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Preface

The notion of the fuzzy set was introduced by Lotfi A. Zadeh in 1965. He is also the
founder of fuzzy logic. Since the advent of the notion of the fuzzy set, Zadeh and other
researchers have used this important and interesting set and established a great deal of
important and interesting research in fuzzy logic, fuzzy topology, fuzzy arithmetics, etc.
This Special Issue deals with fuzzy logic and mathematics with applications in decision
making, fuzzy control systems, and other engineering applications.

In this Issue, there are 12 research studies and in what follows we will provide a brief
account of their results and findings.

In the first paper, “A New Representation of Semiopenness of L-fuzzy Sets in RL-
fuzzy Bitopological Spaces”, Ibtesam Alshammari, Omar H. Khalil, and A. Ghareeb present
the notion of semiopenness in the context of RL-fuzzy bitopological spaces based on the
concept of pseudo-complement. They also introduce and study the basic properties of
pairwise RL-fuzzy semicontinuous and pairwise RL-fuzzy irresolute functions by utilizing
(1,j)-RL-semiopen gradation.

In the second paper, “An Extension TOPSIS Method Based on the Decision Maker’s
Risk Attitude and the Adjusted Probabilistic Fuzzy Set”, Donghai Liu, An Huang, Yuanyuan
Liu, and Zaiming Liu present and study an extension of the Topsis method, which takes
into account the decision maker’s behavior tendencies. In this regard, they propose the-
ories regarding the probabilistic linguistic g-rung orthopair set and the linguistic g-rung
orthopair set. They also not only examine the validity of the extension TOPSIS method and
the merits of the behavior decision method, but also present the sensitivity analysis results
regarding the decision-maker’s behavior.

In the third paper, “A Decision Analysis Model for the Brand Experience of Branded
Apps Using Consistency Fuzzy Linguistic Preference Relations”, the authors Tsuen-Ho
Hsu, Chun-Hsien Chen, and Ya-Wun Yang focus on an investigation of the impact of
branded apps on customers. To explore this impact, they construct a fuzzy multi-criteria
decision-making analysis model that uses consistent fuzzy linguistic preference relations to
establish a symmetric pairwise comparison matrix. Using this, the complexity and error
rate of the calculations are significantly reduced. Moreover, they exhibit that, out of the
brand experience facets of two retail chain branded apps, behavioral experience is the most
favored, while affective experience is the least favored.

In the fourth paper, “Bipolar Picture Fuzzy Graphs with Application”, Waheed Ahmad
Khan, Babir Ali, and Abdelghani Taouti introduce and discuss the notion of bipolar picture
fuzzy graphs, as well as some of their basic characteristics and applications. Further, they
put forward the notion of complete bipolar picture fuzzy graphs and strong bipolar picture
fuzzy graphs, and present their fundamental features. They also present the construction
of a bipolar picture fuzzy acquaintanceship graph, which serves as an important tool to
measure the symmetry or asymmetry of the acquaintanceship levels of social networks,
computer networks, etc.

The authors Xiaofeng Wen, Xiaohong Zhang, and Tao Lei, in their fifth paper, “Intu-
itionistic Fuzzy (IF) Overlap Functions and IF-Rough Sets with Applications”, not only
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introduce the new concept of an IF-overlap function but also provide the generating method
of the IF-overlap function. They introduce and investigate several new notions and improve
the intuitive fuzzy TOPSIS method.

In the sixth paper, “Fuzzy Sawi Decomposition Method for Solving Nonlinear Partial
Fuzzy Differential Equations”, Atanaska Georgieva and Albena Pavlova come up with
a new decomposition method to find solutions to nonlinear partial fuzzy differential
equations by utilizing the fuzzy Sawi decomposition method, which is a combination of
fuzzy Sawi transformation and the Adomian decomposition method. They also provide a
numerical example to show the effectiveness of the proposed method.

In the seventh paper, “Applying the Dijkstra Algorithm to Solve a Linear Diophantine
Fuzzy Environment”, Mani Parimala, Saeid Jafari, Muhamad Riaz, and Muhammad Aslam,
by introducing linear Diophantine fuzzy optimality constraints, constructed a solution
technique for directed network graphs. Furthermore, they provided a calculation of
the weights of distinct routes and further modified the conventional Dijkstra method in
order to find the arc weights of the linear Diophantine fuzzy shortest path ( (LDFSP) and
coterminal LDFSP based on improved score functions and optimality requirements. Finally,
they presented a small telecommunication network to validate the possible use of the
proposed technique.

In the eighth paper, “Aggregation of Weak Fuzzy Norms”, the authors Tatiana Pe-
draza, Jorge Ramos-Canés, and Jests Rodriguez-Lopez investigated and characterized the
extended use of aggregation functions. In this way, they were able to drive a single weak
fuzzy (quasi-)norm from an arbitrary family of weak fuzzy (quasi-)norms in two different
senses: in the case where each weak fuzzy (quasi-)norm is defined on a possibly different
vector space or when all of them are defined on the same vector space. They showed
that weak fuzzy (quasi-)norm aggregation functions are equivalent to fuzzy (quasi-)metric
aggregation functions. This is contrary to the crisp case.

In the ninth paper, “Experimental Analysis of a Fuzzy Scheme against a Robust
Controller for a Proton Exchange Membrane Fuel Cell System”, Cristian Napole, Mohamed
Derbeli, and Oscar Barambones compared a robust controller with a fuzzy logic strategy
(with symmetric membership functions). Both were implemented in commercial proton
exchange membrane fuel cells using a dSPACE 1102 control board. Using an experimental
test bench, both proposals were analysed. The authors used the outcomes to present the
advantages and disadvantages of each scheme in terms of chattering reduction, accuracy,
and convergence speed.

In the tenth paper, “Similarity Measures Based on T-Spherical Fuzzy Information
with Applications to Pattern Recognition and Decision Making”, the authors Muham-
mad Nabeel Abid, Miin-Shen Yang, Hanen Karamti, Kifayat Ullah, and Dragan Pamucar
conducted an investigation into the possible defects and shortcomings of picture fuzzy
similarity measures with the aim of introducing a new similarity measure in a T-spherical
fuzzy environment. They also show that the newly improved similarity measure has the
advantage of creating more ground to accommodate uncertain information with three
degrees and is also responsible for the reduction in information loss.

In the eleventh paper, “Prime Cordial Labeling of Generalized Petersen Graph under
Some Graph Operations”, Weidong Zhao, Muhammad Naeem, and Irfan Ahmad study
the prime cordial labeling of rotationally symmetric graphs, which is obtained from a
generalized Petersen graph p(n, k) using a duplication operation. They obtained two
important and interesting results: the derived symmetric graphs are prime cordial and
when a Petersen graph with some path graphs is glowed, the resulting graph is a prime
cordial graph.

The authors Mohd Syafiq Bidin, Abd. Fatah Wahab, Mohammad Izat Emir Zulkifly
and Rozaimi Zakaria, in their twelfth paper, entitled “Generalized Fuzzy Linguistic Bicubic
B-Spline Surface Model for Uncertain Fuzzy Linguistic Data”, state that the motivation
behind their research is that since a fuzzy linguistic data set is uncertain, it is difficult
to analyze and describe it as a smooth and continuous generic figure. This led them
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to investigate conduction in a new model of a B-spline surface by utilizing a different
approach: a crisp and fuzzy linguistic point relation with three types of linguistic function.
Then, they proposed an algorithm for the fuzzy linguistic bicubic B-spline surface model
to convert fuzzy linguistic data into fuzzy linguistic control points. They also provided a
numerical example of fuzzy linguistic data to visualize the suggested model.
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Abstract: A fuzzy linguistic data set that is uncertain is difficult to analyze and describe in the form
of a smooth and continuous generic figure. Therefore, the study aims to develop a new model of a
B-spline surface using a different approach of a crisp and fuzzy linguistic point relation with three
types of linguistic function: low L, medium M; and high H. These linguistic functions are defined
first to introduce the fuzzy linguistic point relation. Then, a new algorithm of the fuzzy linguistic
bicubic B-spline surface model is presented to convert fuzzy linguistic data into fuzzy linguistic
control points. In addition, a numerical example of fuzzy linguistic data is considered at the end
of this study to visualize the suggested model. Thus, the relation between the fuzzy linguistic data
points can be analyzed to present another area of knowledge in which symmetry phenomena occur.
The symmetry here plays an important role in solving the uncertain fuzzy linguistic data problem by
using the suggested model.

Keywords: B-spline surface; fuzzy linguistic point relation; fuzzy linguistic data; fuzzy linguistic
control point; fuzzy linguistic B-spline

1. Introduction

Real data from real phenomena and scenarios are difficult to describe and analyze
using existing methods. There are even more problems when they involve linguistic terms
that are uncertain by nature where they carry their own meaning depending on the individ-
ual’s perception [1]. The use of linguistic terms in daily activities has various interpretations
and assumptions. For example, the intonation of the use of sentences or words in conversa-
tion sometimes has a different meaning. Therefore, the relationship between linguistics
and the uncertainty inherent in the concept of fuzzy sets is inseparable [2]. To deal with
uncertain information, Zadeh [3] proposed the concept of the fuzzy set, which has been
widely used in different fields. Then, it was followed by the concept of linguistic variables
and its application, also proposed by Zadeh [4-6].

Language is one of the primary expressions of human intelligence. What makes
language so difficult for artificial intelligence (Al) is its ambiguity, which refers to the possi-
bility of interpreting linguistic units in different ways, and ubiquitous quality in natural
language [7]. In the twenty-first century, the activities of human life have been revolu-
tionized by the widespread application of the internet, and the capabilities of computing
systems and intelligence that are driving a new era of Al. A variety of intelligent human
behaviors such as memory, emotion, perception, judgment, reasoning, recognition, proof,
communication, understanding, design, thinking, learning, creating and others, can be
realized artificially by using machines or building systems and networks. However, these
are built on certainty or precision and are very limited by their formal axiom systems, which
cannot simulate the uncertainty of the human thought processes due to their precision [8].

Symmetry 2022, 14, 2267. https:/ /doi.org/10.3390/sym14112267 4
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The problems of linguistic terms can be translated into the form of linguistic data sets
and need to be solved using appropriate models to produce clear visuals in the form of
curves and surfaces. This method requires the acquisition of real data from the real world
to be modeled with geometric modeling. Then, the data can be simulated and analyzed
for the research conducted. However, the developed model will not lead to any change if
the problem of data sets that are fuzzy and have uncertainty is not resolved first. Existing
geometric functions in the field of geometric modeling cannot model a data set into curves
and surfaces when there is an ambiguous property of the data set obtained. Geometric
modeling can only be performed when the data set has full membership, while data sets
that do not have full membership are ignored [9].

To solve this problem, a new model needs to be proposed using a fuzzy linguistic
approach and combined with the spline function in geometric modeling. This research
paper will define a fuzzy linguistic point relation where two sets of fuzzy linguistic data are
connected to obtain the exact membership value, which can then form a clear and smooth
surface. From the result of this surface, the process of evaluation and analysis can be carried
out more easily and smoothly. Research in this field is still new, where the study of curves
has only been conducted by Hussain et al. [1,2] and Wahab and Hussain [10]. Therefore,
this paper presents another area of knowledge in which symmetry plays an important role
in solving the problem of fuzzy linguistic data that have an uncertain nature. The process
of developing a new model of the fuzzy linguistic bicubic B-spline surface will be discussed
in the following sections.

2. Introduction to B-Spline Function

In 1946, Schoenberg [11] introduced the B-spline or basis spline for the uniform knot
cases. Then, Boor [12] began using the B-spline function as a tool to present geometry curves
and introduced a recursive assessment of the B-spline known as De Boor’s algorithm in 1960.
He became one of the most influential proponents of the B-spline in approximation theory.
Dempski [13] and Farin [14] discussed that through the representations of curves and
surfaces, a set of data can be modeled with B-spline functions. A curve approximates a set
of control points without necessarily passing through any control points when polynomials
are fitted to the path. Another method for geometric modeling is interpolation where a
smooth curve is constructed through each data point, according to Salomon [15]. A B-spline
surface can be obtained by taking a bidirectional net of control points, two knot vectors
and the product of the univariate functions as follows (Piegl and Tiller [16])

Bs(u,0) =) )" P; iN;,(u)Nj4(v) 1)

i=0j=0

where N; ,(u) and N;j,(v) are the basic function of crisp B-splines with degree p and g in
parameters u and v, respectively.

The B-spline surface is a tensor product basis function Nj ,, (1) N; ,(v). The set of control
points is often referred to as the control network, and the value of # and v is between 0 and
1. Both u and v are vectors that determine the intersection direction of the B-spline curve
for the formation of the B-spline surface in the form of rows, i and columns, j. Hence, the
B-spline surface maps a square unit to a surface patch, as shown in Figure 1.
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Figure 1. Formation of control network from crisp control points to B-spline surface.

3. Fuzzy Set Approach to B-Spline

Using fuzzy set theory (Zadeh, [3]), Wahab et al. [17,18] introduced a new approach of
the fuzzy B-spline surface model using fuzzy control points, defined as

Bs(s,t) = Y_ )" B iN;,(s)Nj4(t) @)
Lk

i=0

where N; ,(s) and N; ,(t) are the B-spline basic functions with degree p and g, respectively,
in parameters s and t, of which the value is between 0 and 1. Each knot vectors specified
must qualify conditions s = n + p + 1 and t = m + g + 1. Therefore, the B-spline surface

is a surface in the form of a tensor product. 13,] = <151'7/Pi,j/ 13;7> is the (i,j)th fuzzy
control point in row i and column j that will form the fuzzy control network for surface
patch formation.

Figure 2a shows an example of bicubic shape of the fuzzy B-spline surface model with
fuzzy control points while without fuzzy control points in Figure 2b. The model is formed
by 16 fuzzy control points that are also known as fuzzy data points. These fuzzy control

points form the fuzzy control network that illustrate this surface model.

(b)

Figure 2. Example of bicubic fuzzy B-spline surface models (a) with fuzzy control points and
(b) without fuzzy control points.

The objective of this study is to introduce a new model of the fuzzy linguistic bicubic
B-spline surface based on fuzzy set theory and the B-spline function in geometric modeling.
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The use of fuzzy set theory can solve problems in modeling uncertainty data, while the
model was developed geometrically through the production of curves and surfaces using
the B-spline function corresponding to the study conducted to obtain clear and smooth
visualization results. Thus, a new model was developed with a combination of all these
concepts, which, subsequently, can be applied to linguistic data from the real world for the
purpose of forecasting, data modeling and others.

