria decision-making problem,
researchers proposed many decision-making methods from
different aspects. Since 1981, based on the thought of “the
idea that the smaller the distance from positive ideal solution,
or the larger the distance from the negative ideal solution, the
better the fuzzy number it will be,” Hwang and Yoon pro-
posed the TOPSIS decision-making method [17]. Many
researchers have studied and applied this method [12, 18–24].
To solve the problem of multicriteria decision-making with
incomplete attribute information, the TODIM decision-
making method of incomplete information was proposed in
[25], considering that experts have reference dependence and
loss avoidance behaviour. Later, many researchers have
enriched the method [13, 26–28]. Taking the maximum group
utility value and the minimum individual regret value into
account, the VIKOR method was proposed by Opricovic, in
1998. It is one of the most effective tools in multicriteria deci-
sion evaluation and helpful to compare the relationship
between individual and group. Over the past 20 years, VIKOR
has been continuously extended and successfully applied to
various fields [29–34]. This paper also cites VIKOR methods
to determine objective weights in multicriteria decision-
making problems.

The theory of multicriteria decision-making is widely
used in solving practical problems, such as the risk assessment
of financial investment [35–37], engineering and construction
[38], medical and health care [39, 40], information security
[20], and other areas [41, 42]. Based on the development of
5G technology, this paper did some research on the new sit-
uation and problems in the construction and protection of
wireless communication infrastructure, focusing on the loca-
tion of 5G base stations and aiming at the balance of cover-
age, capacity, cost, and quality of current wireless networks.
The proposed options are evaluated by fuzzy decision-
making method to provide a better scheme for experts. They
are also conducive to the rapid promotion and the use of 5G
technology.

The contributions of this paper can be illustrated as
follows.

(1) By considering the relationship between membership
degree, nonmembership degree, and hesitancy
degree, this paper proposed a new ranking method
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for interval-valued Pythagorean fuzzy number based
on information reliability

(2) To solve the construction and protection of wireless
communication infrastructure problem, this paper
puts forward a decision-making schema which com-
bines subjective and objective weights to reduce the
strong influence of subjectivity on the rationality of
decision-making

(3) The proposed method extends VIKOR method to
interval-valued Pythagorean fuzzy environment.
Based on this compromised VIKORmethod, the pro-
posed method makes an objective balance between
the maximum group utility value and the minimum
individual regret value according to the objective data
and solves the 5G base station selection

The rest of this article is divided into six sections. Section
2 provides a brief introduction to fuzzy sets and some related
theories. Section 3 analyzes and summarizes the previous
ranking methods of Pythagorean fuzzy numbers and
interval-valued Pythagorean fuzzy numbers. Section 4 intro-
duces the interval-valued Pythagorean fuzzy number ranking
method and the multicriteria decision method based on the
ranking rule. Section 5 uses a real case to elaborate the
working process of the proposed decision-making method.
Section 6 compares the ranking method and decision method
proposed in this paper with the previous research results in
detail. Finally, in Section 7, we perform sensitivity analysis
of the adjustment parameters involved in the proposed deci-
sion method.

2. Preliminaries

In this part, we will briefly introduce some basic definitions,
properties, and distance formulas related to interval-valued
Pythagorean fuzzy sets and then introduce an aggregation
operator.

2.1. Pythagorean Fuzzy Set

Definition 1 (see [3]). Let X be a nonempty domain, and the
Pythagorean fuzzy set P on X is represented as follows.

P = x, μP xð Þ, νP xð Þð Þh i ∣ x ∈ Xf g, ð1Þ

where μPðxÞ and νPðxÞ are the membership and non-
membership functions of element x for set P, respectively,
μPðxÞ ∈ ½0, 1� and νPðxÞ ∈ ½0, 1� and 0 ≤ ðμPðxÞÞ2 + ðνPðxÞÞ2
≤ 1.

The following distance evaluation of two Pythagorean
fuzzy numbers can be obtained.

d p1, p2ð Þ = 1
2 μp1

� �2
− μp2

� �2����
���� + νp1

� �2
− νp2

� �2����
���� + πp1

� �2
− πp2

� �2����
����

� �
:

ð2Þ

Based on the Pythagorean fuzzy set theory, the
researchers make a thorough discussion on the interval-

valued Pythagorean fuzzy set theory. The following is a brief
introduction to the basic definition, properties, and distance
formula of the interval-valued Pythagorean fuzzy set.

2.2. Interval-Valued Pythagorean Fuzzy Sets

Definition 2 (see [4]). Let the X be a nonnull domain, and the
interval-valued Pythagorean fuzzy set on the X is ~P, repre-
sented as follows.

~P = <x, μL~P xð Þ, μU~P xð Þ� �
, νL~P xð Þ, νU~P xð Þ� �	 


>∣x ∈ X
� �

, ð3Þ

where ½μL~PðxÞ, μU~P ðxÞ� is the element x for the membership
range of the set, ½νL~PðxÞ, νU~P ðxÞ� is the element x for the set of
nonmembership value range, 0 ≤ μL~PðxÞ < μU~P ðxÞ ≤ 1 and 0 ≤
νL~PðxÞ < νU~P ðxÞ ≤ 1 and 0 ≤ ðμU~P ðxÞÞ

2 + ðνU~P ðxÞÞ
2 ≤ 1.

The distance evaluation of two interval-valued Pythago-
rean fuzzy numbers can be formulized as follows.

d p1, p2ð Þ = 1
4 μLp1

� �p
− μLp2

� �p��� ��� + μUp1

� �p
− μUp2

� �p��� ����
+ νLp1

� �p
− νLp2

� �p��� ��� + νUp1

� �p
− νUp2

� �p��� ���
+ πL

p1

� �p
− πL

p2

� �p��� ��� + πU
p1

� �p
− πU

p2

� �p��� ����:
ð4Þ

2.3. Aggregation Operator. Because of the complexity of
decision-making problem, there are a lot of interference fac-
tors in the decision-making process when experts judge the
superiority of the candidates. Therefore, the aggregation
operator for interval-valued Pythagorean fuzzy set is also
very important. Here, the traditional geometric operator will
be employed by the proposed ranking method in the paper.

Definition 3 (see [43]). Let the zj = <½μ jL, μjU �, ½μνjL, νjU � >
ðj = 1, 2,⋯,nÞ be the interval-valued Pythagorean fuzzy
set. By weighted assembly operator, the matrix is D based
on the optional scheme and expressed as follows.

gn = gznω z1, z2,⋯,zj
	 


= 1 −
Ym
j=1

1 − μjL

� �ω j

, 1 −
Ym
j=1

1 − μ jU

� �ω j
" #

,
*

�
Ym
j=1

νjL
ω j ,
Ym
j=1

νjU
ω j

" #+
:

ð5Þ

3. Previous Ranking Methods

This section introduced some proposed ranking methods,
which contains some natural sequence relationship, knowl-
edge measurement, and information reliability and some
other ranking methods of Pythagorean fuzzy numbers and
interval-valued Pythagorean fuzzy numbers, and the short-
comings of these methods are analyzed as well.
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3.1. Natural Sequence Relationship. Yager [1] defines a set of
Pythagorean fuzzy number natural order relations. For a set
of fuzzy number Pi = ðμi, νiÞ, if μ1 ≥ μ2, and ν1 ≤ ν2, then
P1≻P2, which means P1 is bigger than or indifferent to P2,
we get the representation which P1 takes precedence over
the P2. By comparing the membership degree of two fuzzy
numbers and the nonmembership degree, this method
obtains the size relation. According to the definition in [1],
there are some Pythagorean fuzzy number pairs that cannot
be compared.

For example, there are two Pythagorean fuzzy numbers
P1 and P2, where P1 = ð0:8,0:4Þ and P2 = ð0:7,0:3Þ. The com-
parison shows that μ1 ≥ μ2 and ν1 ≥ ν2, we can not make a
judgment.

To make up for the defect of Yager’s method in [1],
Zhang [11] puts forward strict order relationship and con-
siders the hesitation degree.

For a set of fuzzy numbers Pi = ðμi, νiÞ, π2
i = 1 − μ2i − ν2i ,

if μ1 ≥ μ2, ν1 ≤ ν2, and π1 ≤ π2, and there is a P1≻P2, which
means the priority of P1 is higher than that of P2. However,
strict order relationships cannot distinguish certain Pythago-
rean fuzzy numbers.

For example, there are two Pythagorean fuzzy numbers
P1 and P2, where P1 = ð0:8,0:4Þ and P2 = ð0:7,0:5Þ. It can be
seen that μ1 ≥ μ2, ν1 ≤ ν2, but π1 ≥ π2, so it can not be judged
by this method.