This study is further structured as follows. Section 4 reviews the existing studies on
fuzzy sets and linguistics. Then, Section 5 presents the introduction of fuzzy linguistic data
processing and the definition of fuzzy set theory. Section 6 defines linguistic variables with
an example of Body Mass Index (BMI) while Section 7 presents new definitions for fuzzy
linguistic point relations. The fuzzy linguistic model with its algorithm is proposed in
Section 8. Section 9 discusses a numerical example and visualization of the model. Lastly,
conclusions and recommendations for further research are depicted in Section 10.

4. Literature Review

Linguistics is the scientific analysis of language, as opposed to the comprehensible
but impressionistic analysis of language. Semantic studies examine how a meaning is
managed in its journey from human thought to a word or sentence [19]. Kracht [20] said
that language is a set of signs defined as a quadruple (7, #, A, o), where 7 is its exponent
(or phonological structure), y its morphological structure, A its syntactic structure and o
its meaning (or semantic structure). A text is certainly more than a sequence of sentences,
and the study of discourse is indeed a very important one. Furthermore, sentences are so
complicated that we need a long time to study them. In addition to that, Aikhenvald [21]
discussed the properties of evidence systems that are related to discourse, and also the
details of cross-linguistic study that will provide valuable insights into the nature of human
cognition. Maynard [22] studied Japanese primarily from the perspective of discourse and
conversation analysis by consistently analyzing real-life Japanese, part of contemporary
Japanese culture, in a constant dynamic flow of being produced, consumed and interpreted.
In particular, several studies have also been conducted to investigate concepts roughly
corresponding to anger in languages such as Kovecses [23,24], Soriano [25], King [26] and
Matsuki [27]. In normal situations, uncertain data are omitted from the data set regardless
of their effect on any outcome. Therefore, the evaluation and analysis process of the
visualized data will be incomplete. The data set should be filtered if there is an element of
uncertainty so that it can be used to generate a model of a curve or surface to be studied.

To overcome this problem, linguistic fuzzy sets are used, which are a generalization of
fuzzy set theory from Zadeh [3] and further extended in [4-6]. The concept of linguistic
variables has been widely used and has become the main reference of researchers. The
study discussed about linguistic variables characterized by a quintuple (X, T(X), U, G, M),
where X’ is the name of the variable, T(X) is the term set of X (the collection of its linguistic
values), U is a universe of discourse, G is a syntactic rule that generates the term in T(X")
and M is a semantic rule that associates with each linguistic value X and its meaning
M(X) where M denotes a fuzzy subset of U. Bonissone [28] proposed a solution for the
problem of how to associate labels with unlabeled fuzzy sets based on semantic similarity
(linguistic approximation) and also how to perform arithmetic operations with fuzzy
numbers. In addition to that, Delgado et al. [29] defined an aggregation operation between
linguistic labels based on their meaning that can be performed without any reference to
this semantic representation. Therefore, it is very useful from a computational point of
view because it can be implemented as a simple table or procedure. Bordogna and Pasi [30]
introduced a solution to the problem of numerical query weights by defining an existing
weighted Boolean retrieval model and a linguistic extension formalized in fuzzy set theory,
where the numerical query weights are replaced by linguistic descriptors that determine
the importance level of the terms, while Khoury et al. [31] proposed the use of a hybrid
statistical fuzzy methodology to represent subject—verb—object triplets that calculates the
membership of subject—verb pairs and verb—object pairs in various domains.
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To deal with an unbalanced set of linguistic terms, Herrera et al. [32] presented a fuzzy
linguistic methodology by developing a representation model for unbalanced linguistic
information that uses the concept of linguistic hierarchy as the basis of representation. This
methodology is built on the concept of linguistic hierarchy and on a 2-tuple fuzzy linguistic
representation model that also consists of representation algorithms and computational
approaches for unbalanced linguistic information. The linguistic application of fuzzy set
theory to natural language analysis formulated a working definition of fuzziness that can
be used in future research on fuzzy linguistics clarified by Ma [33]. Ramos-Soto and Pereira-
Farifa [34] proposed a new understanding of interpretability in the context of the linguistic
description of fuzzy data by approaching this concept from a natural language generation
(NLG) perspective as opposed to focusing on the classical notions of interpretability for
fuzzy systems and linguistic summaries or descriptions on data (LDD). In particular, many
researchers have also used the fuzzy linguistic approach in multi-criteria decision making
such as Tong and Bonissone [35], Herrera and Martinez [36], Rodriguez et al. [37,38],
Wang et al. [39] and Nguyen et al. [40]. However, in order to evaluate and analyze a model,
linguistic fuzzy data sets need to be visualized first as a curve or surface model.

The modeling of fuzzy linguistic data sets can be demonstrated through the con-
struction of curves and surfaces using existing functions in computer-aided geometric
design (CAGD). Geometric modeling is a process when a set of data is translated into a
real 2-dimensional or 3-dimensional form to produce a smooth and clear visualization.
Among the studies that have been conducted is that by Jaccas et al. [41,42] who discussed
a fuzzy logic approach to curve and surface design in the context of CAGD. Gallo and
Spagnuolo [43] and Gallo et al. [44] presented a new approach for modeling spatial data,
which takes into account the uncertainty that may be associated with the original data
set. The resulting model has explicitly embedded uncertainty properties that allow users
to visualize and reason about the reconstructed model at different levels, as well as use
different model layers according to the accuracy required by the specific analysis. In
addition to that, Anile et al. [45] introduced an innovative approach to model fuzzy and
sparse data by generalizing B-spline to fuzzy B-spline where its power depends on the
possibility of being used as an approximation function for both fuzzy and crisp data.
In addition, Wahab et al. [17,18] and Wahab and Ali [46] used fuzzy set theory and its
properties through the concept of fuzzy numbers to introduce the fuzzy control point for
fuzzy curve and fuzzy surface models, which can then solve the uncertainty problem in
CAGD. This study was later continued by Zakaria et al. [47], Zakaria and Wahab [48,49],
Karim et al. [50] and Bakar et al. [51].

Further studies in the field of fuzzy set theory and CAGD have been conducted,
specifically by Zulkifly and Wahab [52,53] and Zulkifly et al. [54,55], by introducing a new
concept of intuitionistic fuzzy sets with geometric modeling. Shah and Wahab [56] and
Shah et al. [57] introduced fuzzy topological digital space concepts with their properties.
Zakaria et al. [58,59], Wahab et al. [60] and Adesah et al. [61] extended the study of geometric
modeling with fuzzy set theory to a type-2 fuzzy set. In the field of fuzzy linguistics,
Hussain et al. [1,2] introduced fuzzy linguistic control points (FLCP), which can be used to
generate spline models through linguistic terms. The FLCP theorem has been redefined
using modifiers or linguistic hedges to solve the uncertainty problem of linguistic data in
geometric modeling. The FLCP was blended with spline basis functions to produce several
spline models characterized by fuzzy linguistics. Then, Wahab and Hussain [10] introduced
new fuzzy spline models such as fuzzy linguistic Bézier and fuzzy linguistic B-spline by
using the definition of fuzzy linguistic control points. The control points are redefined
through the fuzzy linguistic approach to produce a new set of control points with linguistic
terms. Bidin et al. [62] introduced a new approach for the fuzzy linguistic point relation
that can generate a new model called as fuzzy linguistic cubic B-spline curve model. The
presented method shows that the model can be generated using directive linguistic terms
and functions.



Symmetry 2022, 14, 2267

Real data from real
phenomena and
scenario

However, previous studies on fuzzy linguistics blended with spline functions only
involve a curve form, while a surface form has not yet been extensively studied. Therefore,
this paper discusses and introduces a new model of fuzzy linguistic data visualized with
spline functions in geometric modeling. There are three fuzzy linguistic variables, which
are low L, medium M; and high H, that are discussed in the section to define the fuzzy
linguistic point relation. Then, a new algorithm is introduced to build a new model called
the fuzzy linguistic bicubic B-spline surface model. Lastly, this new model is visualized
using numerical examples of linguistic data sets with randomly selected membership
values. From the results of visualization, the evaluation and analysis process is expected to
be easier to perform and provide great benefits in various fields, especially the problem of
ambiguity in the expression of human intelligence.

5. Preliminaries

Using a fuzzy linguistic set [63], we introduce the fuzzy linguistic control points using
the fuzzy linguistic point relation. From any real phenomena or scenarios, we will obtain
real data, but due to many factors, the data collected come with uncertainty. Therefore,
a linguistic function is used to measure the real data into a linguistic data set. Then, the
linguistic data set will visualize various curve (2-D) and surface (3-D) images as in the
process described in Figure 3.

- [ -

Figure 3. Fuzzy linguistic data process.

Several definitions related to the concepts of fuzzy sets, fuzzy numbers and fuzzy
control points are briefly discussed as follows (Wahab and Husain [10]):

Definition 1. Let X be a non-empty set. A fuzzy set A in X is characterized by a membership
function pp: X — [0,1] and pa(X) is called as the degree of membership of element x in A for
x € X can be defined as

1 if xcA
pHa(X)=<c if x€A 3)
0 if x¢ A

where ya(x) = 1 is a full membership function, pa(x) = ¢ is a non-full membership function,
1a(x) = 0is a non-membership function and c is the membership grade value between 0 and 1.

A fuzzy set can also be described as a set of ordered pairs and can be written as
A={x,ua(x)}. If X = {x1,x2,...,x,} is a finite set and A C X, then the fuzzy set A can
be written as

A = {(x1, pa(x1)), (x2, pa(x2)), -, (xn, pa(xa))} € X @)

Definition 2. Let A be a fuzzy set in the universe of discourse X and y 4 be the membership of A.
Then, the a-cut A, of A in X is defined as

Ap = {x; € X[pa(x;) = a} )

where & C (0,1).
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Definition 3. Lef a fuzzy set A on the real line be the set of all normal, convex, continuous data,
and the membership function in the closed interval and the support (A) = {x|pu(x))0} is limited.

A generalized fuzzy number A with the membership function p z(x), x € R can be
defined as
I7(x), a<x<b

A
1, b<x<c¢
+(x) = -~ 6
#alx) ry(x), c<x<d ©)
0, otherwise

where [ ;(x) is the left membership function of the increasing function [a,b] and 7 ;(x) is
the right membership function of the decreasing function [c, d] such that I ;(a) = r3(d) = 0
and [ 5(b) =r5(c) = 1. N

If I7(x) and r ;(x) are linear, then A = (a,b,c,d) is a trapezoidal fuzzy number. If
b = ¢, then the trapezoidal fuzzy number is defined as triangular fuzzy number written as

A= (a,b,d)or A= (acd).

Definition 4. Fuzzy set P in space of S is said to be a set of fuzzy control points if, and only if, for
every w-level set chosen, there exist pointed, which is P = <13f, P;, Igf >, in S with every P; is a

crisp point and membership function pp : S — (0,1], which is defined as pp(P;) = 1.

0 if P ¢S 0 if P~ ¢S
up(P)=<ce(0,1) if FES andup(P’) =< cec(0,1) if P7ES @)
1 if - es 1 if P77 €S

where yp (P{) is the left membership grade value, jip(P; ) is the right membership grade
value and c is the membership grade value between 0 and 1.

Fuzzy set P can generally be written as

13:{131-:1':0,1,2,...,;1} ®)

where with P = <13f, b, ﬁf> and ﬁf being the left fuzzy control point, crisp control point
and right fuzzy control point, respectively.

6. Linguistic Variables

A linguistic variable is defined as a variable whose values are words or sentences in a
natural or artificial language. According to Zadeh [4], a linguistic variable is characterized
by a quintuple (X, T(X), U, G, M), where X is the name of the variable, T(X) is the term
set of A" (the collection of its linguistic values), U is a universe of discourse, G is a syntactic
rule that generates the term in T(X') and M is a semantic rule that associates each linguistic
value X with its meaning M(X) where M denotes a fuzzy subset of U.

As an example from weight categories based on body mass index (BMI), let
X = {xl-|xl- BMI} JA;, C X subject to A; = {Al,Az, As, A4}, where Aq, Ay, Az and Ay
are underweight, normal, overweight, obesity and severe obesity, respectively, namely as a
linguistic model of BMI shown in Figure 4.

10
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Underweight Mormal Owerweight Obesity Obesity Severs

L B

Figure 4. Linguistic model of BMI.

7. Fuzzy Linguistic Point Relation

There are three types of fuzzy linguistic functions: low L;, medium M; and high H;, as
shown in Figure 5.

X & b

Medium M;

E] b

High H;

Figure 5. Three types of fuzzy linguistic function.

These fuzzy linguistic functions are also called linguistic behaviours where a,b and ¢
are the elements of X that display the increase and decrease points for each function. Low
L; and high H; have only one linguistic set, but there are probably more than one linguistic
set for medium M;, where linguistic set LS = {L, M1, My, ..., M;, H} is shown in Figure 6.
L is the one and only low linguistic set, M; is the first medium linguistic set, M; is the
second medium linguistic set, My, is the subsequent medium linguistic set and H is the one
and only high linguistic set.

Referring to Figures 5 and 6, we can briefly state the definition for each linguistic
function for low L;, medium M; and high H; as follows (Bidin et al. [62]):

Definition 5. Let low linguistic function L; in domain L — [0,1] be defined by a linguistic
set, then

1 ,0<x<a
Li(x) =¢ £ ,a<x<b )
0 ,x>b

where Li(x) is called the degree of membership of x € X.

11
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Definition 6. Let medium linguistic function M; in domain M — [0, 1] be defined by a linguistic
set, then

0 ,x<a
X—a
(x)=Q ba r4sXSDh
Ml(x)_ E—TE ,beSC (10)
0 ,x>c

where M;(x) is called the degree of membership of x € X.

Definition 7. Let high linguistic function H; in domain H — [0,1] be defined by a linguistic
set, then

0 ,x<a
H;(x) = = ,a<x<b (11)
1 ,x>b

where H;(x) is called the degree of membership of x € X.

Definition 8. Let X be a universal set of linguistics where Vx € X and there exist linguistic
functions [L;, M;, H;| such that there a set of ordered pairs (x,L;(x)) or (x, M;(x)) or (x, Hi(x))
when Li(x), M;(x), Hi(x) € [0,1]

Figure 6. Fuzzy linguistic functions in the BMI linguistic model.

From Definition 5, the low linguistic function L; in Figure 7 in accordance to (9) can be
defined as x; € X there L;(x;) € [0,1] exists such that (x;, L;(x;)) where x; is an element in
X of the low linguistic function L;.

i

Figure 7. x; € X of low linguistic function L;.