3.2. Ranking Methods for Pythagorean Fuzzy Numbers.
Zhang and Xu [12] defined a score function that, let P1 =
ðμ1, ν1Þ and P2 = ðμ2, ν2Þ be two Pythagorean fuzzy num-
bers, and the function they proposed as follows.

Szhang ~pð Þ = μ2 − ν2, ð6Þ

The following ranking rules are defined.

if Szhang P1ð Þ < Szhang P2ð Þ, then P1 ≺ P2, ð7Þ

if Szhang P1ð Þ = Szhang P2ð Þ, then P1 ~ P2, ð8Þ

where ≺ means smaller than and ∼ means indifferent to.
According to above methods, we find that the ranking

method cannot be compared in some cases. For Pythagorean
fuzzy numbers P1 = ð0:8,0:4Þ and P2 = ð0:7,0:1Þ, the value
can be computed as follows.

Szhang P1ð Þ = 0:82 − 0:42 = 0:48 ;

Szhang P2ð Þ = 0:72 − 0:12 = 0:48:
ð9Þ

Since SzhangðP1Þ = SzhangðP2Þ, we got P1 ~ P2. But it is
obvious that the P1 and P2 are two different fuzzy numbers,
so the judgment method is unreasonable.

To solve the above problems, the method [13] is moti-
vated by [12], and it can be described as follows.

Speng ~pð Þ = μ2 + ν2: ð10Þ

Moreover, following ranking rules are defined.

if Szhang P1ð Þ < Szhang P2ð Þ, then P1 ≺ P2,
if Szhang P1ð Þ = Szhang P2ð Þ,

if Speng P1ð Þ < Speng P2ð Þ, then P1 ≺ P2,
if Speng P1ð Þ = Speng P2ð Þ, then P1 ~ P2:

ð11Þ

The method [13] has improved and overcome the short-
comings of [12]; it seems more reasonable, but in fact, there
are still some problems. For example, existed two Pythagorean
fuzzy numbers P1 and P2, P1 = ð0:8,0:4Þ, P2 = ð0:7,0:1Þ, from
formula (5), SzhangðP1Þ = SzhangðP2Þ, we cannot make the
right judgment; then, we reuse formula (7) SpengðP1Þ = 082
+ 0:42 = 0:80 > SpengðP2Þ = 0:50 = 0:72 + 0:12, that is to say
P1 ≻ P2. When we consider making a small change in P1 as
a P1′, and set P1′ to P1′ = ð0:7999,0:4Þ, and the difference
between the original P1 of the membership value is only
0.0001. This time we get SzhangðP1′Þ < SzhangðP2Þ, which is
contrary to the original result. Therefore, we concluded that
this ranking method is less robust and sensitive to perturba-
tions of small values, and the ranking method is unstable.

Zhang [4] focuses on distance measurement, and the
ranking result is obtained according to the distance between
Pythagorean number and ideal solution.

They defined Að1, 0Þ and Bð0, 1Þ representation point is
A a positive ideal solution point; the point is B a negative
ideal solution point, and the distance between the positive
and negative ideal solution is expressed as dðP, AÞ and
dðP, BÞ, respectively, and

d P, Að Þ = 1
2 μPð Þ2 − μAð Þ2�� �� + νPð Þ2 − νAð Þ2�� �� + πPð Þ2 − πAð Þ2�� ��	 


:

ð12Þ

There is a set of Pythagorean fuzzy numbers ~P = ð~μ, ~νÞ;
by measuring the distance, Zhang [4] defines the following
scoring functions.

c ~pð Þ = d ~P, B
	 


d ~P, A
	 


+ d ~P, B
	 
 = 1 − ν2

2 − μ2 − ν2
: ð13Þ

The ranking method is described as follows.

if c P1ð Þ < c P2ð Þ, then P1 ≺ P2,
if c P1ð Þ = c P2ð Þ, then P1 ~ P2:

ð14Þ

For example, there are two Pythagorean fuzzy numbers
P1 = ð0:7,0:7Þ and P2 = ð0:5,0:5Þ. The calculation shows
that cðP1Þ = cðP2Þ = 0:5, then P1 ~ P2. It can be obviously
concluded that P1 and P2 are two different fuzzy numbers,
so the judgment method is unreasonable.

3.3. Knowledge Measurement and Information Reliability.
The correlation ranking method about comprehensive
knowledge measure and information reliability was proposed
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in [44]. If there is a Pythagorean fuzzy number Yðμ, ν, πÞ, set
a preference factor δð0 ≤ δ < 1/2Þ. Based on the theory of
distance measurement from positive and negative ideal
solutions, they introduce two Pythagorean fuzzy numbers
Að1, 0, 0Þ and Bð0, 1, 0Þ and use formulas dðY , PnearÞ and
dðY , PfarÞ to express a closer or longer distance between Y
and A and B.

The expression of the defined knowledge measure
function are as follows:

K Yð Þ = δ 1 − 1
2

d Y , Pnearð Þ
d Y , Pfarð Þ + π2

� � �
+ 1 − δð Þd Y ,Oð Þ,

ð15Þ

where δ is a preference parameter.
Generally, if there is no extra preference relationship,

δ = 1/2 means that expert treats the two components
equally.

As shown in Figure 1, the arc AB represents the point of
μ2 + ν2 = 1, and the hesitation value of any point on the arc is
0. At this point, we call the Pythagorean fuzzy number 1. The
point in the sector area OAB can be described as 0 < μ2 + ν2

< 1. The Pythagorean fuzzy number information repre-
sented by these points is more or less hesitant. There is a
Pythagorean fuzzy number Y located in the regional OAB.
The projection of the arc AB in the μ direction and the ν
direction is represented by points M and N , respectively.
The shaded area MYN can be used to indicate the distance
between the point Y , and the arc MN is an uncertain degree
of information Y. The smaller the shadow MYN area, the
more reliable the information represented by the Pythago-
rean fuzzy number Y [45].

S Yð Þ = 1 − SMYN = 1 − SMON − SΔMOY − SΔNOYð Þ = 1 − 1
2π

2:

ð16Þ

Definition 4 (see [45]). There is a set of Pythagorean fuzzy
number Pi = ðμi, νi, πiÞði = 1, 2Þ. The ranking rules for
knowledge measurement and information reliability are as
follows.

if K P1ð Þ < K P2ð Þ, then P1 ≺ P2,
if K P1ð Þ = K P2ð Þ,

if S P1ð Þ < S P2ð Þ, then P1 ≺ P2,
if S P1ð Þ = S P2ð Þ, then P1 ~ P2:

ð17Þ

This method can calculate the Pythagorean correlation
ranking results well and completely, but it is impossible to
distinguish the interval-valued Pythagorean fuzzy numbers.
Therefore, we extend this method to the interval-valued
Pythagorean fuzzy environment to expand the scope of prac-
tical application.

3.4. Ranking Methods for Interval-Valued Pythagorean
Fuzzy Numbers

3.4.1. Closeness Index-Based Score Function. In order to sort
two interval-valued Pythagorean fuzzy numbers, the corre-
sponding method was proposed in [4] which makes judge-
ment base on the distance of positive and negative ideal
solutions; the main ideas of this method are as follows.

To define an interval-valued Pythagorean fuzzy number
β = Pð½μLβ, μUβ �, ½νLβ, νUβ �Þ and o+, o− represents its positive
and negative ideal solution, which ο+ = Pð½1, 1�, ½0, 0�Þ and

O–0.2 0.2 0.4 0.6 0.8

0.2

0.4

0.6

0.8

𝜃1

𝜃2

Y
M

N

v

B

1-𝜋2(Y)
u(Y)

𝜋 = 0

v(Y)

1

1.2

1

A u

Figure 1: Schematic illustration of Pythagorean fuzzy number geometry.
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ο− = Pð½0, 0�, ½1, 1�Þ. Then, the function of β is defined as
follows.

ζ βð Þ = d β,Ο−ð Þ
d β,Ο−ð Þ + d β,Ο+ð Þ

=
2 − νLβ

� �2
− νUβ

� �2
4 − μLβ

� �2
− μUβ

� �2
− νLβ

� �2
− νUβ

� �2 :
ð18Þ

The ranking rules can be described as follows.

if ζ P1ð Þ < ζ P2ð Þ, then P1 ≺ P2,
if ζ P1ð Þ = ζ P2ð Þ, then P1 ~ P2:

ð19Þ

Example 1. There are two interval-valued Pythagorean fuzzy
numbers P1 and P2; P1 = ð½0:5,0:6�, ½0:5,0:6�Þ, and P2 =
ð½0:4,0:7�, ½0:4,0:7�Þ. The calculation shows that ζðP1Þ =
ζðP2Þ = 0:5; we obtained that P1 ~ P2. But, obviously, the
fuzzy number P1 is different from P2, where the membership
and nonmembership ranges are consistent; the Pythagorean
fuzzy numbers cannot be compared.

And then, Garg [46] developed an improved score
function for interval-valued Pythagorean fuzzy numbers, to
define an interval-valued Pythagorean fuzzy number P = ð½
μLPðxÞ, μUP ðxÞ�, ½νLPðxÞ, νUP ðxÞ�Þ, which is denoted by P = ð½a,
b�, ½c, d�Þ. And they gave the score function of P as follows.

M Pð Þ =
a2 − c2
	 


1 +
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − a2 − c2

p� �
+ b2 − d2
	 


1 +
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − b2 − d2

p� �
2 ,

ð20Þ

where MðPÞ ∈ ½−1, 1�.
Based on the definition ofMðPÞ, the ranking rules can be

described as follows.

if M P1ð Þ <M P2ð Þ, then P1 ≺ P2,
if M P1ð Þ =M P2ð Þ, then P1 ~ P2:

ð21Þ

Example 2. There are two interval-valued Pythagorean fuzzy
numbers P1 and P2; P1 = ð½0, 1�, ½0, 0�Þ, and P2 = ð½1, 1�, ½0, 0�Þ.
The calculation shows that MðP1Þ =MðP2Þ = 0; we obtained
P1 ~ P2. Obviously, P1 and P2 are different, but we have come
to the conclusion that P1 = P2. Therefore, Garg’s method can-
not distinguish P1 and P2.

3.4.2. Novel Pearson-Like Correlation-Based TOPSIS Model.
Similarly, the Pearson-based correlation measure method
and the interval-valued Pythagorean correlation coefficient
method were proposed in [47] to solve the ranking problem
of interval-valued Pythagorean fuzzy number.

Let Pi1 and Pi2 be two values in the interval-valued
Pythagorean fuzzy matrix D. The interval-valued Pythago-
rean fuzzy correlation coefficient of γwgðPi1, Pi2Þ between
Pi1 and Pi2 is defined as follows.

γw Pi1, Pi2ð Þ = 1
6 rw−μ Pi1, Pi2ð Þ + rw+μ Pi1, Pi2ð Þ + rw−v Pi1, Pi2ð Þ
�

+ rw+v Pi1, Pi2ð Þ + rw−π Pi1, Pi2ð Þ + rw+π Pi1, Pi2ð Þ
�
,

ð22Þ

which,

r−μ Pi1, Pi2ð Þ =
∑n

j=1wj μ−i1 j

� �2
− �μ−j

� �2� �
∙ μ−i1 j

� �2
− �μ−j

� �2� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑n

j=1wj μ−i1 j

� �2
− �μ−j

� �2� �2r
∙
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑n

j=1wj μ−i1 j

� �2
− �μ−j

� �2� �2r ,

r+μ Pi1, Pi2ð Þ =
∑n

j=1wj μ−i1 j

� �2
− �μ+j

� �2� �
∙ μ−i1 j

� �2
− �μ+j

� �2� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑n

j=1wj μ−i1 j

� �2
− �μ+j

� �2� �2r
∙
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑n

j=1wj μ−i1 j

� �2
− �μ+j

� �2� �2r :

ð23Þ

On the basis of the TOPSIS method and the Pearson cor-
relation coefficient, the interval-valued Pythagorean correla-
tion closeness index CIðPÞ of interval-valued Pythagorean
numbers can be defined as follows.

CI Pð Þ = η∙CCw
a Pið Þ + 1 − ηð Þ∙CCw

v Pið Þ, ð24Þ

where

CCw
a Pið Þ = 1 − γw Pi, P#

	 

2 − γw Pi, P#

	 

− γw Pi, P∗ð Þ ,

CCw
v Pið Þ = 1 + γw Pi, P#

	 

2 + γw Pi, P#

	 

+ γw Pi, P∗ð Þ ,

ð25Þ

where Pi means interval-valued Pythagorean numbers of
matrix D, P∗ means an characteristics of positive ideal solu-
tion, and P# means a characteristics of negative ideal
solution.

The larger the CI’s value, the better the fuzzy number.
The CCw

a ðPiÞ and CCw
v ðPiÞ are the interval-valued Pythago-

rean correlation coefficients based on approximation and
avoidance attitude, and the parameter η is the adjustment
coefficient of approximation and avoidance, where 0 < η < 1.

Example 3. For two sets of interval-valued Pythagorean fuzzy
numbers P1 and P2, p1ð½0:2,0:3�, ½0:4,0:6�Þ and p2ð½0:5,0:8�, ½
0:4,0:6�Þ are with same nonmembership degree. Our intuitive
comparison of membership can be concluded quickly, but
the results cannot be obtained by using the above method.
Therefore, the method has some defects.

3.4.3. Accuracy Function and Distance Measures. In [5], Garg
introduced an accuracy function of interval-valued Pythago-
rean fuzzy numbers. Let P = ð½μLPðxÞ, μUP ðxÞ�, ½νLPðxÞ, νUP ðxÞ�Þ
which is denoted by P = ð½a, b�, ½c, d�Þ. And there are three
score functions as follows.

6 Wireless Communications and Mobile Computing



S Pð Þ = a2 + b2 − c2 − d2

2 ,

H Pð Þ = a2 + b2 + c2 + d2

2 ,

Mg Pð Þ = a2 −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − a2 − c2

p
+ b2 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − b2 − d2

p

2 ,

ð26Þ

where SðPÞ ∈ ½−1, 1�, HðPÞ ∈ ½−1, 1�, and MgðPÞ ∈ ½−1, 1�.
Let P1 and P2 be any two interval-valued Pythagorean

fuzzy numbers. Then,

if S P1ð Þ < S P2ð Þ,  then P1 ≺ P2,
if S P1ð Þ = S P2ð Þ, then P1 ~ P2,
if H P1ð Þ <H P2ð Þ, then P1 ≺ P2,
if H P1ð Þ =H P2ð Þ, then P1 ~ P2,

if Mg P1ð Þ <Mg P2ð Þ, then P1 ≺ P2,
if Mg P1ð Þ =Mg P2ð Þ, then P1 ~ P2:

ð27Þ

Example 4. There are two interval-valued Pythagorean fuzzy
numbers P1 and P2; P1 = ð½0:4,0:6�, ½0:6,0:8�Þ, and P2 = ð½0:5,ffiffiffiffiffiffiffiffiffi
0:27

p �, ½ ffiffiffiffiffiffiffiffiffi0:27
p

,
ffiffiffiffiffiffiffiffiffi
0:73

p �Þ. The calculation shows that
SðP1Þ = SðP2Þ = −0:24, HðP1Þ =HðP2Þ = 0:76, and MgðP1Þ
=MgðP2Þ ≈ −0:0864. We obtained P1 ~ P2. Obviously, P1
and P2 are different, but we have come to the conclusion
that P1 = P2. Therefore, Garg’s method cannot distinguish
P1 and P2.

To overcome this problem, Garg [48] developed a differ-
ent accuracy function. For an interval-valued Pythagorean
fuzzy number P = ð½μLPðxÞ, μUP ðxÞ�, ½νLPðxÞ, νUP ðxÞ�Þ which is
also denoted by P = ð½a, b�, ½c, d�Þ, an improved accuracy
function K is defined by

MGrag Pð Þ = a2 + b2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − a2 − c2

p
+ b2 + a2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − b2 − d2

p

2 ,

ð28Þ

where MGragðPÞ ∈ ½−1, 1�.
Based on the function, the ranking rules can be described

as follows.

if MGrag P1ð Þ <MGrag P2ð Þ, then P1 ≺ P2,
if MGrag P1ð Þ =MGrag P2ð Þ, then P1 ~ P2:

ð29Þ

Example 5. There are two interval-valued Pythagorean fuzzy
numbers P1 and P2; P1 = ð½0, 1�, ½0, 0�Þ, and P2 = ð½1, 1�, ½0, 0�Þ.
The calculation shows that MGragðP1Þ =MGragðP2Þ = 0. We
obtained P1 ~ P2. Obviously, P1 and P2 are different, but we
have come to the conclusion that P1 = P2. Therefore, Garg’s
method cannot distinguish P1 and P2. So it still has some
disadvantage of those accuracy functions.

Kumar et al. [49] put forward the interval-valued Pythag-
orean fuzzy ranking method about accuracy function and
distance measure; the method can be illustrated as follows.

Set of interval-valued Pythagorean fuzzy number p =
ð½μ

p
ðuÞ, �μpðuÞ�, ½vpðuÞ, �vpðuÞ�Þ, a transformation of the

expression of P, recorded as p = ð½rp,�rp�, ½dp, �dp�Þ, of
which ½rp,�rp� represents the lower and upper strength of

interval-valued Pythagorean fuzzy number; ½dp, �dp� repre-
sents the lower and upper strength directions of interval-
valued Pythagorean fuzzy numbers. The relationship
between p = ð½μ

p
ðuÞ, �μpðuÞ�, ½vpðuÞ, �vpðuÞ�Þ and ½rp, �rp�, ½dp,

�dp� is as follows.