Let X and Y be any collection of universal space, then Ly XLy isa fuzzy linguis-
tic relation. Suppose that Lx and Ly in Figure 8 are two low linguistic functions on
X={x:i=012,...,n}andY={y; :i=0,1,2,...,n}, respectively. Then

Ly * Ly = {(09) iy (09) [y (09) 1) (12)

where - i~ (x,y) is the degree of membership of element (x,y) € X x Y.

12
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x
Xy X3 X3 X4 X5 Xg A7 A3 Ag

Ly in2-D Ly in3-D

Ly X Ly

Figure 8. Fuzzy linguistic point relation of low linguistic functions Ly and Ly.

From definition 6, the medium linguistic function M; in Figure 9 in accordance to (10)
can be defined as x; € X and M;(x;) € [0,1] exists such that (x;, M;(x;)) where x; is an
element in X of the medium linguistic function M;.

i

Figure 9. x; € X of medium linguistic function M;.

Let X and Y be any collection of universal spaces, then Mx x My is a fuzzy linguistic
relation. Suppose that My and My in Figure 10 are two medium linguistic functions on
X={x:1=0,12,...,n}and Y ={y; :i=0,1,2,...,n}, respectively. Then

Mx x My = {((x,9), prxxy (%, ) [pxxy (x,y) < 1}

T 13
Mix % My = { (0 ) iy (50 |3y i (69) < 1 (19

where pye A (x,y) is the degree of membership of element (x,y) € X x Y.

13
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N o2 oyovs ¥s ¥ 1 B OB

My in 2-D My in 3-D

My x M,

Figure 10. Fuzzy linguistic point relation of medium linguistic functions Mx and My.

From Definition 7, the high linguistic function H; in Figure 11 in accordance to (11) can
be defined as x; € X and H;(x;) € [0,1] exists such that (x;, H;(x;)) where x; is an element
in X of the high linguistic function H;.

i
1l

Figure 11. x; € X of high linguistic function H;.

Let X and Y be any collection of universal space, then Hx x Hy is a fuzzy linguis-
tic relation. Suppose that Hx and Hy in Figure 12 are two high linguistic functions on
X={x:1=012,...,n}and Y ={y; :i=0,1,2,...,n}, respectively. Then

Hx  Hy = {((6y), i (500) i, (o) <1 (14)

where Wiy iy (x,y) is the degree of membership of element (x,y) € X x Y.

14
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Hy in2-D Hy in3-D

Hy in 2-D Hy in 3-D

Hy X Hy.

Figure 12. Fuzzy linguistic point relation of high linguistic functions Hx and Hy.

Then, from Equations (12)—(14), the fuzzy linguistic point relations denoted as L;(x, v),
M;(x,y) and H;(x,y), respectively, generate a fuzzy linguistic surface where

Y(x,y) € L;or (x,y) € M;or (x,y) € H; and L;(x,y) or M;(x,y) or H;(x,y) existin [0, 1]. (15)
Lx x I:;, My x ny and Hy x H\; are a fuzzy linguistic set in X x Y that can be
defined as
Mgy (Xy) = {minpp = (x,y), maxp - i~ (%, y)
Mot (5y) = {minu - (5, y) mavup - (x,9) (16)
Hixiy (0Y) = (minp o (% y), maxp (%)

In the next section, a new model of the fuzzy linguistic bicubic B-spline surface is
developed to generate a visualization through the fuzzy linguistic point relation and
B-spline function.

8. Fuzzy Linguistic Bicubic B-Spline Surface Model

Based on the fuzzy linguistic point relation implemented with the B-spline basis
function, a model of the fuzzy linguistic bicubic B-spline surface can be represented as
LBs(s, t) and generated as follows

LBs(s,t) = Y Y P;;Niy(s)Njq(t) (17)
i=0j=0

where 131] is a fuzzy linguistic control point, N;,(s) and N;j,(t) are the B-spline basic
functions with degree p and g, respectively, in parameters s,t € [0,1],s =n+p+1as
well as t = m + g+ 1 and these are knot values for each vector, i = 0,1,2,...,n and
j=012,...,m.

15
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After all the definition processes in the previous section, the next processes represented
by Algorithm 1 below are applied to obtain the result of the fuzzy linguistic bicubic B-spline
surface model.

Algorithm 1 Fuzzy linguistic bicubic B-spline surface modeling

Step 1: Define all fuzzy data points. Let 13” = {13(010), 13(1,0), 13(2,0), ceey ﬁn,m} eXxY

where PVO = {-xOIyO/ZO}/ﬁl = {x1/y112~1}/ PZ = {er}/Z/EZ}, ey Pl’l = {xnzynlzn}'

Step 2: Define all fuzzy point relations where
pur:L—-1=1001], ppy:M—1=[0,1] and uyy: H - I =10,1].

Step 3: Define all fuzzy control points where

(xofyo)fﬂﬁ(oro)(xofyo) (xO/yl)/Vﬁ(llo) (x0,y1) -+~ (xo,ym),liﬁ(oym) (x0, Ym)
_ (x1,0), 1y, (1 v0) (v yn) g, (uya) o G ym) g, (31, Ym)
B, - g & . t

(enYo)s 1, (moyo) - (enoyn)omp  Cowya) o (o Ym) i, (X0 Ym)

Step 4: Define all linguistic functions [L; , M;, H;| to form fuzzy linguistic control points.

Step 5: Develop fuzzy linguistic bicubic B-spline surface model using fuzzy linguistic control
points blended with B-spline basis function.

From the algorithm, the fuzzy linguistic bicubic B-spline surface model can be illus-
trated through each step. The visualization of the model can be seen in the next section.

9. Numerical Example and Visualization

In this section, we discuss a numerical example of the fuzzy linguistic bicubic B-spline
surface model. B-spline surfaces are generated through linguistic commands appearing on
the fuzzy linguistic point relation. Based on the algorithm from the previous section, let
linguistic data LD = ﬁi,]', then

(%0, y0), 5, (X0, Y0) - (X0, y1), pp, o (X0, y1) -+ (%0, Y9), M, (X0, Y0)

(1 y0), g, (K y0) - Ceayn) pp,  (xuyn) o (Y o) pp,, (R y0) |
LD: } . . :Pl,]

(en,Yo) i, (o, Y0) - (xo,y1), pig, (Yo y1) - (%o, yo), pip (X9, o)

Table 1 is a numerical example of linguistic data with randomly selected membership
values that generate the final result of the fuzzy linguistic bicubic B-spline surface model in
Figure 13 through linguistic commands appearing on the fuzzy linguistic point relation
introduced in this paper.

Table 1. Numerical example of linguistic data.

O, Yu) Yo Y1 Y2 Y3 Ya Ys Y6 Y7 Ys Yo
Xo (0,0),1,00 (0,1),0.84 (0,2),0.84 (0,3),1.00 (0,4),1.00 (0,5),1.00 (0,6),1.00 (0,7),0.84 (0,8),0.84 (0,9),1.00
x1 (1,0),1.00 (1,1),084 (1,2),084 (1,3),1.00 (1,4),1.00 (1,5),1.00 (1,6),1.00 (1,7),0.84 (1,8),0.84 (1,9),1.00
X2 (2,0),0.84 (2,1),067 (2,2),0.67 (2,3),084 (2,4),084 (2,5),0.84 (2,6),084 (2,7),0.67 (2,8),0.67 (2,9),0.84
x3 (3,0),084 (3,1),067 (3,2),0.67 (3,3),084 (3,4),0.84 (3,5),084 (3,6),0.84 (3,7),0.67 (3,8),0.67 (3,9),0.84
X4 (4,0),1.00 (4,1),0.84 (4,2),0.84 (4,3),1.00 (4,4),1.00 (4,5),1.00 (4,6),1.00 (4,7),0.84 (4,8),0.84 (4,9),1.00
x5 (50),1.00 (51),084 (52),0.84 (5,3),1.00 (54),1.00 (5,5),1.00 (5,6),1.00 (57),0.84 (5,8),0.84 (5,9),1.00
X6 (6,0),084 (6,1),067 (6,2),0.67 (6,3),084 (6,4),0.84 (6,5),084 (6,6),0.84 (6,7),0.67 (6,8),0.67 (6,9),0.84
X7 (7,0),0.84 (7,1),067 (7,2),067 (7,3),0.84 (7,4),084 (7,5),084 (7,6),0.84 (7,7),067 (7,8),0.67 (7,9),0.84
x3 (8,0),1.00 (8,1),084 (8,2),0.84 (8,3),1.00 (8,4),1.00 (8,5),1.00 (8,6),1.00 (8,7),0.84 (8,8),0.84 (8,9),1.00
X9 (9,0),1.00 (9,1),0.84 (9,2),0.84 (9,3),1.00 (9,4),1.00 (9,5),1.00 (9,6),1.00 (9,7),0.84 (9,8),0.84 (9,9),1.00
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@ )

Figure 13. Example of (a) fuzzy linguistic bicubic B-spline surface model and (b) fuzzy linguistic
interpolation bicubic B-spline surface model.

Figure 13 show the final results of the fuzzy linguistic bicubic B-spline surface model
from the numerical example of linguistic data that are generated through a linguistic
command appearing on the fuzzy linguistic point relation introduced in this paper.

10. Conclusions

The main purpose of this study is to introduce a new model, namely, the fuzzy
linguistic bicubic B-spline surface to model uncertain fuzzy linguistic data. This model is
based on the fuzzy set theory approach and the B-spline in geometric modeling. Firstly,
this study discusses a new approach to fuzzy linguistics by defining three types of fuzzy
linguistic points: low L, medium M; and high H. Then, based on these definitions, a new
algorithm is developed. Finally, by using a random numerical example of linguistic data,
a surface model of the B-spline is generated and can be used for analytical purposes for
further studies.

This study only discusses in generalized form and shows the final results for the
proposed model. Thus, more in-depth studies are needed with new definitions and theories
to display the processes in more detail. Real data are required to apply this generalized
model in order to produce the expected visualization and analyzation. The presented
method shows that the model can be generated by directive linguistic terms and functions.

This model has limitations if the linguistic data used are fuzzy in nature, which leads to
complexity. Therefore, advanced methods for the fuzzy set theory approach should be used
to obtain more accurate results. The specific meaning of ‘complex” in complex uncertain
data is the uncertainty stack of two collected data point arguments. It is impossible to
accurately model complex uncertain data using a suitable curve or surface such as a B-spline
unless a new definition is formulated for a B-spline function with a complex uncertain
meaning [59].

This study could also be extended to other spline models such as Bézier and NURBS
(Non-Uniform Rational B-Spline), and also in future works, especially in the development
of artificial intelligence (AI) technology for greater beneficial impact. The basic problem of
computational linguistics is the modeling of basic linguistic processes such as language
comprehension, production and learning. It includes the main problems of Al systems
such as perception, communication, knowledge, planning, reasoning and learning. Each
of these items has a linguistic function as discussed in this study. If this problem can be
applied using the model introduced, it should be able to improve the weaknesses of the
existing Al technology.
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Abstract: A graph is a connection of objects. These objects are often known as vertices or nodes
and the connection or relation in these nodes are called arcs or edges. There are certain rules to
allocate values to these vertices and edges. This allocation of values to vertices or edges is called
graph labeling. Labeling is prime cordial if vertices have allocated values from 1 to the order of
graph and edges have allocated values 0 or 1 on a certain pattern. That is, an edge has an allocated
value of 0 if the incident vertices have a greatest common divisor (gcd) greater than 1. An edge
has an allocated value of 1 if the incident vertices have a greatest common divisor equal to 1. The
number of edges labeled with 0 or 1 are equal in numbers or, at most, have a difference of 1. In this
paper, our aim is to investigate the prime cordial labeling of rotationally symmetric graphs obtained
from a generalized Petersen graph P (1, k) under duplication operation, and we have proved that the
resulting symmetric graphs are prime cordial. Moreover, we have also proved that when we glow a
Petersen graph with some path graphs, then again, the resulting graph is a prime cordial graph.

Keywords: prime cordial labeling; duplication operations; glowing of graph; generalized Petersen
graph

1. Introduction

Graph theory started with a solution for the Konigsberg bridges problem in the 18th
century by Leonhard Euler. In the beginning, it was considered a recreational subject. It
took almost two centuries for its development as a mathematical subject, graph theory.
Graph labelings started in the 19th century, when Arthur Cayley, the renouned British
mathematician, showed that there are n"~2 different labeled trees of order n [1]. This
subject attracted the attention of researchers in the previous century. Many conferences
were organized for graph theory in 1950-1960. These conferences concluded that graph
theory is an easy way for understanding mathematics, which attracts the interest of young
students. These conferences were known as “Symposium on the Theory of Graphs and Its
Applications”, held in Smolenice (Czechoslovakia) in 1963 [2]. Graph theory conferences
were held regularly in the 1970s. One member of the Rome conference was Alexander
Rosa; a paper was presented by him [3]. This paper brought revolution in graph labeling.
Four vertex labelings were mentioned by Rosa, described as a-valuations, p-valuations,
o-valuations and p-valuations. The B-valuation became graceful labeling in 1972 [4].
The main aim of graceful labeling was to minimize the values assigned to terminals.
The number theory has an impact on graph labelings [5]. For many years, a lot of graph
labelings have been introduced, which have an impact on many problems for their solution.
The labeled graphs are working excellently in many mathematical models. For instance,
radar codes and cyber security [6]. Prime cordial labeling is the assignment of values to
vertices from 1 to order of graph and edge labeling induced from it where 0 and 1 valued
to edges with respect to the greatest common divisor (gcd) of incident vertices. That is,
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incident vertices have a common divisor greater than 1 labeled with 0 and incident vertices
have a common divisor equal to 1 labeled with 1. It was introduced by Sundaram et al. [7]
and, in the same paper, they investigated several results on prime cordial. In this paper,
we will investigate the generalized Petersen graph P(n, k) under duplication operation
and glowing of P; with P(#,k) is prime cordial. All the graphs in this article are simple
connected graphs and the notions and symbols are the same as those used by I. Ahmad
in [8].

Definition 1. Let P,(n, k) be a graph obtained by attaching a vertex to each edge of outer cycle of
P(n, k). Then, P,(n, k) has 3n vertices with vertex set V(Pe(n,k)) = {x;,y;,z; : 0 <i<n—1}
and 5n edges has edge set E(P.(n,k)) = {x;x; 1k, XiVi, ViVis1, Vizi, Yis1zi - 0 <1 < n—1}
In Figure 1, we have depicted vertices and edges of this graph.