μ
p
uð Þ = rp cos θp

	 

, vp uð Þ = rp sin θp

	 

, ð30Þ

�μp uð Þ =�rp cos �θp
	 


, �vp uð Þ =�rp sin �θp
	 


, ð31Þ

dp = 1 −
2θp
π

, 1 −
2�θp
π

 !
: ð32Þ

According to the above relations, in order to solve the
problem of comparison between Pythagorean fuzzy numbers
during the period, an extended accuracy function is pro-
posed. For each Pythagorean fuzzy number p = ð½μ

p
ðuÞ,

�μpðuÞ�, ½vpðuÞ, �vpðuÞ�Þ, the following accuracy functions
are defined as follows.

T pð Þ = 2 rpdp +�rp�dp
	 


− rp +�rp
	 


+ 2
4 , ð33Þ

where

rp =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μ
p
uð Þ

� �2
+ vp uð Þ	 
2,

r

�rp =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�μp uð Þ
� �2

+ �vp uð Þ	 
2r
,

ð34Þ

dp = 1 −
2θp
π

, 1 −
2�θp
π

 !
: ð35Þ

And define the comparison rules as follows.

if T p1ð Þ < T p2ð Þ then p1 ≺ p2,
if T p1ð Þ > T p2ð Þ then p1 ≻ p2,
if T p1ð Þ = T p2ð Þ then p1 ∼ p2:

ð36Þ

7Wireless Communications and Mobile Computing



4. A New Ranking Method of Interval-Valued
Pythagorean Fuzzy Numbers Based on
Information Reliability

From what we have discussed in the previous section, there
are still some problems with the ordering of two intervals of
Pythagorean fuzzy numbers.

(1) If the membership and nonmembership of the inter-
val Pythagorean are equal (equivalent to the Pythag-
orean fuzzy number), it may not be possible to
distinguish between such two intervals with the pre-
vious method

(2) For two different intervals of Pythagorean fuzzy
numbers, when we use previous method to compare
the size, sometimes the two fuzzy numbers are the
same, so the size cannot be compared

(3) The use of previous methods may sometimes go
against popular perception and lead to wrong
conclusions

In order to solve these problems, we propose a new inter-
val Pythagorean fuzzy sorting function.

4.1. Ranking Function. In practical applications, the member-
ship degree and nonmembership degree of a candidate may
only be expressed by interval number, which cannot be deter-
mined as a certain number. Based on the above consider-
ations, we extend the ranking method to interval-valued
Pythagorean fuzzy numbers to expand the available range
of the ranking method to solve more practical problems.

Based on the idea of the method proposed by the [50], we
make the assumptions as follows.

Two sets of interval-valued Pythagorean fuzzy number
P = ð½μLp , μUp �, ½νLp , νUp �Þ, P′ = ð½μL

p′ , μ
U
p′ �, ½νLp′ , νUp′ �Þ, the value

distribution is shown in Figure 2; the shadow S1 indicates
the degree of information uncertainty in Pythagorean fuzzy
P.

Inspired by the ranking thought of literature [50], an
interval Pythagorean fuzzy number P = f½μLp , μUp �, ½νLp , νUp �g
can be expressed in the rectangular coordinate axis as follow-
ing four points. If we express it in the right axis, we can get
the following points P1ðμLp , νLpÞ, P2ðμLp , νUp Þ, P3ðμUp , νLpÞ, and
P4ðμUp , νUp Þ.

We call P4 the most credible point. The hesitancy degree
of point P4 can be expressed in the area y3p4y4 [50] and
recorded as S1. Suppose there are two interval Pythagorean
fuzzy numbers PA4 and PB4, when these two points take the
optimal values PA4 and PB4, we can calculate their informa-
tion reliability. The larger S1 is, the more hesitant the
interval-valued Pythagorean fuzzy number P is, and the less
credible the interval-valued Pythagorean fuzzy number P is.

However, when two interval-valued Pythagorean fuzzy
numbers have the same degree of hesitation, we may not be
able to compare them. To achieve the preciseness of the rank-
ing method, we propose to compare information reliability in
μ direction and ν direction. Compared with the two points

P1ðμLp , νLpÞ and P3ðμUp , νLpÞ, the μ values are taken as the two

ends of the interval ½μLp , μUp �, respectively. The degree of hes-
itation in point P1 is expressed in area Sy2p1y1 , and the degree
of hesitation in point P3 is expressed in area Sy3p3y1 . Then, the
difference between those two areas is the hesitation of
interval-valued Pythagorean fuzzy numbers in the μ direc-
tion and recorded as S2, which, S2 = Sy2p1p3y3 = Sy2p1y1 −
Sy3p3y1 , and when the S2 gets bigger, the hesitation degree of
P gets bigger, and the credibility degree gets lower.

Likewise, the interval-valued Pythagorean fuzzy number
hesitation degree of P in the ν direction is recorded as S3,
which S3 = Sy4p1p2y1 = Sy2p1y1 − Sy2p2y4 , and when the S3 gets
bigger, the hesitation degree of P gets bigger, and its credibil-
ity gets lower, and the less credible it is. Inspired by [49], S1 ,
S2, and S3 can be calculated as follows.

S1 = Sy3p4y4 = Sy3oy4 − Sy3op4 − Sy4op4 =
1
2π

2
p4
, ð37Þ

S2 = Sy2p1p3y3 = Sy2p1y1 − Sy3p3y1

= Sy2oy1 − Sy2op1 − Sy1op1

� �
− Sy3oy1 − Sy3op1 − Sy3op1

� �
= 1
2π

2
p1
−
1
2π

2
p3
,

ð38Þ
S3 = Sy2p1p3y3 = Sy2p1y1 − Sy2p2y4

= Sy2oy1 − Sy2op1 − Sy1op1

� �
− Sy2oy4 − Sy2op2 − Sy4op2

� �

= 1
2π

2
p1
−
1
2π

2
p2
: ð39Þ

In order to compare interval-valued Pythagorean fuzzy
numbers, we propose the following ranking methods.

if S1 p1ð Þ ≤ S1 p2ð Þ then P1≻P2, ð40Þ

if S1 p1ð Þ = S1 p2ð Þ, ð41Þ
if S2 p1ð Þ ≤ S2 p2ð Þthen P1≻P2, ð42Þ

if S2 p1ð Þ = S2 p2ð Þ, ð43Þ
if S3 p1ð Þ ≤ S3 p2ð Þthen P1≻P2, ð44Þ

if S3 p1ð Þ = S3 p2ð Þthen P1 ∼ P2: ð45Þ
Apply the new ranking method proposed in this paper to

the previous methods described above, and we can get that.
In Example 1, P1 = ð½0:5,0:6�, ½0:5,0:6�Þ, and P2 = ð½

0:4,0:7�, ½0:4,0:7�Þ, we get S1ðP1Þ = 0:14, and S1ðP2Þ = 0:1.
The rank of those two interval-valued Pythagorean fuzzy
number is P1≺P2.

In Examples 2 and 5, P1 = ð½0, 1�, ½0, 0�Þ, and P2 = ð½1, 1�,
½0, 0�Þ, we get S1ðP1Þ = S1ðP2Þ=0, S2ðP1Þ = 0:5, and S2ðP2Þ =
0. The rank of those two interval-valued Pythagorean fuzzy
number is P1≺P2.
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In Example 3, P1 = ð½0:2,0:3�, ½0:4,0:6�Þ, and P2 = ð
0:5,0:8�, ½0:4,0:6�Þ, we get S1ðP1Þ = 0:275, and S1ðP2Þ = 0.
The rank of those two interval-valued Pythagorean fuzzy
number is P1≺P2.

In Example 4, P1 = ð½0:4,0:6�, ½0:6,0:8�Þ, and P2 = ð0:5,ffiffiffiffiffiffiffiffiffi
0:27

p �, ½ ffiffiffiffiffiffiffiffiffi0:27
p

,
ffiffiffiffiffiffiffiffiffi
0:73

p �Þ, we get S1ðP1Þ = S1ðP2Þ = 0, S2ðP1Þ
= 0:1, and S2ðP2Þ = 0:01. The rank of those two interval-
valued Pythagorean fuzzy number is P1≺P2.

There are some unreasonable problems in the previous
ranking methods. We list the defects of these ranking
methods as Table 1.

Obviously, we can compare the two interval-valued
Pythagorean fuzzy sets with the same membership degree
and nonmembership degree. We can also compare the
Pythagorean fuzzy numbers between two intervals with the
same nonmembership degree. Therefore, the proposed
method can solve some problems that cannot be compared
before, and this has practical significance.

4.2. Extended VIKOR Decision-Making Methods. Because the
research of Pythagorean fuzzy decision-making is still in its
infancy and the extension of Pythagorean fuzzy set has the
advantage of information representation, it is of practical sig-
nificance to find a decision-making method for Pythagorean
fuzzy set to solve practical problems. VIKOR (Vlse Kriteri-
juska Optimizacija I Komoromisno Resenje) is a multiattri-
bute decision-making method proposed by Opricovic [51]
in 1998. By calculating the positive and negative ideal solu-
tions of each option and combining the preferences of
experts, the alternatives are sorted according to the evalua-
tion value of the scheme and the proximity of the ideal
scheme. Based on the maximum group utility value and the
minimum individual regret value, this study summarizes
the current decision methods of Pythagorean fuzzy numbers.
It is considered that the extension of multicriteria compro-
mise solution scheduling method (VIKOR) to Pythagorean
fuzzy environment will help to solve more practical prob-
lems. VIKOR method is a compromise method, which sorts

the finite decision scheme by maximizing group utility and
minimizing individual regret.

4.2.1. Determination of Positive and Negative Ideal Solution.
Set A, as a collection of m options, represents A = fA1, A2,
⋯,Amg; C is a collection of n evaluation criteria,which repre-
sents C = fC1, C2,⋯,Cng. The evaluation criteria C is divided
into two categories C+ and C−, where C+ ⊂ C, C− ⊂ C, C+ ∩
C− = ϕ, C+ indicates that the criteria were benefit-oriented,
and C− indicates that the criteria is cost-based. To obtain a
set of performance data aij = ð½μLij, μUij �½νLij, νUij �Þ ði = 1, 2,⋯,
m ; j = 1, 2,⋯,nÞ for m options of n evaluation criteria in
the form of interval-valued Pythagorean fuzzy numbers,
of which ½μLij, μUij � is the membership value range, which

0 ≤ μLij < μUij ≤ 1, ½νLij, νUij � is the value range of nonmember-

ship, which 0 ≤ νLij < νUij ≤ 1vUij
2 + uUij

2 ≤ 1.
Generally, we can obtain an interval-valued Pythagorean

decision matrix D as follows.

C1 C2 ⋯ Cn,

D = aij
	 


m×n =

A1

A1

⋮

A1

Z11 Z21 ⋯ Zn1

Z21 Z22 ⋯ Zn2

⋮ ⋮ ⋱ ⋮

Zm1 Zm2 ⋯ Zmn

2
666664

3
777775:

ð46Þ

As for a Pythagorean fuzzy set, the larger value of μ and
the smaller value of v, the bigger the value is. Likewise, inter-
val numbers ð½1, 1�, ½0, 0�Þ and numbers ð½0, 0�, ½1, 1�Þ can be
regarded as positive and negative ideal solutions of interval-
valued Pythagorean fuzzy sets. In terms of solving practical
problems, it is sometimes unreasonable to simply set a fixed
value as a positive and negative ideal solution. Therefore,
we propose to calculate the corresponding positive and
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Figure 2: Schematic diagram of interval-valued Pythagorean fuzzy number.
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negative ideal solutions for each criteria according to the
actual standard data values.

Let the positive ideal solution be expressed as Z+ =
f½μLZ+ , μUZ+ �, ½νLZ+ , νUZ+ �g. The standard data column is repre-
sented as Cn = fZ1n, Z2n,⋯,Zmng, where Zmn = f½μLmn, μUmn�,
½νLmn, νUmn�g, According to the theory of positive and negative
ideal solution, the maximum value of the upper and lower
bounds of the membership degree in all schemes is taken
as the upper and lower bounds of the membership degree
of the positive ideal solution, and the minimum value of
the upper and lower bounds of the nonmembership degree
of the positive ideal solution is taken as the upper and lower
bounds of the nonmembership degree of the positive ideal
solution. In the same way, we hold the minimum of upper
and lower bounds of membership as the upper and lower
bounds of nonmembership degree of the positive ideal solu-
tion and hold the maximum of upper and lower bounds of
nonmembership as the upper and lower bounds of non-
membership degree of the positive ideal solution. Z+ and
Z− are defined as follows.

Z+ = max μLmn, max μUmn
� �

, min νLmn, min νUmn
� �� �

, ð47Þ

Z− = min μLmn, min μUmn
� �

, max νLmn, max νUmn
� �� �

:

ð48Þ
4.2.2. Integrated Assessment Value. A conventional VIKOR
method has the following rules.

Si = 〠
n

j=1

ωj z+j − zij
� �
z+j − z−j

, ð49Þ

Ri =max
j

ωj z+j − zij
� �
z+j − z−j

: ð50Þ

The value of Si is the group benefit value, which is to
ensure that all the indicators can be considered in the
decision-making. The Ri is the largest individual regret
value, which is to consider the impact of the largest deviation
index on the scheme ranking.

Direct calculations of Pythagorean fuzzy numbers lose
too much important raw information. We use the Hamming
distance.

d z1, z2ð Þ = 1
4 μLz1

� �p
− μLz2

� �p��� ��� + μUz1

� �p
− μUz2

� �p��� ����
+ νLz1

� �p
− νLz2

� �p��� ��� + νUz1

� �p
− νUz2

� �p��� ���
+ πL

z1

� �p
− πL

z2

� �p��� ��� + πU
z1

� �p
− πU

z2

� �p��� ���:
ð51Þ

Among them, z1 and z2 are two interval-valued Pythago-
rean fuzzy numbers.

The improved Si and Ri formulas are as follows.

Si = 〠
n

j=1

d z+j , zij
� �

d z+j , z−j
� � , ð52Þ

Ri =max
j

d z+j , zij
� �

d z+j , z−j
� � : ð53Þ

Table 1: Shortcoming of previous ranking methods.

Method used Score function
Shortcoming (some fuzzy numbers cannot be

judged)

Yager [1] If μ1 ≥ μ2 and ν1 ≤ ν2, then P1≻P2 If μ1 ≥ μ2 and ν1 ≥ ν2

Zhang [11] μ1 ≥ μ2, ν1 ≤ ν2, and π1 ≤ π2, then P1≻P2 If μ1 ≥ μ2, ν1 ≤ ν2, π1 ≥ π2

Zhang and
Xu [12]

Szhang ~pð Þ = μ2 − ν2 e.g., P1 = 0:8,0:4ð Þ, and P2 = 0:7,0:1ð Þ

Peng [13] Speng ~pð Þ = μ2 + ν2 Robustness

Zhang [4] ζ βð Þ = d β,Ο−ð Þ
d β,Ο−ð Þ + d β,Ο+ð Þ =

2 − νLβ

� �2
− νUβ

� �2
4 − μLβ

� �2
− μUβ

� �2
− νLβ

� �2
− νUβ

� �2 e.g., P1 = 0:5,0:6½ �, 0:5,0:6½ �ð Þ, and P2 =
0:4,0:7½ �, 0:4,0:7½ �ð Þ

Ho [47] CI Pð Þ = η∙CCw
a Pið Þ + 1 − ηð Þ∙CCw

v Pið Þ e.g., p1 0:2,0:3½ �, 0:4,0:6½ �ð Þ, and p2 0:5,0:8½ �, 0:4,0:6½ �ð Þ

Garg [5]

S Pð Þ = a2 + b2 − c2 − d2

2
H Pð Þ = a2 + b2 + c2 + d2

2
Mg Pð Þ = a2 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − a2 − c2

p
+ b2 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − b2 − d2

p
2

e.g., P1 = 0:4,0:6½ �, 0:6,0:8½ �ð Þ, and P2 =

0:5,
ffiffiffiffiffiffiffiffiffi
0:27

ph i
,

ffiffiffiffiffiffiffiffiffi
0:27

p
,
ffiffiffiffiffiffiffiffiffi
0:73

ph i� �

Garg [48] MGrag Pð Þ = a2 + b2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − a2 − c2

p
+ b2 + a2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − b2 − d2

p

2
e.g., P1 = 0, 1½ �, 0, 0½ �ð Þ, and P2 = 1, 1½ �, 0, 0½ �ð Þ

Garg [46] M Pð Þ =
a2 − c2
	 


1 +
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − a2 − c2

p� �
+ b2 − d2
	 


1 +
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − b2 − d2

p� �
2

e.g., P1 = 0, 1½ �, 0, 0½ �ð Þ, and P2 = 1, 1½ �, 0, 0½ �ð Þ
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To be able to take into account the value of group benefit
and not ignore the maximum individual regret value, the fol-
lowing comprehensive evaluation methods for Si and Ri are
defined as follows.