Figure 1. P (5, k); duplication of edges by vertices.

Definition 2. Let P,(n,k), be a graph obtained by duplicating outer cycle vertices P(n, k) by
an edge. Then, Py(n, k), has 4n vertices with vertex set V(Py(n,k)o) = {x;,y; : 0 < i <
n—1landz;:0<i<2n—1} and 6n edges with edge set;

E(Py(n,k)o) = {XiXitr, XiVi, YiYir1, YiZis ZiZis1, YiZip1 + 0 < i < n—1}. As shown in
Figure 2.

Figure 2. P, (5, k),; outer cycle vertex duplication by an edge.

Definition 3. Let P,(n,k); be a graph obtained by edge duplication of all the vertices on the inner
cycle of P(n, k), that is, the duplication of vertices such as x;’s of Figure 2 in P(n, k). Then, the
graph Py (n, k); has 4n vertices and 6n edges, having vertex set V(Py(n,k);) = {x;,z; : 0 <i <
n—1andy;:0<i<2n—1} and 6n edges with edge set;

E(Py(n,k);) = {xiXi 1k XiVi, XiYiv1, YiYis1, XiZi, 2iZiv1,: 0 < i < n—1,wherel < k <
| 51}. As shown in Figure 3.

22



Symmetry 2022, 14, 732

Figure 3. P,(9,2);; inner vertex duplication by an edge.

Definition 4. There is path graph P3 and a generalized Petersen graph P(n, k). In glowing
operation, there is a subgraph denoted as (Ps, P(n,k))eo. This graph has 4n vertices and 5n
edges. These are V((P3, P(n,k))ev) = {1, x;,yi,2;;0 <i <n—1} and E((P3,P(n,k))en) =
{uisj g, wixi, xixiv1, Xy, yizi;0 < i < n — 1}. Represented in Figure 4.

Figure 4. (P53, P(n,k))e0; end vertex glowing of P; with P(n, k).

Definition 5. Let (Ps, P(n,k))mo be a glowing of n copies of Ps at its middle vertex common with
P(n, k) outer cycle. Glowing graph has 4n vertices and 5n edges. These are V ((Ps, P(1,k) )mo) =
{x;,y;;0<i<n—1landz;;0<i<2n—1} and E((P3,P(n,k))mo) = {XiXiri, XiVi, YiYir1,
Vizi, ¥izi+1;0 < i < n — 1} depicted in Figure 5.

Figure 5. (P3, P(7,2))mp; middle vertex glowing of P; with P(7,2).
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Definition 6. Let V(Py(n, k), be graph obtained by duplication of vertices by n pendant vertices
in P(n, k) outer cycle. There are 3n vertices and 4n edges with edge set E(Py(n,k),) shown in
Figure 6,

Figure 6. P,(7,3),; Outer cycle vertices duplication by pendant vertices.

2. Main Results

In this section, we shall present the main results of the article.
Theorem 1. The graph Pe(n, k) is prime cordial forall n >3and1 <k < |5].

Proof. Let us assume P(n,k) where n > 3 and 1 < k < |5 | be generalized Petersen
graph. On each outer edge, one vertex is added in such a way that duplicates edges
in the outer cycle of the existing graph. There are 3n vertices and 5n edges having
the vertex set V(P.(n,k)) = {x;,yi,zi : 0 < i < n—1} and edge set E(P.(n,k)) =
{XiXi vk XiVi, Yiiv1, Vizi Yiv1zi = 0 < i < n—1}. As we knew, in prime cordial label-
ing, we assign values to edges on the basis of the greatest common divisor of the incident
vertices. In prime cordial labeling, assignment of values to vertices is a bijective function.
Therefore, the values assigned to vertices are;

flx)={3(+1) :0<i<n-—1}

Fly) = 2+3i :0<i<n—1where i iseven;
i) = 443(i—1) :1<i<n—1where i isodd.
flz) = 14+3i :0<i<n—1where i iseven;
YL 5433—1) :1<i<n—1where i isodd.
There are five types of edges, incident to these vertices. The edge set of P,(n, k) is
divided into five subsets that are mentioned below;

Ei = {xxj:0<i<n—1},
E, = {xy;:0<i<n—1},
Es = {yiyi1:0<i<n-—1},
Ey, = {yizi:0<i<n—-1},
Es = {yin1zi:0<i<n—1}

In E; edge set, gcd(f(x;), f(xi1x)) > 1. Therefore, n edges are labeled with 0.
There are two cases for labeling edge set Ep;

Case-I: Foreven n, there are 5 edges incident vertices has gcd(f(x;), f(y;)) > 1. Therefore,
labeled with 0 and 4 edges incident vertices has gcd(f(x;), f(yi)) = 1. Therefore,
labeled with 1.
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n

Case-II: For odd n, there are 5! edges incident vertices has gcd(f(x;), f(y;)) > 1, are
labeled with 0 and “f! edges incident vertices has gcd(f(x;), f(y;)) > 1 are
labeled with 1.

In edge set E, n edges incident vertices has gcd(f (y;), f(yi+1)) > 1. Therefore, labeled
with 0.

In edge set E4, n edges incident vertices has gcd(f(y;), f(z;)) = 1. Therefore, labeled
with 1.

In edge set Es, n edges incident vertices has gcd(f(y;+1, f(zi)) = 1. Therefore, labeled
with 1.

When 7 is even, there are 57” edges labeled with 0 and 1. In Figure 7, number of 0 and
1 are equal.

When 7 is odd, there are 5”2—_1 edges valued 0 and # edges valued 1, as shown in
Figure 8.

Edges valued 0 and 1 are equal or supremum difference 1. Hence, the graph P, (1, k),
and Petersen graph edges duplication is prime cordial. [

Example 1. The graph P,(12,k) is prime cordial for 1 < k < |5 ].

In Figure 7, there are 36 vertices and 60 edges. Dark lines indicate that edges are
labeled with 1 and dotted lines indicate that edges are labeled with 0. Here, 30 edges are
valued 0 and 1, respectively. Therefore, it is prime cordial.

Figure 7. P, (12, k); duplication of edges by n vertices.
Example 2. The graph P,(13,k) is prime cordial where 1 <k < [5].

In Figure 8, there are 39 vertices with 65 edges. Dark lines indicate that edges are
labeled with 1 and dotted lines indicate that edges are labeled with 0. Here are 33 edges
valued 1 and 32 edges valued 0. This P, (13, k) has supremum difference 1 in edge labeling.
Therefore, it is prime cordial.
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Figure 8. P,(13,k); duplication of edges by n vertices.

Theorem 2. The graph Py(n, k), is prime cordial forall n >3 and1 <k < [5].

Proof. Let us assume that P(n, k) has n edges attached to each outer cycle vertex. Therefore,
outer cycle vertices have duplication. There are 4n vertices with vertex set V (P, (n,k),) =
{x;,y;:0<i<n—1landz;:0<i<2n—1} and these vertices are labeled as

flx)) = 4(i+1):0<i<n—1;
fly)) = 4i+2:0<i<n—1;
flzi) = 2i+1:0<i<2n—1.

There are 6n edges, E(Py(1,k)o) = {XiXjrk, XiVi, YiVis1,YiZis ZiZis1, Yizip1 = 0 < i <
n—1}.
These edges are further described as;

Ei = {xx:0<i<n—1},
E, = {xy;:0<i<n—-1},
Es = {yiyi1:0<i<n-—1},
Ey, = {yizi:0<i<n—-1},
Es = {zjzjy1:0<i<n—1},
Ee = {yizip1:0<i<n—1}

In the E; edge set, there is gcd(f(x;), f(xi1x)) > 1; therefore, n edges are labeled with
0. In the E; edge set, there is gcd(f(x;), f(yi)) > 1; therefore, n edges are labeled with
0. In the E3 edge set, there is gcd(f(vi), f(yi+1)) > 1; therefore, n edges are labeled with
0. In the E4 edge set, there is gcd(f(v;), f(z;)) = 1; therefore, n edges are labeled with 1.
In the Es edge set, there is gcd(f(z;), f(zi+1)) = 1; therefore, n edges are labeled with 1.
In the E¢ edge set, there is gcd(f(y;), f(ziyv1)) = 1; therefore, n edges are labeled with 1.
Hence, 3n edges are valued 0 and 1 as depicted in Figures 9 and 10; thus, P,(n, k), is prime
cordial. O

Example 3. Figure 9 represents the prime cordial labeling of P,(12,k),. The graph P,(12,k), has
48 vertices and 72 edges. Dark lines indicate that edges are labeled with 1 and dotted lines indicate
that edges are labeled with 0. Here are 36 edges labeled with 1 and 36 edges labeled with 0. Hence, it
is prime cordial.
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Figure 9. P, (12, k),; duplication of outer cycle vertices by 12 edges is prime cordial.

Example 4. Figure 10 represents the prime cordial labeling of P, (13, k),. The graph P,(13,k), has
52 vertices and 78 edges. Dark lines indicate that edges are labeled with 1 and dotted lines indicate
that edges are labeled with 0. Here are 39 edges labeled with 1 and 39 edges labeled with 0. Hence, it
is prime cordial.

Figure 10. P, (13, k),; duplication of outer cycle vertices is prime cordial.

Theorem 3. The graph Py(n, k); is prime cordial forall n >3 and1 <k < |5].

Proof. Let us assume n — edges attached to generalized Petersen graph P(#n,k) inner
cycle vertices. This graph is denoted as P,(n,k);. This graph P,(n,k); has 4n vertices,
V(Py(n,k);) ={x;,zi : 0<i<nm—1andy; :0<i<2n—1} are labeled as;

flxi) = {4i+2 :0<i<n—1}
flyi) = {2i+1 :0<i<2n—-1}
f(zi) {4(i+1) :0<i<n—1}

The edges are 61, E(P,(n,k);) = {xiXj1k, XiVi, XiYi1, YiVit1, XiZi, 2izig1; 0 < T <nm—1
and1 <k < |5]}.
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These edges are further described as;

Ey = {xixjyx :0<i<n—1},
E, = {xy; :0<i<n-—1},
Es = {xyi;q1 :0<i<n-1},
Ey = {yiyinn :0<i<n—1}
Es = {xz :0<i<n—1},
Es = {zizi;1:0<i<n—1}.
In the E; edge set, we have gcd(f(x;), f(x;1x)) > 1; therefore, n edges are labeled with
0. In the E; edge set, we have gcd(f(x;), f(y;)) = 1; therefore, n edges are labeled with
1. In the E3 edge set, we have gcd(f(x;), f(y;)) = 1; therefore, n edges are labeled with
1. In the E4 edge set, we have gcd(f(v;), f(yi+1)) = 1; therefore, n edges are labeled with

(zi)) > 1; therefore, n edges are labeled with 0.
i+1)) > 1; therefore, n edges are labeled with 0.
and 1, respectively, as shown in Figures 11 and 12;

(i), f
1. In the E5 edge set, we have gcd(f(x;), f(z
In the E¢ edge set, we have gcd(f(z;), f(z
Hence, there are 3n edges labeled with 0
thus, P,(n, k); is prime cordial. [

Example 5. The graph Py(8,k); is prime cordial for 1 < k < |%]. The graph in Figure 11 has
32 vertices and 48 edges. Dark lines indicate that edges are labeled with 1 and dotted lines indicate
that edges are labeled with 0. Here are 24 edges labeled with 1 and 24 edges labeled with 0. Hence,
this is a prime cordial.

.

Figure 11. P, (8, k);; inner vertex duplication by an edge.

Example 6. The graph Py(9,k); is prime cordial for 1 < k < |5]. The graph represented in
Figure 12 has 36 vertices and 54 edges. Dark lines indicate edges are labeled with 1 and dotted lines
indicate that edges are labeled with 0. Here are 27 edges labeled with 1 and 0, respectively. Hence,
P, (9,k); is a prime cordial.
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Figure 12. P, (9, k);; inner vertex duplication by an edge.
Theorem 4. The graph (P3, P(n,k))ey is prime cordial foralln > 3and 1 <k < | 5.

Proof. Let P; and P(n, k) be two graphs. End vertex glowing of n copies of P; with outer
cycle of P(n, k), denoted as (P3, P(1,k))ey. The end vertex glowing graph (Ps, P(n,k))e, has
4n vertices and 51 edges. The vertices are {ui, Xi,Yi,2i;0 <i<n— 1}. The edges are,

Er = {”i”i+k}0§i§nf1and1§kgL%J},
E, = {ux;;0<i<n—1},

Ez = {xixj41;0<i<n—1},

Ey = {xyi;0<i<n—1},

Es = {yizi; 0<i<n-—1}

Because we knew that values assignment to vertices is a bijective function. Therefore,
we have,
For all n greater or equal to 3

flu) = {4i+1); 0<i<n—1}

Now, we will have different cases for assignment of values to the vertices x; , y; and z;.
Case 1: forn =3

f(x0) =3, f(x1) = 6,f(x2) =9

f(yo) =L (1) =5,f(y2) =10

f(20) =2,f(21) =7, f(z2) = 11

Edge labeling is induced from vertex labeling; therefore, valuation of edges differs by
1. Depicted in Figure 13, dark lines indicate that edges are labeled with 1 and dotted lines
indicate that edges are labeled with 0. Hence, it is prime cordial.

Case 2: forn =4

f(x0) =3, f(x1) = 6,f(x2) =9, f(x3) =15

fyo) =1, f(y1) =5,f(y2) = 10, f(y3) = 13

f(20) =2,f(z1) =7, f(z2) = 11, f(z3) = 14

Edge labeling is induced function; therefore, edges are equally labeled with 0 and 1.
In Figure 13, dark lines indicate that edge is labeled with 1 and dotted line indicates that
edge is labeled with 0. Hence, (P3, P(4,k))e0, V1 < k < | 5| is prime cordial.
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Figure 13. End vertex glowing of P3 with P(3,k) and P(4, k) is prime cordial.
Case 3: for n = 0 (mod 12)

2 :i=0;
flxi)=4q 4+3 :1<i<%;
4i+2 :p<i<n-1

fly)={4+1 :0<i<n-—1

3 :i=0;
flz) =14 4i+2 :1<i<

n.
Z/
4i+3 :p<i<n-—

1.

Edge labeling is induced function; therefore, 57” edges are equally valued 0 and 1. That
is clear from Figure 14, where dark lines indicate that edges are labeled with 1 and dotted
line indicate that edges are labeled with 0. This graph is prime cordial.