Qi = v
Si − S−

S+ − S−
+ 1 − vð Þ Ri − R−

R+ − R− , ð54Þ

where v is the adjustment parameter of decision mechanism.
When v > 0:5, the decision to maximize the group benefit is
adopted; when v < 0:5, the decision to maximize the maxi-
mum regret of the individual is adopted, and when v = 0:5,
the compromise decision strategy is adopted, which not only
pays attention to the overall situation of the scheme but also
takes into account the situation of a single multi-index. By
doing this, it pursues the maximization of comprehensive
benefits and the minimization of individual losses. In addi-
tion, S+ = max

i
Si, S

− =min
i
Si, R

+ = max
i

Ri, and R− =min
i
Ri.

4.2.3. Weight Determination Method. Based on the consider-
ation of practical problems and the relevance of practical
problems, we adopt the method of integrating subjective
and objective weight, set up a regulating parameter λð0 < λ
< 1Þ, and calculate the final weight of each evaluation cri-
teria. The subjective weight given by each evaluation criteria
is assumed to be ωs

i = ðωs
1, ωs

2,⋯,ωs
nÞ, while the objective

weight ωo
i is based on data and calculated on the basis of

comprehensive evaluation values as follows.

ωo
i =

Qi
∑n

i=1Qi
, ð55Þ

where Qi is a comprehensive evaluation and can be taken
to calculate the objective weight. So it can reflect real data
information.

Which,

ωo
i = ωo

1, ωo
2,⋯,ωo

nð Þ: ð56Þ

Integrated,

ωi = λ · ω0
i + 1 − λð Þ · ωs

i : ð57Þ

The λ is the adjustment parameter of subjective and
objective weight. When >0:5, the objective weight is larger
and more attention to objective data; when λ < 0:5, the sub-
jective weight is larger and more attention to expert judg-
ment. As λ = 0:5, the subjective and objective weight is
equally important. ωi is the final weight of each alternative
criteria.

4.3. Multicriteria Decision-Making Method under Interval-
Valued Pythagorean Fuzzy Environment. This section
extends VIKORmethod and aggregation operator to propose
a new multicriteria interval-valued Pythagorean fuzzy deci-
sion method to solve practical problems. The proposed solu-
tion is shown in Figure 3.

Defining criteria values Cn
Give the alternations Am

Start

Create decision matrix D

Determining the positive
ideal solution Z+

Determining the negative
ideal solution Z–

Calculation of group
benefit value Si

Calculate individual
regret value Ri

Calculation of comprehensive
evaluation value Qi

Get the weight of the criteria wj

Aggregation of alternations

Sorting and get the optimal scheme

End

Figure 3: Working process of the proposed method.
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A multicriteria decision-making method with interval-
valued Pythagorean fuzzy information may be summarized
as follows.

Step 1. Establish interval-valued Pythagorean fuzzy decision
matrix DðAi ∗ CjÞ.

Step 2.Calculate the positive ideal solution Z+ by Eq. (47) and
negative ideal solution Z− by Eq. (48).

Step 3.Calculate the group benefit value Si by Eq. (49) and the
largest individual regret value Ri by Eq. (50) and make use of
Si and Ri to calculate the comprehensive evaluation value Qi
by Eq. (54).

Step 4. Obtain the objective weight ωo
i by Eq. (55) and then

combine it with the subjective weight ωs
i from expert to get

the combined weights ωi by Eq. (57).

Start

Establish interval Pythagorean
fuzzy decision Matrix D

Calculate the positive ideal
solution Z+ by Eqs. (41)

Calculate the negative ideal
solution Z– by Eqs.(42)

Calculate the group benefit
value Si by Eqs. (43)

Calculate the largest individual
regret value Ri by Eqs. (44)

Calculate the comprehensive
evaluation value Qi by Eqs. (47)

Obtain the objective weight
Wo by Eqs. (48)

Subjective weight Ws from
decision makers

Calculatethe combined
weights Wi by Eqs. (49)

Obtain the aggregation interval Pythagorean fuzzy
numbers gi by Eqs. (5)

Calculate and compare
information reliability S1

Whether
the results of S1

are equal 

Give the ranking order

Whether the
result of S2 is

equal 

Calculate and compare 
information reliability S2

Calculate and compare
information reliability S3

End

Yes

No

No

Yes

Figure 4: Flow chart of decision process.
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Step 5. Obtain the aggregation interval-valued Pythagorean
fuzzy numbers gj by Eq. (5).

Step 6. Calculate the information reliability S1, S2, and S3(Eqs.
(37)–(39)) of alternatives Ai by using the interval-valued
Pythagorean fuzzy number set gj.

Step 7. The ranking method proposed in this paper is aimed
at calculating the score function by Eq. (40) of each scheme,
and the better scheme is obtained by ranking rules.

The flow chart of decision process is shown in Figure 4.

5. Application Example

In order to illustrate the feasibility of the proposed method in
solving the multicriteria decision problem, this paper takes
the construction of wireless communications infrastructure
as an example to illustrate the decision analysis process and
makes a comparison of this method with other methods.

Due to the rapid development of the Internet and the
continuous upgrading of communication technology, we
are ushered to the era of high-speed mobile communication
network. The development of 5G technology can deal with
the growth of more traffic mobile services in the future and
massive new services as well as new devices. 5G technology
has been studied further. The launch of 5G of mobile com-
munication technology standard industry in 2016 accelerated
the pace of 5G technology research and development. China
regards information technology as the primary task of sci-
ence and technology development and thus continuously
increases 5G R&D investment. 5G technology satisfies the
Internet and people’s demand for communication stability.
It has been officially commercialized. People enjoy the effi-
cient and convenient life brought by high-speed network.
When mobile phones are used to watch TV, video call, watch
live broadcast, and on-line courses and do other activities, the
efficiency of network transmission and the fluency of viewing
has been significantly improved, which has brought better
experience for users.

However, with the development of communication net-
work and communication service, there are many new prob-
lems in the construction and protection of communication
infrastructure. It is also difficult to choose the base station.
The site selection unit needs to make a comprehensive pro-
grammer on the siting of base station and other relevant
parameters on the basis of the environmental and business
distribution characteristics of the covered area so as to bal-
ance the coverage, capacity, cost, and quality of wireless net-

work in this area. 5g development, base station first. 5G base
station is not only an important part of the new infra-
structure construction but also the foundation of 5 g tech-
nology to bring economic output. Therefore, it is urgent to
solve this problem. The siting of 5G base station should be
based on the total cost of its construction, the cost of sig-
nal coverage, system capacity, and network communica-
tion quality. Evaluation criteria should be established as
Cjðj = 1, 2, 3, 4Þ. The experts have proposed four plans Ai

ði = 1, 2, 3, 4Þ. Based on previous experience, network oper-
ators evaluate each scheme and make decisions matrix as
shown in Table 2. Experts indicated that four program-
mers have its own strengths. And the corresponding
weight is ωs

i = f0:25 ; 0:25 ; 0:25 ; 0:25g.
According to the expert evaluation and weight informa-

tion, the expert calculates the scores of the four schemes
and obtains the better scheme.

On the basis of the decision matrix, the positive ideal
solution group of the criteria Z+

j ðj = 1, 2, 3, 4Þ and the nega-
tive ideal solution Z−

j ðj = 1, 2, 3, 4Þ are calculated as follows.

Z+
j = 0:5,0:8½ �, 0:1,0:3½ �ð Þ, 0:7,0:9½ �, 0:2,0:3½ �ð Þ,f

0:6,0:8½ �, 0:3,0:4½ �ð Þ, 0:6,0:7½ �, 0:2,0:3½ �ð Þg,

Z−
j = 0:3,0:6½ �, 0:3,0:4½ �ð Þ, 0:6,0:7½ �, 0:3,0:4½ �ð Þ,f

0:5,0:7½ �, 0:5,0:6½ �ð Þ, 0:3,0:6½ �, 0:3,0:4½ �ð Þg:
ð58Þ

According to formula (50), the distance between each
evaluation value and positive ideal solution is calculated as
the matrix composed of dðz+j , zijÞ shown in Table 3, and the
distance between the positive and negative ideal solutions is
obtained from the vector D = ½0:1011,0:1127,0:0823,0:0947�.

According to formula (52), the group benefit value is cal-
culated as Siði = 1, 2, 3, 4Þ

Table 2: Decision matrix.

C1 C2 C3 C4

A1 ([0.5,0.6], [0.2,0.3]) ([0.6,0.7], [0.3,0.4]) ([0.5,0.8], [0.5,0.6]) ([0.3,0.6], [0.3,0.4])

A2 ([0.4,0.8], [0.3,0.4]) ([0.7,0.9], [0.2,0.3]) ([0.6,0.8], [0.3,0.4]) ([0.6,0.7], [0.2,0.3])

A3 ([0.5,0.6], [0.1,0.3]) ([0.6,0.7], [0.2,0.4]) ([0.5,0.8], [0.4,0.6]) ([0.3,0.6], [0.2,0.4])

A4 ([0.3,0.7], [0.3,0.4]) ([0.6,0.8], [0.2,0.3]) ([0.5,0.7], [0.3,0.4]) ([0.5,0.6], [0.2,0.3])

Table 3: Distance matrix from the positive solution.