Figure 14. (P, P(12,k))e0; end vertex glowing of Ps with P(12, k).

Case 4: for n = 4 (mod 12)

1 :i=0;
flx))=4q 4+3 :1<i<[}]-1;
4i+2 :[8-1<i<n-—1.
2 :1i=0;
ﬂ%%‘{y+1 1<i<n-—1.
3 :i=0;
flzi) =4 4i+2 :1<i<f—-1;
443 t-l<i<n—1.

Since edge labeling is induced function, then e¢(0) = 2 and e r(1) = 2. The valued
edges are equal, depicted in Figure 15.
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Figure 15. (P, P(16,k)).0v; end vertex Ps glowing with P(16, k) is prime cordial.

Case 5: for n = 6,7 (mod 12)

3 :i=0;
flzi) =19 4i+2 :1<i<|[}];
4i+3 :|fl<i<n-1

Since edge labeling is induced function, then for even n, e¢(0) = T ande f(1) = 2,

In addition, for odd n, ef(0) = -1 and e f(1) = t1 That is prime cordial, depicted in
Figure 16.

Figure 16. (P, P(7,k))ev; end vertex Ps glowing with P(7, k) is prime cordial.

Case 6: forn = 1,2,3,5,9,10,11 (mod 12)

1 :i=0;
fla) =13 4i+3 :1<i<[t]—1;
4i+2 :|pl-1<i<n-1
f(yi)_{4i+1 1<i<n-1.
3 :i:/
flzi) =19 4i+2 :1<i<|[%] -1
4i+3 :|f]-1<i<n-—1
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Since edge labeling is induced function, then for even #, labeled edges have equal 0
and 1. In addition, for odd, labeled edges with 0 and 1 only have a difference of 1. Hence,
the graph is prime cordial. There are Figures 17 and 18,

Figure 18. (P, P(11,k))c0; end vertex Ps glowing with P(11, k) is prime cordial.

Case 7: for n = 8 (mod 12)

4i+3
f(xl‘):{ 4i+2

flyi) ={ 4i+1
4i+2
f(zf)_{ 4i+3

0<i<y;
p<i<n—1
0<i<n-—1.
0<i<y;
g <i<n—1

Since edge labeling is induced function, 57" edges are valued 0 and 1, respectively. That
is clear from Figure 19, where dark lines indicate that edges are labeled with 1 and dotted
line indicates that edges are labeled with 0. This graph is prime cordial.

Figure 19. (D3, P(8,k))cv; end vertex glowing of P; with P(8, k).
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Hence, (P3, P(n,k))ep forn >3 and 1 < k < |5 | is prime cordial. [
Theorem 5. The graph (P3, P(n,k))my is prime cordial foralln > 3and 1 <k < [ 5].

Proof. Let us assume P; and P(n, k) are path graph and generalized Petersen graph, re-
spectively. P; has middle vertex glowing with P(n, k) outer cycle n vertices, denoted as
(P3, P(n,k))mp. The middle vertex glowing graph (Ps, P(n,k))my has 4n vertices and 5n
edges. The vertices are {x;,y;; 0 <i<n—Tlandz;; 0<i< 2n—1}.

The edges are as following,

E: = {xixiJrk}OSiSn—landlgkgL%J},
E = {xy; 0<i<n—1},

Es = {ywir; 0<i<n—1},

Ey = {yiz;0<i<n-—1},

Es = {yizij; 0<i<n—1}

For prime cordial labeling, we assign values to vertices from 1 to order of graph and
edge labeling induced from it. Therefore, we assign values to vertices as given below;

) = {4+ 1) 0<i<n—1)

Now, we will have different cases for assignment of values to the vertices y; and z;.

Case1: forn =3

f(yo) =3,£(y1) =6, f(y2) =9

f(z0) =1, f(z1) = 2, f(z2) = 5, f(2z3) = 7, f(2z4) = 10, f(z5) = 11.

Since edge labeling is induced function, valued edges have supremum difference 1, as
shown in Figure 20. Hence, (P3, P(3,k))my V1 < k < | %] is prime cordial.

Figure 20. Middle vertex glowing of three copies of P; with P(3,k) and P(4, k) is prime cordial.

Case 2: forn =4

f(yo) =3,f(y1) = 6,f(y2) =9, f(ys) =15

f(20) =1, f(z1) = 2,f(22) = 5,f(23) =7, f(24) =10, f(2z5) = 11, f(26) = 13, f(27) = 14.

Since edge labeling is induced function, valued edges are equally labeled with 0 and 1.
As shown in Figure 20, dark lines indicate that edges are labeled with 1 and dotted lines
indicate that edges are labeled with 0. Hence, (Ps, P(4,k))mo V1 < k < | 5] is prime cordial.

Case 3: for n = 0 (mod 12)
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20+1 :0<i<2n—1land i is even ;
3 :i=1;
fz) = 2i :3<i<[3]+1and iis odd ;
2i+1 :[3]+1<i<2n—1Tland i is odd.

Since edge labeling is induced function, 57” edges are valued 0 and 1 equally as shown
in Figure 21. The graph is prime cordial.

Figure 21. (P3, P(12, k))mo; middle vertex P3 glowing with P(12, k) is prime cordial.

Case 4: for n =1 (mod 12)

1 :i=0;
fly)) =¢ 4i+3 :1<i<|}]-1;
4i+2 (L] -1<i<n—1
2 :i=0;
3 :i=1;
f(zi) = 2i+1 <2n—1land i is even ;

:2< 1
2i <i<|%)and iis odd ;
21+1 :[%j+1<i§2n—1andiis odd .

5n—1
2

Since edge labeling is induced function, edges are valued 0 and 5”2+ ! edges are
valued 1. The edges labeled with 0 and 1 have maximum difference of 1. The graph is

prime cordial.
Case 5: for n = 2 (mod 12)

1 i=0;
flyi)=4q 4+3 :1<i<[}]-1;
4i+2 [ -1<i<n—1,
2 :i=0;
3 :i=1;
f(zj)) =1} 2i+1 2<i<2n—1land i is even ;
2i :3<i<[5]—2and iis odd ;
20 +1 :[f]-2<i<2n-—1land iis odd

From it, there are 3 > edges labeled with 0 and 1 equally. The graph is prime cordial.
Case 6: for n = 3 (mod 12)

1 :i=0;
flyi) =4 4i+3 :1<i<[f]-1;
4i+2 Fl-1<i<n-1
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2 :i=0;
3 :i=1;

f(zi) = 2i+1 :2<i<2n—1land i is even ;
2i <i< |5 —2and i is odd ;

2i+1 :[%j—2<i§2n—1and iis odd .

5n+1

Since edge labeling is induced function, edges are valued 0 and 5” L are valued

1. Edges labeled with maximum 1 difference.
Case 7: for n = 4 (mod 12)

11=0;
flud = { aiisii<ic -1,
4z+2.[4] l<i<n-1
2 :i=0;
3 :i=1;
flzi))=14 2i+1 :2 2n —1and i is even ;

<i<
i<[3]—1and i is odd ;
2i+1 :[5]-1< z<2n—1andzzs odd .

Since edge labeling is induced function, 57" edges are valued 0 and 1, respectively.
The graph is prime cordial.

Case 8: for n = 5,9 (mod 12)

i=0
flyi) = § 4i+3:1<i<[3]-1;
1<i<n

4i4+2: LJ < -1
2 :i=0;
3 :i=1;
flzi)) =<} 2i+1 2n—1and i is even ;

2<i<
2i :3<i<|5]—1land iis odd ;
|2 —1<i<2n—1land i is odd.

Since edge labeling is induced function, 25-! labeled with 0 and 2% labeled with
1. Thatis, |ef(0) —ef(1)| = 1. As shown in Figure 22, dark lines indicate that edges
are labeled with 1 and dotted lines indicate that edges are labeled with 0. The graph is
prime cordial.

Figure 22. (P53, P(9, k))my; middle vertex P53 glowing with P(9, k) is prime cordial.

Case 9: for n = 6,10 (mod 12)
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2 :i=0;
3 :i=1;
f(zi) =< 2i+1 :2<i<2n—1land i is even ;
20 :3<i< Sand iis odd ;
2041 4 <i<2n—1land i is odd.

Since edge labeling is induced function. Hence, 57” edges are labeled by 0 and 1 equally,

as shown in Figure 23. The graph is prime cordial.

Figure 23. (P3, P(10, k) ) mo; middle vertex P; glowing with P(10, k) is prime cordial.

Case 10: for n = 7 (mod 12)
2 :i=0;
f(ya = 4i+3 1
4i+2 |l <i<nm

2i4+1 :0<i<2n—1where i is even ;
3 :i=1;

flai) = 20 :3<i< |[5]and iis odd ;
2041 :|5] <i<2n—1where iis odd.
Since edge labeling is induced function, then e¢(0) = tl and e (1) =

sented in Figure 24. This is prime cordial.

Figure 24. (P3, P(7,k))mo; middle vertex P; glowing with P(7, k) is prime cordial.

Case 11: for n = 8 (mod 12)

:0<i<y;
3 — ~X \4/
fyi) {4i+2 h<i<n—1,
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20+1 :0<i<2n—1land i is even ;
2 ifl

fz) = 2i <i< [%]—Mmd iis odd ;
21+1 (8]l —-1<i<2n—1and i is odd .

Since edge labeling is induced function, then ! is equally valued with 0 and 1, as
depicted in Figure 25. It is prime cordial.

Figure 25. (D3, P(8, k))my; middle vertex Ps glowing with P(8, k) is prime cordial.

Case 12: for n = 11 (mod 12)

2 :i=1;
Fu) =4 443 1<i< |4
4i4+2 :|fl<i<n—-1
1 :i=0;
3 :i=1;
f(zi) =% 2i+1 :2<i<2n—1land i is even ;
20 :3<i< |[5]and iis odd
2041 |5 <i<2n—1and i is odd

Since edge labeling is induced function, the edges 24 are valued with 0 and 241
are valued with 1. There is maximum 1 difference in valued edges. As shown in Figure 26.

The graph is prime cordial.

Figure 26. (P, P(11,k))mo; middle vertex P; glowing with P(11,k) is prime cordial.
Hence, (P3, P(n,k))my foralln > 3 and 1 < k < |5 | is prime cordial. [J

Theorem 6. The graph Py(n, k), is prime cordial for alln > 3and 1 <k < |5 ].
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Proof. Let P(n, k) be a generalized Petersen graph. There are n copies of pendant vertices
attached to outer cycle of P(n, k).
There are 3n vertices and size 4n. Described as,

V(Pv(n’k)P) = {xi/yirzi; 0 S i S n— 1}/

. n
E(Py(n,k)p) = {xiXiyr, Xi¥i, YiYiv1, yizis 0 <i<n—land1 <k < LEJ}-

In prime cordial labeling, values assigned to vertices is a bijective function from 1 to
order of graph and edge labeling induce from it. Therefore, values are assigned to vertices as;

f(x)) ={3i+3,0<i<n—-1}

For f(y;) and f(z;), we have following cases:
Case 1: forn =3

fyo) =1 f(n1) =4 f(y2) =8

f(20) =5,f(21) =2,f(22) =7

Since edge labeling is induced function, edges are equally labeled with 0 and 1. As
shown in Figure 27, P,(3, k), is prime cordial.

Figure 27. Outer cycle vertices duplication by pendant vertices in P(3,k) and P(4, k) is prime cordial.

Case 2: forn =4

f(yo) =1, f(y1) =4 f(y2) =8, f(y3) = 10

f(20) =2,f(21) =5, f(z2) =7, f(2z3) = 1.

Since edge labeling is induced function, 0 and 1 are equally assigned to edges. As
shown in Figure 27, P, (4, k), is prime cordial.

Case 3: for n = 0 (mod 6)

2 :i=0;

3i+2 :1<i< "2 when iis odd ;
flyi) =14 Bi+1 :2<i< "3 when iis even ;

3i+2 ”T*?’<i<n—1wheniiseven;

3i+1 3 <i<n—Tlwhen iis odd.

1 :i=0;

3i+1 :1<i< 32 when iis odd ;
fzi)) =14 3i+2 Zgig%when iis even ;

3i+1 ”T_3<i<n—1wheniiseven;

3i+2 :”3;3<i<n—1wheniisodd.

This labeling is explained in Figure 28.
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Figure 28. P, (6, k)p; outer vertex P(6,k) duplication by pendant vertices is prime cordial.

Case 4: forn = 1 (mod 6)

2 :i=0;
3i+2 :1<i< " when iis odd;
flyi) =4 Bi+1 12<i<n3;4ZUheniis even;

3i+2 :”T*4<i<n—1and when 1 is even;
3i+1 2 <i<n—Tland when i is odd.

1 :i=0;
3i+1 :1<i< 2 when iis odd;
flzi) =1 3i+2 :2<i< "% when iis even;

3i+1 :”T*4<i<n—1when i is even;
3i42 :”T*4<i<n—1when i is odd.

This labeling is explained in Figure 29.

Figure 29. P,(7,k),; outer vertex P(7,k) duplication by pendant vertices is prime cordial.

Case 5: for n = 2 (mod 6)

1 :i=0;

3i+2 :1<i< "3 whereiis odd ;
fly)) =4 3i+1 :2<i<”T_5where i is even ;

3i+2 :”T*5<i<n—1whereiis even ;

3i+1 :”T_5<i<n—1whereiis odd .
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2 :i=0;

3i+1 1<i<%whereiis odd ;
f(zi) =<} 3i+2 2<i< ”T_b_where i is even ;

3i+1 ”T*5<i<n—1whereiis even ;

3i+2 2 <i<n—Tlwhereiis odd.

This labeling is explained in Figure 30.

Figure 30. P, (8, k) ,; outer vertex P(8,k) duplication by pendant vertices is prime cordial.

Case 6: for n = 3 (mod 6)

1 :i=0;

3i+2 :1<i< "8 when iis odd ;
flyi) =4 3i+1 :Zgig’%éwhen i is even ;

3i+2 ”T*é<i§n—land when is even ;

3i+1 :"T_6<i<n—1wheniisodd.

2 :i=0;

3i+1 :1<i< 52 when iis odd ;
f(zj)) =<} 3i+2 :2<i<”T_6when i is even ;

— 1 when i is even ;

3i+1 138 <ig
=6 <n-—1when i is odd .

S =

Figure 31. P, (9, k)p; outer vertex P(9,k) duplication by pendant vertices is prime cordial.

Case 7: for n = 4 (mod 6)
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1 :i=0;

3i+2 :1<i< " when iis odd ;
flyi) =14 3i+1 :2<i< St when iis even ;

3i+2 ”T*4<i§n—1wheniiseven;

3i+1 :”T’4<i<n—1wheniisodd.

2 :i=0;

3i+1 1<i<’%4wheniis odd ;
f(zi) =% Bi+2 Zgig%when iis even ;

3i+1 ’%4<i<n—1wheniiseven;

3i+2 ”T_‘l<i<n—1wheniisodd.

This labeling is explained in Figure 32.

Figure 32. P, (10, k) ,; outer vertex P(10, k) duplication by pendant vertices is prime cordial.

Case 8: for n =5 (mod 6)

1 :i=0;

3i+2 1<i<”T_5wheniisodd;
flyi) =14 3i+1 :2<i< "> when iis even ;

3i+2 ”T_S<i<n—1wheniiseven;

3i+1 :”T_5<i<n—1wheniisodd.

2 :i=0;

3i+1 :1<i< 32 when iis odd ;
f(zj)) =<} 3i+2 2<i<”T_5when i is even ;

3i+1 :”3;5<i<n—1wheniiseven;

3i+2 :”3;5<z<n—1wheniisodd.

This labeling is explained in Figure 33.

Figure 33. P,(11,k)p; outer vertex P(11,k) duplication by pendant vertices is prime cordial.
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Hence, the graph Py, (1, k), is prime cordial foralln > 3and 1 <k < [5]. O

3. Conclusions

In this article, we have studied the prime cordial labeling of a generalized Petersen
graph under duplication operation, and we have proved that it is a prime cordial graph after
duplication. We have also proved that glowing of path graph P; to P(n, k) at a common
vertex is prime cordial. These graphs invite the interest of researchers for their application
in communication. Binary digits belong to Boolean Algebra, and in our results, edges are
labeled with 0 and 1. These binary digits assignment to edges attracts the attention of
computer programmers for data communication. Therefore, these results are fruitful for
switching and data communication.
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Abstract: T-spherical fuzzy set (TSFS) is a fuzzy layout aiming to provide a larger room for the
processing of uncertain information-based data where four aspects of unpredictable information are
studied. The frame of picture fuzzy sets (PFSs) and intuitionistic fuzzy sets (IFSs) provide limited
room for processing such kinds of information. On a scale of zero to one, similarity measures (SMs)
are a tool for evaluating the degrees of resemblance between various items or phenomena. The goal
of this paper is to investigate the shortcomings of picture fuzzy (PF) SMs in order to introduce a
new SM in a T-spherical fuzzy (TSF) environment. The newly improved SM has a larger ground for
accommodating the uncertain information with three degrees and is also responsible for the reduction
of information loss. The proposed SM’s validity is demonstrated mathematically and by examples.
To examine the application of the suggested SM two real-life issues are discussed, including the
concerns of medical diagnosis and pattern recognition. A comparison of the suggested SMs with
current SMs is also made to assess the proposed work’s reliability. Since symmetric triangular fuzzy
numbers are quite useful in database acquisition, we will consider the proposed SM for symmetric
T-spherical triangular fuzzy numbers in the near future.

Keywords: decision making; pattern recognition; similarity measures (SMs); fuzzy sets; picture fuzzy
sets (PFSs); T-spherical fuzzy sets (TSFSs)

1. Introduction

Zadeh [1] conceived the concept of fuzzy sets (FSs) in 1965. In FSs, a function of
memberships on a scale of {0,1} was used to show the degree of membership (DM) of
an element in a set with the degree of non-membership (DNM) calculated by subtracting
DM from 1, i.e., DNM = 1 — DM. Later, Atanassov [2] refined the concept from FSs to
intuitionistic fuzzy sets (IFSs) which define DM and DNM separately, but have their full
scope in the range of {0, 1},i.e., DM+ DNM € [0, 1]. Atanassov’s model of IFSs also has
significant limitations, as the sum of DM and DNM might sometimes surpass the range of
{0, 1}. As a result, Yager [3] developed Pythagorean FSs (PyFSs) by expanding the space
of IFSs with a flexible constraint, i.e., DM? + DNM? € [0, 1]. Yager [4] also introduced the
concept of g-Rung Orthopair FSs (q-ROFSs). In g-ROFSs, the sum of qth power of DM and
qth power of DNM is equal to or less than 1, i.e., DM9+ DNM1 € [0, 1].

Although Atanassov’s IFSs model revealed Zadeh's notion of FSs, there exist some
scenarios where there are more than two options including the degree of abstinence (DA)
and degree of refusal (DR). In this case, IFSs failed to comment on these uncertainties. By
considering all these shortcomings of IFSs, Cuong [5] devised picture FSs (PFSs) which
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have three membership functions represented by DM, DA, and DNM with a restriction
that their total should lie in the range of {0, 1}, i.e., DM + DA+ DNM € [0, 1]. The
term (1 — (DM + DA + DNM)) was referred to as the DR of an element of a PFS. Some
recent studies on PFSs can be found in [6,7]. PFSs broadened the scope of FSs and IFSs,
but there are still constraints, and we cannot assign DM, DA, and DNM independently.
Mahmood et al. [8] proposed the idea of spherical fuzzy sets (SFSs) as a modification of
PFSs by enhancing the range of PFSs by realizing the structures of FSs, IFSs, and PFSs.
Similarly, the sum of DM, DA, and DNM may be more than the unit interval in the
structure of SFSs, and their squares must fall within the unit interval which is defined
as DM? + DA? + DNM? € [0, 1]. SFSs have a wider range than PFSs due to their new
restriction. However, even squaring is not enough as the squared sum of DM, DA, and
DNM exceeds the unit interval, i.e., DM% + DA%Z + DNM? > 1. To deal with this kind
of situation, Mahmood et al. [8] also presented a modification of SFSs which was known
as T-spherical FSs (TSFSs). TSFSs have the condition that DM" + DA" + DNM" € [0, 1]
where n € ZT. We see that TSFSs are a more generic version of IFSs, PFSs, and SFSs. Some
recent work on SFSs and TSFSs can be found in [9-11].

Similarity measures (SMs) are used to assess the degree of similarity between different
items or phenomena on a scale of zero to one. SMs had been discussed on FSs since
Zadeh [1] introduced FSs. For example, Chen et al. [12] proposed the comparison of SMs
of fuzzy values in which they use fuzzy values to compare the attributes of several SMs.
Yang et al. [13] considered similarity measures between fuzzy numbers and then applied
them to database acquisition. Since Atanassov [2] proposed IFSs as a generalization of FSs,
despite the introduction of many SMs for FSs, they were unable to solve problems when
placed in an IFS environment. As a result, Dengfeng and Chuntian [14] proposed new
SMs on IFSs that can cope with the problems given in the environment of IFSs. Liang and
Shi [15] presented a new SM on IFSs based on the fact that the previously defined SMs are
not useful in some situations. Li et al. [16] evaluated and summarized known SMs between
IFSs and intuitionistic vague sets (IVSs). The benefits of each SM are explored as well as
the circumstances in which they may or may not operate as intended. For IFSs induced
by the Jaccard index, Hwang et al. [17] developed a novel SM. They demonstrate that the
recommended SMs are more logical than the alternatives using numerical examples. By
expanding the space of IFSs with a flexible constraint, Yager [3] established PyFSs. To cope
with the data given in the PyFSs environment, SMs for PyFSs were also introduced. Wei and
Wei [18] presented 10 SMs between PyFSs based on the cosine function with applications
to medical diagnosis. Zeng et al. [19] proposed distance and SMs of PyFSs and used them
in multiple criteria group decision making. Peng and Garg [20] proposed multiparametric
SMs between PyFSs and they were put to the test by applying them to pattern recognition
problems. Based on the Hausdorff metric, Hussain and Yang [21] presented distances and
SMs of PyFSs and then gave a fuzzy TOPSIS. Concerning SMs for q-ROFSs, PESs, and SFSs,
Wang et al. [22] gave the SMs of q-ROFSs based on cosine functions.

Wei [23] considered SMs for PFSs and then used them to recognize construction
materials and mineral fields. SMs for SFS based cosine function were proposed by
Mahmood et al. [24] with applications in pattern recognition and medical diagnosis.
Rafiq et al. [25] proposed the cosine SM of SFSs and offered a number of numerical
decision-making applications to test the proposed SM’s correctness. After Mahmood
et al. [8] presented the concept of TSFSs, which is the extension of FSs, IFSs, PFSs, and SFSs,
Ullah et al. [26] proposed SMs for TSFSs with pattern recognition applications. Ye [27]
proposed SMs based on the modified distance of neutrosophic Z-number sets and a multi-
attribute decision-making technique. For pattern recognition and medical diagnostics,
Mahmood et al. [28] suggested hybrid vector similarity metrics based on complex hesi-
tant fuzzy sets. Power aggregation techniques and SMs based on improved intuitionistic
hesitant fuzzy sets were suggested by Mahmood et al. [29], as well as their applicability
to multiple attribute decision making. Chinram et al. [30] suggested and used a series of
novel cosine SMs based on hesitant complex fuzzy sets. Mahmood et al. [31] introduced
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Jaccard and dice SMs and their applications based on complicated dual hesitant fuzzy sets
that are one-of-a-kind.

Although Ullah et al. [26] had proposed SMs for TSFSs, we shall establish a new SM
for TSFSs in this paper so that it can be a generalized form of PFSs as done in the previously
proposed SMs by Luo and Zhang [32]. We begin by reviewing previously defined SMs
for PFSs and observe their limitations when it comes to their applicability. The main
reason to develop a new SM was the fact that TSFSs provide a flexible and larger range
for data representation under uncertain circumstances. To check the effectiveness of the
proposed SMs we provide an example of a pattern recognition system with its application
for decision-making. It can also be determined which example is more suitable and effective
by having a comparative study of both examples with the previously defined SMs. The
followings are the major contributions of this paper:

To view/observe the limitations of the previous SMs because of their applicability.
To propose a new SM with flexibility in the environment of TSFSs.

To check the validity of the proposed SM using some results.

To apply the proposed SM in pattern recognition and decision making.

To compare the proposed work with previous works by a comparative analysis where
the efficacy of the suggested SM is discussed.

AR

The rest of the paper is organized as follows. In Section 2, we go over some key TSFS
concepts. A new SM for TSFSs is proposed in Section 3. In Section 4, the suggested SM is
used to recognize patterns in a pattern recognition system as well as to make decisions. In
Section 5, we come to a conclusion.

2. Preliminaries

Some SFSs and TSFSs definitions are outlined in this section. Throughout the work, X
denotes a universal set.

Definition 1 [8]. A SFS S on X is written as:
5= {1(x), n(x), v(x) : 0 < 12(x) +m3(x) +v2(x) < 1}
such that w, n, and v ranging from 0 to 1 denote the DM, DA, and DNM of x € X, respectively,

and r(x) = /1 — sum(p2,n2, v2), with sum(uz,nz, VZ) =uw?+n?+ v% isthe DRof xin S,
where (p, n, V) is considered as a spherical fuzzy number (SEN) for S.

Definition 2 [8]. A TSFS S on X is written as:

S = {u(x), n(x), v(x) : 0 < W' (x) +n"(x) + v (x) <1}

such that u,m, and v ranging from 0 to 1 denote the DM, DA, and DNM of x € X, respectively,
forn € Z*,and r(x) = {/1 —sum(p®,m", v) is the DR of xin S. (w, m, v) is considered as a
T-spherical fuzzy number (TSEN).

Now, some notions of SMs are comparatively examined. The definitions described in this
section provided a base for this work.

Definition 3 [2]. For two IFNs A = (u4, v ) and B = (up, vg), an SM is written as:

S(A B) Mg, HBy T VA, VB

,/ +V X1\/PLB
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Definition 4 [5]. For two PFNs A = (u4, ng, v ) and B = (up, np, vB), an SM is written as:

(5, 5) = ! ( 2/MAFE + 2,/MaT + 2y5¥8 + /(1 — g = v) (1= g — vp)+ )
! 3

3\ /(=g —va) (1 —np—vi) + /(1 — g —1g) (1~ g — 1)

Definition 5. Let A = (p4, Ny, v4) and B = (up, np, v) be two TSFNs. Then

1. ACBiffug < g, Nz =Np V4 = VB
2. A=Biff ACBandBC A

Comparison rules are always crucial in ES theory, especially when it comes to decision-making
and other challenges. The comparison criteria enable us to discriminate between two FNs or, in some
situations, to assess the strength of a pair connection, i.e., how tightly two variables are linked.

Definition 6 [26]. A SM between two TSFNs A = (u4, Ny, v4) and B = (up, np, vg) isa
mapping ‘S(A, B) : TSFNs x TSENs — [0, 1] satisfying the axioms:

52)$(4, B) =5(B, A);
S(A, B) —1iff A = B;
et G be any TSFN(X), g'fA C B CC, then S(A, Q) < S(A,B) and é(A, Q) < S(B,Q).

—~

3. A New Similarity Measure between T-Spherical Fuzzy Sets

The proposed SM for TSFSs takes DM, DA, and DNM into account in which the
DM is represented by p, the DA is represented by 1, and the DNM is represented by v.
Furthermore, the RD is represented by r in this section. Let A = (u A Nar vV A) beaT
spherical fuzzy number (TSFN) where 115, ng, v4 € [0, 1] with pg +nx +vi <L

Proposition 1. Let A = (p4, Ny, v4) and B = (up, np, vp) be two TSFNs. Then, a mapping
S(A, B) : TSFN's x TSENs — [0, 1] is defined as

S (A, B)
2\/@—#2\/%4—2\/%4—\/(1—n2—vg)(1—n§—vg)+ (1)
)00

is a SM for the TSFNs A and B.

Remark 1 . In Proposition 1, let A = (uz, nx, vx) and B = (up, np, vp) be TSENs. For the
TSEN A, p4 can be equal to an arbitrary value in [ug, wg + pg], ng can be equal to an arbi-
trary value in [n A Mgt P A] ,and v g can be equal to an arbitrary value in [V A Vit P A} , Where

g = i\/ 1-— “nA — 112 — 2. Similarly, ug can be equal to an arbitrary value in [ug, ug + Pgj,

np can be equal to an arbitrary value in ng, g + Pgl, and vp can be equal to an arbitrary value
in [vg, Vg + pg), whererg = {/1— uj — ng — vi. Hence in Equation (1),, /ugug, ) /n?\ng and
\/ VA VB represent the operations on the left endpoint of the interval of u , wgandng , ngand v, v,

respectively. Furthermore, \/<1 — i - vg) (1—pl—vh), \/(1 — g —n%) (1—pB—nb)
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and \/ (1 nx — Vi ) (1 —nj — Vi) represent the operations on the right endpoint of the inter-

val of wg , ugandng , npand v , Vg, respectively.