C1 C2 C3 C4

A1 0.0941 0.1127 0.0834 0.0947

A2 0.0405 0.0000 0.0000 0.0000

A3 0.0990 0.1199 0.0661 0.0973

A4 0.0673 0.0757 0.0658 0.0602
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S1 = 〠
n

j=1

d z+j , zij
� �

d z+j , z−j
� � = 0:0941

0:1011 + 0:0405
0:1011 + 0:0990

0:1011 + 0:0673
0:1011 = 2:9772,

S2 =
0:1127
0:1127 + 0:0000

0:1127 + 0:1199
0:1127 + 0:0757

0:1127 = 2:7358,

S3 =
0:0834
0:0823 + 0:0000

0:0823 + 0:0661
0:0823 + 0:0658

0:0823 = 2:6163,

S4 =
0:0947
0:0947 + 0:0000

0:0947 + 0:0973
0:0947 + 0:0602

0:0947 = 2:6630:

ð59Þ

According to formula (53), the matrix of individual regret
value Riði = 1, 2, 3, 4Þ is showed in Table 4.

Got that R1 = 0:9796, R2 = 1:0644, R3 = 1:0137, and R4 =
1:0275

According to formula (54), the comprehensive evaluation
value of each criteria is calculated. The value of v here is v
= 0:5, which indicates that a compromise decision strategy
is adopted, and the overall situation of the scheme and the
case of a single multi-index are taken into account. The dis-
tance formula in the example adopts Euclidean distance.

Q1 = 0:5 ∗ 2:9772 − 2:6163
2:9772 − 2:6163 + 1 − 0:5ð Þ ∗ 0:9796 − 0:9796

1:0664 − 0:9796 = 0:5000,

Q2 = 0:5 ∗ 2:7358 − 2:6163
2:9772 − 2:6163 + 1 − 0:5ð Þ ∗ 1:0664 − 0:9796

1:0664 − 0:9796 = 0:6655,

Q3 = 0:5 ∗ 2:6163 − 2:6163
2:9772 − 2:6163 + 1 − 0:5ð Þ ∗ 1:0137 − 0:9796

1:0664 − 0:9796 = 0:2014,

Q4 = 0:5 ∗ 2:6630 − 2:6163
2:9772 − 2:6163 + 1 − 0:5ð Þ ∗ 1:0275 − 0:9796

1:0664 − 0:9796 = 0:3471,

Qi = 0:5000 ; 0:6655 ; 0:2014 ; 0:3471f g, i = 1, 2, 3, 4ð Þ:
ð60Þ

According to formula (55) and the comprehensive evalu-
ation value, the objective weight of the alternative scheme is
calculated.

ωo
1 =

0:5000
0:5000 + 0:6655 + 0:2014 + 0:3471 = 0:2917,

ωo
2 =

0:6655
0:5000 + 0:6655 + 0:2014 + 0:3471 = 0:3883,

ωo
3 =

0:2014
0:5000 + 0:6655 + 0:2014 + 0:3471 = 0:1175,

ωo
4 =

0:3471
0:5000 + 0:6655 + 0:2014 + 0:3471 = 0:2025,

ωo
i = 0:2917 ; 0:3883 ; 0:1175 ; 0:2025f g, i = 1, 2, 3, 4ð Þ:

ð61Þ

According to formula (57), the subjective and objective
weight is considered synthetically. As for this case, the sub-
jective and objective weight is equally important. The λ =
0:5, this means the adoption of a more compromise value
combination.

ωi = λ · ω0
i + 1 − λð Þ · ωs

i = 0:5 ∗ 0:2917 ; 0:3883 ; 0:1175 ; 0:2025f g
+ 1 − 0:5ð Þ ∗ 0:25 ; 0:25 ; 0:25 ; 0:25f g

= 0:2709 ; 0:3191 ; 0:1838 ; 0:2263f g, i = 1, 2, 3, 4ð Þ:
ð62Þ

Therefore, we can calculate that the combined weights of
the four options are ω1 = 0:2709, ω2 = 0:3191,ω3 = 0:1838,
and ω4 = 0:2263.

By formula (5), each scheme is assembled.

g1 = 1 − 1 − 0:5ð Þ0:3208
Ym
j=1

1 − μjL

� �ω j

, 1 −
Ym
j=1

1 − μjU

� �ω j
" #

,
*

�
Ym
j=1

νjL
ω j ,
Ym
j=1

νjU
ω j

" #+
,

g1 = 0:4975,0:6787½ �, 0:2953,0:3986½ �h i,
g2 = 0:5927,0:8243½ �, 0:2405,0:3419½ �h i,
g3 = 0:4975,0:6787½ �, 0:1883,0:3986½ �h i,
g4 = 0:4899,0:7187½ �, 0:2405,0:3419½ �h i:

ð63Þ

Finally, we calculate and analyze the score function of
Pythagorean fuzzy number in the above four assembly
intervals. According to formula (37), it can be calculated as
follows.

S1 g1ð Þ =
1
2π

2
p4
= 1
2 ∗

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 0:67872 − 0:39862

p� �2
= 0:3084,

S1 g2ð Þ =
1
2π

2
p4
= 1
2 ∗

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 0:82432 − 0:34192

p� �2
= 0:2256,

S1 g3ð Þ =
1
2π

2
p4
= 1
2 ∗

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 0:67872 − 0:39862

p� �2
= 0:3084,

S1 g4ð Þ =
1
2π

2
p4
= 1
2 ∗

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 0:71872 − 0:34192

p� �2
= 0:3027:

ð64Þ

According to the rules of judgment, the smaller S1 is,
the better the scheme. We conclude that 2 ≻ 4 ≻ 1 ~ 3. We
can see that the interval-valued Pythagorean fuzzy number
g1ð½0:4975,0:6787�, ½0:2953,0:3986�Þ and g2ð½0:5927,0:8243�,
½0:2405,0:3419�Þ is different. Based on the above ranking rule,
when S1ðg1Þ = S1ðg3Þ, comparative S2ðg1Þ and S2ðg3Þ. Utilization
S2 = ð1/2Þπ2

p1
− ð1/2Þπ2

p3
(37).

Table 4: Total regret matrix.

C1 C2 C3 C4

A1 0.9316 1.0000 1.0137 1.0000

A2 0.4004 0.0000 0.0000 0.0000

A3 0.9796 1.0644 0.8036 1.0275

A4 0.6656 0.6714 0.799 0.6355
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S2 g1ð Þ =
1
2 ∗

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 0:49752 − 0:29532

p� �2
−
1
2 ∗

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 0:67872 − 0:29532

p� �2
= 0:0716,

S2 g3ð Þ =
1
2 ∗

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 0:49752 − 0:18832

p� �2
−
1
2 ∗

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 0:67872 − 0:18832

p� �2
= 0:0685:

ð65Þ

According to the judgment rule (40), the smaller the S2,
the better the scheme, and we conclude that 3 ≻ 1. To sum
up, we can draw 2 ≻ 4 ≻ 3 ≻ 1.

6. Comparative Analysis

Various ranking methods are employed to rank the candi-
dates in the selection of wireless communication base station,
and the results are shown in Table 5.

If there is an interval-valued Pythagorean fuzzy number
p = ð½a, b�, ½c, d�Þ and it satisfies the requirements of c = b
and d2 = 1 − b2, then we can simplify the formulas
(28)–(30) as follows:

S Pð Þ = a2 + b2 − c2 − d2

2 = a2 + b2 − 1
2 ,

H Pð Þ = a2 + b2 + c2 + d2

2 = a2 + b2 + 1
2 ,

Mg Pð Þ = a2 −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − a2 − c2

p
+ b2 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − b2 − d2

p

2

= a2 + b2 −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − a2 + b2

p

2 :

ð66Þ

There are two interval-valued Pythagorean fuzzy
numbers, p1 = ð½a1, b1�, ½c1, d1�Þ and p2 = ð½a2, b2�, ½c2, d2�Þ.
Suppose that a1 + b1=a2 + b2 =X, then there always Sðp1Þ =
Sðp2Þ = ðX − 1Þ/2, H ðp1Þ =Hðp2Þ = ðX + 1Þ/2, and Mgðp1Þ
=Mgðp2Þ = ðX +

ffiffiffiffiffiffiffiffiffiffiffi
1 − X

p Þ/2; therefore, we cannot judge the
two interval-valued Pythagorean fuzzy numbers. There are
some flaws in this method, so the result in method Garg [5]
that 2 ≻ 1 ≻ 4 ≻ 3 is dubious. On the other hand, according
to Table 2, the nonmembership of alternatives A2 and A4
are the same, and the membership of A2 is bigger than that
of A4, so, 2 ≻ 4 is supposed to be the conclusion. But, the
result in method Ho [47] shows us 4 ≻ 3 ≻ 2 ≻ 1; it is against
the law 2 ≻ 4. So, the accuracy of method Ho [47] is also
questionable.