Proof of Proposition 1. Let A = {(ug, ng v4) 1B = {(up np, vB)},and G = {(pc, ne ve) b
be three TSFNs.

(S0 < Xy < XTJFY, for each x,y € [0, +00). We have

0 < 21/u2u§+2\/n2n§+2 vgvg—l—\/(1—n2—vg)(1—ng—vg)+
\/(1—HA—V )(1—HB—VB)+\/(1—u2—n2)(1—uﬁ—n§) <

2 HAJ"P'-B

nA+nB s A+VB (1_”2_VHA>+(1_“§_V§)+

+2. + ;

(1*“{%);(1*»3*‘/3) N (1*%*“2)2(1*“3*11%) 4

Thus, we obtain

0 < %2\/H2H§+2\/ﬂgﬂ§+2 Vzvg—l—\/(l—nA—v )(1—nB—VB)+
\/(1—HA—V )11 —vB) + ﬂl—uz—n‘g)(l—uﬁ—n%) <1

From the above analysis, we get 0 < S (A, B) <1
(S2) é(A, B) = S(B A) is obvious.
(S3) /X Xy achieves 5~ if x = y- Then,

S(A, B) —1.

& 2 u2p§+2 ngng—FZ vgvg—F\/(1—nI‘A—V2)(1—n§—V§)+
J = =) @ —vg) (1w =) (1= g =) =3
& ul=pd, nt =n, vl =vi
(1-m3—vy) = (1—ng—vp)

(1- 13 —v2) = (1 -1 —vp)

(1fugfn2) = (1—pg—mp)

< A=8B

From the above analysis, we get S (A, B) = 1iff A = B.
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(54) Let A, B, C be three TSENs that fulfills the criteria ACBC C. Therefore, we have
0 <pg Spp<pug <L0<mg <mp <mg <land0 <vg <vp < vg <1
According to Equation (1), we obtain the SMs as follows:

S(B, C) = §(2, /upug, +2, /ngng +2 VBVQ+\/(1—ng—vg)(1—ng—vg)+
V(e (1w e+ ) (1w )
( ):%2\/uApQ+2\/nAnQ+2\/ﬁ \/1—nA—V 1—nQ—VQ)+
V=) () + /(18 -m) (- )

5(A, ):%2@4@ g +2 va+\/(1 ny — v} ) (1-ng —vB)+
\/(1—HA—V )(1—uB—VB)+\/(1—u2—n2)(1—u§—n§))

Ford b,¢ €[0,1,a+ b +¢ < 1,xy,z € [0,1],x+y+ z € [0, 1], then

f(x,y/ -)_zf+2\/7+2¢&+\/(1— —z)(l—b—g)—i—

\/(1—x—2)(1—€1—g)+\/<l—x—y)(1—é—b)

We can obtain

o _ va_ JI-a—<¢ _ 1-ab

VX 2y/1-x—z 2\/17)(7}.7
o _ Vi _ JTTE |, Vi _ VTGh

x T 2/X 2yTx—z ' 2/X 2,/T-x—y
o _ a(1-2)—x(1—¢) n
2 /x(1x-2) (Vall—x—2) +/x(1-a0))
é(l—y) -x(1-b)
2\/x(1—x—y) (\/5(1—x—y)+\/x(1—ﬁ—b))
‘ﬁ’ _ (a—x)(1—¢) +
9% y= b 2\/x(1—x—9)(\/é(l—x—§)+\/x(1—5—<;))

Z=g
(a-x)(1-b)
2\/x(1*xfb)(\/5(1*xfb)+\/x(1*5*b))
o _ Vb __ V1-b—¢  1-a-b
dy VY o 2y/T-y—z 2,/T-x-y
af Vb V1-b—¢ vb  J/1-a-b

2f 2, /1— —y- z+ \/> 2,/1—x—y

of _ b(1-2)-y(1—¢) N
” ZVY(PH)WB“ y=2)+/y(1-b~9))
b(l—x)—y(l—a)
2y (1) (/o) +fy-aB)
of = (b—y)(l—g) N
E ;‘i‘;‘ 2\/Y(1‘Y‘@)Wbﬂ—y—c)Wy(l—b—c))
(bfy)(lfé)

2\/}./(17}./7]3) (y/Bl1—y=a)+,/y(1-a-Bb))
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and

of _ v _ VI-b-¢ _ I-a—¢
0z z 2 /Ty2z 2/l-x-2

of _ VS 7v1*b*<2+£_v15§
2 " 2z 2\ /Ty—z ' 2z 2/T-x-

o _ ¢(1-y)-201-b) N
oz 2\/z<17y72) ((fei—y=2)+/3(1-B=))
¢(1-x)—z(1-4)
2\/2(1—): Z <\/(;1 X— Z>+\/Zl a—q))

at (c-)(1-D) N
2| x =2 2\/21 b-z (\/gl z— b)Jr\/zl b—¢))

y=5b

' (¢c—2)(1-4)

2/2(1-2-2) (V/s(1—2-a) +/2(1-a—))

Fora < x < 1,wehave df/dx < 0, which shows that f is a reducing function of x,
wheny=b,z = ¢,x > a For0 < x < & wehave df/dx > 0, which means thatfisa
growiﬁg function of x, wheny = b,z = ¢, x < &a.

Similarly, we may get 0f/dy < 0 for b < y < 1. It indicates that f is a reducing
function of y whenx =&,z = g,y > b. We have of/ dy > 0 for 0 <y < b and it indicates
that f is an increasing function of y when x = &,z = ¢,y < b. Since 9f/9z < 0 for¢ <z < 1,
it indicates that f is a reducing function of z when x = ay=D>b,z> ¢ Wehaveof/dz >0
for 0 < z < ¢ which indicates that f is a growing function'of z whenx =4,y = b, z < ¢.

Letd = ug, b =ny, ¢ = v4, with two TSENs (ug, ng, vg) and (ng ng v(), satisfying:

we can obtain

(a T]Q/ ) f(a MB, (;) S f(a/ b/ (;)
f(a, b, v¢) <f(a b, vg) <f(a b, ¢)

and then
f (H'Q’ T]Q/ VQ) S f(uB/ nB, VB)

ie.,

2\/u§u‘(‘; +2\/n§nf§j +2,/VBve + \/(1 —n§ —vh) (1 —ng - vré)+
JO—m=) (1-w = vg) + /(- g =) (1= - )
<2, g+ 2+ 2, Vg + (1 - —v3) (1 - —vE)+
\/(1—uA—v (1 -3 —v) + \/(1—u2—n2>(1—u§—ng)
Thus, S(A, Q) < S(A, B) according to the above analysis.

Similarly, if we suppose & = ug, b = mng, ¢ = vg, and the two TSFNs
(HA/ T]A/ VA) and (HB/ B, VB) SatiSfy:

d=pg <up<pgb=mng <mp<ngc=vg <vp<vg

49



Symmetry 2022, 14, 410

we can obtain
f(ug, b, ¢) < f(up, b, ¢) <f(a, b, ¢)

f(a, ng, ¢) < (& np, ¢) <f(a b, ¢
f(a, b, v4) <f(& b, vg) < f(a, b, ¢)
and then
f(ig, ng va) < f(1p, MB, VB)

2, /WA K + 2, [N +2, /YR Ve + \/(1 —ng = va) (1-mg —ve )+
Vg -) (1-ueve) (1m0 ) (1 ) <
2 i 2 i 20 /(1 =) (1 )+

(=) (1w )+ 0 i (1)

Thus, Q(A, Q) < S(B, () based on the preceding analysis. The SM S(A, B) with
Equation (1) satisfies Definition 6. [

ie.,

Theorem 3. Let A = {(HAx;’ NA,.’ VAXT) Ixi € X}, B = {(uBx;, NBx;» VBx;)|Xi € X} be two
TSESs on X = {x1, %o, ..., %n}. The mapping S(A, B) : TSFS(X) x TSFS(X) — [0, 1] is

defined as follows:
2 R, +2, [T T, 2, Ve +
_nh _yvh EEUS o — o |
\/<1 nAXa’ VAx’i) <1 nBX‘f VBXI) +
4 [« 1
5 (A’ B) ~3 ' @)
(-, (-, )
—ut —qn — —
\/ (1 . “Ax) (1 Mb,, ~ B, )

Then, S (A, B) is a SM for the TSFSs A and B.

Proof of Theorem 3. Let A = {(qu“, N4,/ VA'XH> |xi € X},B = {(uBx;y NBx;s VBx;)|Xi € X}
and ¢ = {(ugxl', ng,., VQXN> Ix; € X} be the three TSFSs on X = {x1, Xp, ..., Xp}-
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SHo< xy < ?, for each x,y € [0, +00). We have

0 <2 W% W 2,03 M, +2, /X VB
\/<1 THAL T Vr/ix.,.) (1 —Hp, - VEXI) n
\/ T-w —ngx) (1 i, _T‘Exi) -

n n
vi o +v
AX'I‘ Bx'i

n n
THBg Mg B

L R R e )

+

Xi

+

_ _ /N _ _yh _ _yn _ _vn
(1 HAXI VAx.l. > + <1 quy VBx; ) + (1 qu.l. VAx.l. > + <1 quy VBx; )
2

_un 0 0 _pn
(1 qu.i nAx.l.>+<1 HBx; ani') N
5 =

Thus, we can obtain

+

n n n n n n
2\ /MR B T 2\/ M4, B + 2\/ Vi VB T

J (1-m, -va,) (b, —va,)

_l’_

(@)
IN
9|~
I

\/<1 - ng‘f a Vrﬁ‘x‘f) <1 a Hg’*‘f B VEX&‘)

+

From the above analysis, we get 0 < S (A, B) <1
(S2) S(A, B) = S(B, A) is obvious.
(S3) N achieves XTW if x =y. Then
S(A, B) =1
&2 i WE 42, TR 42 Y VR

_nn _ v _nnn v

\/ (1 nAxx VAx‘f ) (1 nBXI VBX‘{ ) +
g _yn _ . _ N

\/ (1 qur VAx‘i) (1 HBy VBX'{) +

51

— _nn _ 4 __ N
\/ (1 HA"I nAx‘i ) (1 l’LB’W T]er )
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Therefore, é(A, B) = 1iff A = B.

g, vy, ) (1w, v )+

S (A Q) = 3l Z? 1 2\/ng1' H?;XY * 2\/112‘*1‘11%"1' * 2\/VIA}‘XIVE:XT * \/(1 B nr/ixy a VrA}‘xr (1 a nréxi‘ B Vréxx) *
7 n =
\/<1 a HnA,Xi‘ B VrA}x‘f) (1 a H%Xi‘ B V%xi) + \/(1 a HIA}XI _ngx‘f) (1 N Hréxx _n%x‘f)

This proof is similar to Proposition 1. We can get é(A, Q) < é(A, B), S(A, Q) <S$(B, Q)

according to the above analysis, and thus, SM é(A, B) with Equation (2) fulfills the criteria of
Definition 6. [

4. Consequences of the Proposed Work
In the previous Section 3, we proposed a new SM for TSFNs A = (ki Mg VA)
and B = (ug, N, vB), and also another SM for TSFSs A = { (qu“, n&, - VAX‘_) |x; € X},

and B = {(upx;, MBxys VBxy)|xi € X} on X = {xy, X, ...,Xn}. Since the proposed SMs
for TSENs and TSFSs can be the generalizations of some SMs, we will present some
consequences of the proposed SMs under some special cases in this section.

Recall that the proposed SM of Equation (1) for TSENs A = (u4, ng, v4) and
B = (ug, np, vB) is as follows:

2\/uApB+2\/nAnB+2 VRVE + \/1—nA—v (1—T]B—VB)
\/(1—uA—VA)(1 HB—VB)+\/(1—HA—HA)(1—HB )

e If wereplace n = 2 in the proposed SM, then SM for SFSs is obtained and given as:

S( ) \/”A”B"‘z\/ﬂAﬂB"‘z«/ViV%"‘\/(1_H2A_Vi>(l_n23_"23)+
A, B
\/(1— ~v3) (- - )+\/(1— 2 %) (1- 13 —n3)
e Ifwereplace n = 1 in the proposed SM, then the SM for PFSs is obtained and given as:

5<A B) 2\/uAuB+2\/nAnB+2\/W+\/ —vs)(1—ng—vp)+ '
3 \/(1*UA*VA)(1*P—B*VB +\/ 1*HA*T]A)(17PLB*T|B)

o If we neglect the DA in the proposed SM, then the SM for g-ROFSs is obtained and
given as:

s (4 B):l 2, /g +2 g+\/(1_v ) (- vp)+
o Wl_”g_vg)“‘“g‘vg“V(l—»&)u—ug)
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e If wereplace n = 2 and neglect the DA in the proposed SM, then the SM for PyFSs is
obtained and given as:

I e A T (e

S

3 \/<1—ui—V2A)(l—uZB—VZB)+\/<1—ui)(l—p23)

e If wereplace n = 1 and neglect the DA in the proposed SM, then the SM for IFSs is
obtained and given as:

$ (4, B) - 1 2\ + 2, VAVE + /(1 - v4) (1 - vp)+

3 \/(1—HA—VA)(1—HB—VB)+\/(1—uA)(1—uB)

Based on the preceding findings, we conclude that the proposed SMs can obtain some
new SMs for IFSs, PyFSs, PFSs, and SFSs. The major goal of the SMs presented in this work
is that they can solve problems when the data is provided in the TSF environment.

5. Applications and Algorithm

In this section, we create an algorithm for pattern recognition based on the proposed
SMs to find out which pattern is the best to use. We also discuss the application of
the proposed SMs in decision-making to sketch out which alternative is the finest for
making a decision.

5.1. Algorithm for Pattern Recognition
Let X = {x1,%, ..., %}, and let us have m patterns P; = { (upj (x¢), np; (%), Vpj (XJ) Ixi € X},

j=123,...,m and a test ssmple P = { (pp(x-l-), Mp (xl-),vp(x;)) Ix; € X}. To check which pattern
of P,j=1,2,3,...,m will mostly match the pattern P, we give the following recognition steps:
Step 1. We calculate the SMs S(Pj, P),j=1,2,3,...,mbetween Pj and P.
Step 2. We have to choose the maximum one S(Pjo, P) from S(Pj, P),j=1,23,...,m,

ie., S(Pjo, P) = max {Q(Pj, P) } Then, the sample P is classified to the pattern Pj by the

1<j<m
maximum principle of SMs.