Table 5: Results from various ranking methods.

Method used Score function Alternative Score value
Ranking order of

alternatives

Zhang [4] ζ βð Þ =
2 − νLβ

� �2
− νUβ

� �2
4 − μLβ

� �2
− μUβ

� �2
− νLβ

� �2
− νUβ

� �2
A1 0.5759

2 ≻ 4 ≻ 3 ≻ 1A2 0.6532

A3 0.5830

A4 0.5948

Garg [5]

S Pð Þ = a2 + b2 − c2 − d2

2
H Pð Þ = a2 + b2 + c2 + d2

2
Mg Pð Þ = a2 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − a2 − c2

p
+ b2 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − b2 − d2

p
2

A1 0.4771

2 ≻ 1 ≻ 4 ≻ 3A2 0.6027

A3 0.4512

A4 0.4656

Garg [48] MGrag Pð Þ = a2 + b2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − a2 − c2

p
+ b2 + a2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − b2 − d2

p

2

A1 0.9723

2 ≻ 4 ≻ 3 ≻ 1A2 1.3712

A3 0.9795

A4 1.04560

Grag [46] M Pð Þ =
a2 − c2
	 


1 +
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − a2 − c2

p� �
+ b2 − d2
	 


1 +
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − b2 − d2

p� �
2

A1 0.3895

2 ≻ 4 ≻ 3 ≻ 1A2 0.6677

A3 0.4397

A4 0.4882

Ho [47] CI Pð Þ = η∙CCw
a Pið Þ + 1 − ηð Þ∙CCw

v Pið Þ
A1 0.4830

4 ≻ 3 ≻ 2 ≻ 1A2 0.4850

A3 0.4923

A4 0.4992

This paper
proposed

S1 = 1
2π

2
p4

S2 = 1
2π

2
p1
− 1

2π
2
p3

S3 = 1
2π

2
p1
− 1

2π
2
p2

A1
S1 S2

2 ≻ 4 ≻ 3 ≻ 1
0.3084 0.0716

A2 0.2256 —

A3 0.3084 0.0685

A4 0.3027 —
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However, it is easy to be seen from the results in Table 5;
the alternatives of numerical example show that methods
Zhang [4], Garg [46], and Garg [48] are consistent with the
conclusions of our method, i.e., 2 ≻ 4 ≻ 3 ≻ 1, and that is in
line with logic. The results show that the proposed method
is reliable. To prove this, a comparison between the ranking
methods from previous studies and the ranking method pro-
posed in this paper reveals two advantages of the latter: (1)
the way of determining weight in decision-making process
is more reasonable, and (2) the proposed method is more
robust.

Ho [47] defines the parameter η as the adjustment coeffi-
cient; it cannot adjust the subjective and objective weight of
the decision data, but only determines the decision attitude
of the whole scheme. However, when determining the objec-
tive weight, the method proposed in this paper based on the
real data given by experts adopts the VIKOR method which
considers the maximum group benefit and the minimum
individual regret to obtain the comprehensive evaluation
value of the alternative scheme. Then, the objective weight
is determined, and the parameters are adjusted. The refer-
ence to historical experience is also important in solving
practical problems because some experienced experts tend
to value one or more evaluation criteria more. These more
valuable criteria will be given greater weight. This paper com-
bines the objective decision data given by experts, the experi-
ence of experts, the thoughts of supervisors, and the analysis
of the specific problems so as to sort and select the alterna-
tives more scientifically.

The distance formulas are used by the method in [47] and
the proposed method in this paper to analyze and process the
decision data. According to the Minkovsky distance formula
used in this paper, the ranking results are very stable when
the different values of p are taken. For the commonly used
distance formula such as Manhattan distance and Euclidean
distance, this method is robust. To test the stability of the dis-
tance formula used in this paper, we have tested the robust-
ness of the value of p from 1 to 500. As shown in Figure 5,
the experiment shows that when the value of p is 2 to 500,

the ranking result is the same, and when the value of p is 1,
the ranking result is not like the value we got previously,
but, no matter what value the parameter v and λ is, it still gets
the same result. So, the distance formula is very stable.

The ranking result of the alternative cannot be changed
by the value of p. However, the distance formula used in
[47] cannot obtain that result, so the method proposed by
Ho [47] is robustness.

In the ranking method proposed in this paper, the
interval-valued Pythagorean fuzzy number pair information
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Figure 5: Influence of the change of p value.
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aggregation is used in the last step, and the same type of
interval-valued Pythagorean fuzzy number is finally
obtained. The advantage of this method is that both the value
range of membership degree and the value range of non-
membership degree are considered, which can effectively
prevent the loss of decision information and minimize the
impact of information aggregation on ranking results. The
decision data in Table 1 clearly shows that Scheme 2 is
obviously superior to Scheme 4, and the conclusion of the
decision method proposed in [47]; the literature is 4 ≻ 3 ≻ 2
≻ 1, which is contrary to common sense judgment.

7. Sensitivity Analysis

A ranking method proposed in this paper sets the v and λ of
adjusting parameters; parameter v is used to regulate VIKOR
relationship between maximizing group benefit and mini-
mizing individual regret. Parameter λ is used to adjust the
relationship between objective weight and subjective weight.
To achieve the convenience of studying the effect values of
parameters v and λ on ranking results, we combine parame-
ter v and parameter λ in the [0,1] interval and observe their
influence on the ranking results of alternatives. Experimental
results show that with the different values of parameters v
and λ, the ranking results also change, and there are obvious
laws.

In order to observe the influence of parameter changing
on the ranking result of alternative scheme in a quick visual
way, we use contour map, waterfall map, and thermody-
namic map to express the ranking result.

As shown in Figures 6–8, the three graphs are contour
plots, waterfall plots, and thermodynamic plots shown in
the ranking results, respectively. It is easy to find that under
the joint action of parameters v and λ, there are twomain dis-
tributions of the result value of the alternative, namely, result
1 (2 ≻ 4 ≻ 3 ≻ 1) and result 2 (2 ≻ 3 ≻ 1 ≻ 4). The observation
shows that as the values of the parameters v and λ are close to
1, the ranking is closer to the result 1. When the values of
parameters v and λ are close to 0, the ranking is close to result

2. All the values of v and λ in the interval [0,1] obey this law.
Hence, we believe that this result is valid; the ranking method
is stable, and the parameters have an effective moderating
effect on the ranking results. With the uncertainty of data
values in practical problems, the transition position of
parameters and the law of variation of ranking results may
be slightly different.

With regard to the ranking method proposed in this
paper, parameter v affects the weight of group benefit and
individual regret preference, thus affecting the value of objec-
tive weight determined by VIKOR method. However, the
parameter λ affects the preference of subjective and objective,
and the two parameters act together to adjust the decision
scheme in different aspects. Experts can make more reason-
able and meaningful decisions by analysing the actual prob-
lems and the needs of the actual situation and adopting
different parameter combinations.

8. Conclusions

This paper overcomes some ranking problem that other
interval-valued Pythagorean fuzzy sets cannot solve. As a
whole, this study focuses on a new ranking function that
combines traditional assembly operators with extended
VIKOR functions to solve practical problems. The proposed
method can effectively obtain a more feasible and practical
result and improve the robustness of result. After comparing
the results from previous studies with the one proposed in
this paper, it can be concluded that the decision-making
method in this paper is more stable. According to the previ-
ous discussion, some superiorities of the proposed approach
are as follows.

(1) A new interval-valued Pythagorean fuzzy decision
method not only expands the application scope of
fuzzy decision but also adjusts the subjective and
objective weight proportion precisely, which is
important to solve practical problems
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(2) The ranking method proposed in this paper is very
stable, and the ranking results will not change
because of the change of the distance formula used.
Therefore, the method is robust

(3) This paper stands on the shoulders of giants by inher-
iting and developing the study of previous research
and apply the research result to practical usage

Although our proposed approach has played an impor-
tant role in solving practical problems, this problem is still
worthy of our further study. We look forward to proposing
more practical decision methods and enriching fuzzy deci-
sion theory in the future. We will refer to the current research
status of q-rung orthopair fuzzy decision-making and its
application [52, 53] and consider expanding more ranking
functions in q-rung orthopair fuzzy environment. Then, we
integrate the extending function into the decision-making
method of multidimensional preference linear programming
to solve multicriteria decision-making problems. In the
future, we will use this method to try to solve the problems
of mobile transmission path selection and the selection of
communication base station connection scheme in the field
of wireless communication.
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