Example 1. We use the proposed SMs to solve the building material recognition challenge in
Ullah et al. [26]. Consider TSFNs P;(i = 1,2,3,4) which represent four types of construction ma-
terials. Let us consider X = {x; :1=1,2,3,...,7} to be the attributes. We have another unknown
material P. Using the proposed SMs for TSFNs and TSFSs, we use four materials to determine the
class of an unknown material denoted by P;(1 = 1,2,3,4). Now we have to evaluate class P; to P.

Step 1. All the data are in the form of TSFNs given in Table 1. Assume that given
values are TSFNs for n = 4; in Table 1, this indicates that when data is presented in the TSF
environment, neither IFSs nor PFSs tools can resolve this issue.

Table 1. Data on building material.

Py P P3 Py P
X1 0.56 0.47 0.22 0.81 0.3 0.37 0.43 0.43 0.55 0.57 0.51 0.39 0.34 0.56 0.78
X2 0.11 0.11 0.11 0.59 0.66 0.66 0.91 0.34 0.68 0.56 0.76 0.31 0.47 0.38 0.84
X3 0.35 0.45 0.61 0.42 0.56 0.71 0.81 0.41 0.35 0.27 0.59 0.72 0.55 0.44 0.65
Xy 0.33 0.54 0.31 0.59 0.45 0.9 0.44 0.55 0.77 0.46 0.46 0.45 0.76 0.46 0.85
X5 0.35 0.2 0.64 0.16 0.33 0.42 0.55 0.44 0.77 0.57 0.66 0.91 0.13 0.35 0.57
Xg 0.47 0.37 0.68 0.68 0.46 0.88 0.47 0.66 0.75 0.41 0.73 0.41 0.24 0.54 0.45
Xy 0.78 0.55 0.03 0.49 0.54 0.39 0.58 0.34 0.23 0.21 0.43 0.13 0.82 0.46 0.69
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Step 2. In this step, we apply Equation (1) on the information given in Table 1. The
results using the SM for TSFNSs are given in Table 2.

Table 2. Similarity Measure of Py with P.

SM (P, P) (P, P) (P ,P) (Py, P)
Values 0.8872037 0.9014245 0.9010272 0.8464994

Step 3. Analyzing Table 2, we conclude that
(Py, P) < (P, P) < (P3, P) < (P, P)

As a result, the material P, is nearest to P because the SM of (P, P) is greater than all
the other pairs. Consequently, it is concluded that the unidentified material P corresponds
to the P, category of material. The results of Table 2 are also portrayed in Figure 1 where it
shows that the unknown pattern P is closed to P,. The results also show that the unknown
pattern P is still sufficiently close to the pattern P3 as well.

SM of unknown pattern with known pattern
0.92

0.9
0.88
0.86
0.84
0.82

0.8
(P1, P) (P2, P) (P3,P) (P4, P)

Figure 1. Results of SM of unknown pattern with known pattern.

5.2. Comparative Study

In this section, we make comparisons of the results using the proposed SM for TSFSs
with the results using the SM for TSESs proposed by Ullah et al. [26] and Wu et al. [33].
Table 3 summarizes the findings. We find that the results using the proposed SM for TSFSs
are the same as the results using the SM for TSFSs proposed by Wu et al. [33]. Here, we
also show the limited nature of IFSs and PFSs. A brief comparison of the current paper’s
aggregated results with those of other previous papers is provided in Table 3.

Table 3. Comparative Study:.

SM Environment Results
The proposed SM for TSFSs TSFSs (P4, P) < (P1,P) < (P3,P) < (P, P)
The SM for TSFSs by Ullah et al. [25] TSFSs (P4, P) < (P3,P) < (P1,P) < (P, P)
The SM for TSFSs by Wu et al. [32] TSFSs (P4,P) < (P1,P) < (P3,P) < (P2, P)
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5.3. Applications for Decision Making

Now we will discuss how the proposed SM can be used to make decisions. The bigger
the SM, according to the SM principle, the more correct the decision.

Example 2. We use the proposed SM to solve the decision-making challenge proposed in Ullah et al. [34].
Islamabad, Pakistan’s capital, is regarded as one of the most beautiful cities in the world. There
are various parks and picnic areas in Islamabad where a large number of people visit on a daily
basis. The Metropolitan Corporation of Islamabad (MCI) is in charge of the city government. To
maintain its appeal, the MCI decided to restore all of the parks and picnic areas. MCI will need to
recruit some private contractors to do so. MCI chose four private firms for further consideration
after some preliminary screening. Aq: Arish Associates, Ay: Nauman Estate and Builders, As:
Areva Engineering, Construction and Interiors, and Ay: The Wow Architects, are among the four
firms. MCI’s specialists devised five point criteria for selecting the best corporation or company.
C1: Cost, Cy: Previous performance, Cy: Time constraint, Cy: Quality assurance, and Cs: Labor
quantity, are the five criteria. The decision-making panel has given all the information in TSFNs
which is given in Table 3. The followings are the designated steps for the decision-making algorithm:

Step 1. Decision-makers’ views are expressed in the form of TSENs, as indicated in
Table 4.

Table 4. Data on decision making.

Gy Q2 & Gy Qs
Al 0.1 0.7 0.4 0.5 0.8 0.9 0.8 0.8 0.8 0.6 0.7 0.8 0.3 0.5 0.7
Az 0.2 0.7 0.6 0.6 0.7 0.8 0.3 0.7 0.7 0.1 0.7 0.9 0.4 0.6 0.8
A3 0.5 0.6 0.6 0.5 0.6 0.7 0.5 0.7 0.1 0.9 0.6 0.2 0.5 0.6 0.9
A4 0.5 0.6 0.8 0.8 0.7 0.4 0.8 0.7 0.3 0.6 0.6 0.1 0.8 0.4 0.4
C 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0

Step 2. The SM of each TSEN given in Table 4 are evaluated with ¢}(1,0,0) based on
Equation (1). Table 5 summarizes the findings.

Table 5. SM of A; with C.

SM (A1, Q) Az, Q) (A3, Q) (A4, Q)
Values 0.5110507 0.3707117 0.5988922 0.7403513

Step 3. Analyzing Table 5, we obtain
A2<A1 <A3<A4.

Therefore, A4 is the best choice. The results of Table 5 are also shown in Figure 2 which
indicates that, after applying the proposed SM, A4 should be the best choice.

The findings of the proposed SM for TSFSs are then compared to the results of the
SMs for TSFSs proposed by Ullah et al. [34]. Table 6 summarizes the findings. We find that
both methods give the same decision.
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SMs applications for decision making

Al A2 A3 A4

0.8

0.6

0.4

0.2

Figure 2. Results of SM for decision making.

Table 6. Comparative Study.

SM Environment Results
The proposed SM for TSFSs TSFSs Ay <Al <Az < Ay
The SM for TSFSs by Ullah et al. [29] TSFSs Ay <Al <Az < Ay

6. Conclusions

In this paper, a new SM was presented for TSFSs which is based on DM, DA, and
DNM. We had shown that the proposed SM for TSFSs satisfies the axiom of SM. It was also
observed that the proposed SM provides a flexible and larger range for data representation
under uncertain circumstances in which it can be a generalized SM for IFSs, PyFSs, PFSs, or
SFESs. By using numerical examples, it was shown that the presented SM is more efficient
and can provide accurate results as the information under consideration was based on
TSFNs where more than two aspects of uncertain information were discussed. In addition,
we applied the proposed SM in pattern recognition and decision-making to observe its
effectiveness. The comparative studies on pattern recognition and decision making indicate
that the proposed SM is valid and can be used in some real-life problems, especially in
decision making, pattern recognition, and clustering. In general, symmetric triangular
fuzzy numbers can be well used in database acquisition and so our further work shall
first consider the proposed SM for symmetric T-spherical triangular fuzzy numbers. In
our future works, we will also extend the proposed SM for interval valued TSFSs and
complex TSESs. We shall further develop new distances for TSFSs and give more entropy
measures for TSFSs and then apply them in clustering and medical diagnosis problems
under TSFESs environment.
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Abstract: Proton exchange membrane fuel cells (PEMFC) are capable of transforming chemical energy
into electrical energy with zero emissions. Therefore, these devices had been a point of attention for
the scientific community as to provide another solution to renewable sources of energy. Since the
PEMFC is commonly driven with a power converter, a controller has to be implemented to supply
a convenient voltage. This is an important task as it allows the system to be driven at an operative
point, which can be related to the maximum power or an user desired spot. Along this research
article, a robust controller was compared against a fuzzy logic strategy (with symmetric membership
functions) where both were implemented to a commercial PEMFC through a dSPACE 1102 control
board. Both proposals were analysed in an experimental test bench. Outcomes showed the advantages
and disadvantages of each scheme in chattering reduction, accuracy, and convergence speed.

Keywords: fuzzy logic; fuzzy control; fuzzy set; sliding mode control; PEMFC; renewable energies

1. Introduction

Renewable energies are a trending topic nowadays due to the future of climate change.
In this sense, current main technologies that could replace conventional sources are pho-
tovoltaic systems (conversion efficiency of ~20%), wind turbines (conversion efficiency
of ~25%), and turbine generators (conversion efficiency of ~30-40%) [1,2]. Nevertheless,
fuel cells are emerging technological devices that stand out over conventional renewable
energy options.

These devices have captured attention since they were discovered by William Grove
in 1838 when he realised a constant current can be obtained when two platinum electrodes
are immersed in a sulphuric acid solution and connected to sealed tubes with oxygen and
hydrogen [3]. Thenceforth, the attractiveness of fuel cells is still a trend in research as it is
expected that this technology could reach its maturity near 2030 [4]. Additionally, because of
the groundbreaking innovation of fuel cell electric vehicles (FCEV) and large capacity
stationary fuel cells (LCSFC), the interest has been growing exponentially since 2007 [5].
This is principally due to their emissions level that could reach up to 0% (depending on the
type and fuel) and a high efficiency that yields up to 60% [6,7].

Despite the types of available fuel cells, Proton exchange membrane fuel cells (PEMFC)
stand out as the production emissions are the lowest and it produces high energy densities
with sufficient robustness [8,9]. Still, their performance can be improved through the usage
of a power converter as its able to manipulate the output voltage which the end-user may
require [10]. Furthermore, as the PEMFC output voltage can vary according to the load
requirement, oxygen/hydrogen feeding, and temperature, it is highly endorsed to use a
control algorithm to follow an appropriate path.

Linear approaches can be a suitable first option for a shallow control of PEMFC.
For instance, Kodra and Zhong [11] produced a linear quadratic regulator (LQR) for a
modelled PEMFC where they controlled the feeding air and H,. Simulation outcomes
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showed suitable results in terms of settling time and overshoot reduction. A similar
strategy also based on flow control has been achieved by authors of [12], where they
used a linear parameter varying (LPV) model. In this case, the outcomes were gathered
experimentally where capabilities of dynamic response control were achieved. Despite
in real-time applications, the direct manipulation of gases for PEMFC can increase the
risk of accidents because of the sensitivity of H, [13]. Additionally, accurate models of
PEMEFC are mainly non-linear due to the dependence on partial reactancts pressures and
temperature [14]. On the other hand, linear strategies for converters tend to be useful
in proximity of an equilibrium point along a slow response; this implies that there are
numerous limitations for other operative setups [15]. For instance Belhaj et al. [10] showed
in a simulated PEMFC with a power converter, suitable results can be achieved provided
that an optimised PID ensures its work around an operative range. Therefore, non-linear
strategies can be a reasonable approach for real PEMFC systems.

In this sense, several nonlinear techniques had been developed for PEMFC with a
boost converter. Authors of [16], modelled a fuel cell where they used neural feedback
linearization, which was compared with a neural and adaptive proportional-integral-
derivative (PID) controllers. Simulated results showed that the proposed method had
better stability and reliability. Nevertheless, feedback linearization is known for its lack
of robustness at parameter uncertainties [17]. A well-known robust controller that can
tackle this issue is a sliding mode controller (SMC), which is also notorious for its fast
convergence [18]. Bjaoui et al. [19] analysed an SMC for maximum power point tracking
(MPPT) of a fuel cell with a boost converter; in this case, they obtained the results through
experiments where proper outcomes were reached in terms of performance and robustness.
Another example has been developed by Valderrama-Blavi et al. [20]; in this case, a boost
converter arrangement for a step-up DC-AC output was designed and a SMC controller
was embedded for plant order reduction. Experiments showed an increment of efficiency
of around 90%. However, major drawbacks of SMC are related to the chattering [21]. Even
though a solution to these disadvantages is the usage of high-order SMC, this implies
the employment of high order derivatives which induces an increment of noise in the
feedback [22].

On the other hand, fuzzy logic control (FLC) is another strategy in which its main features
reside in its simplicity of implementation and explicit configuration as it depends on expert
knowledge rather than on an accurate mathematical model [23]. Usually, human knowledge
is expressed through simple rules and membership functions, which can be symmetric or
asymmetric [24,25]. This tool introduced by Zadeh in 1965 [26,27] has been an example of
employment in decision making processes [28] and mathematical modelling [29,30]. Examples
of experimental tests on a converter had been developed by Ramalu et al. [31]. In this case,
they used a single ended primary-inductor converter (SEPIC) for MPPT and a FLC strategy
was embedded. The gathered results showed an enhanced performance in terms of over-
/undershoot reduction. Additionally, Harrag and Messalti made a study about the benefits
of using FLC in a PEMFC for performance enhancement [32]. They were able to show that
features like robustness improvement with reduction of response time and chattering in
comparison to conventional techniques.

In this research, an FLC and a conventional SMC are contrasted in a real-time PEMFC
system. The objective is the performance inspection of these structures in a constant current
following when a disturbance appears. The constant value can be a variable under the
requirements of an expert, which can be linked to an MPPT or a concerned efficient position.
This latter effect was simulated with programmable resistance during a specific time range.
Different phenomena were analysed, such as chattering, settling time, and robustness.

The arrangement of this article is as follows. Section 2 gives an overview of the used
hardware like the PEMFC, boost converter, programmable load, and real-time controller
board. Sections 2.2-2.4 are related to the controllers used with their details and tools used to
gather suitable parameters. Section 3 shows the obtained outcomes from the experimental
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implementation of the mentioned schemes with detailed analysis. Finally, major lessons
are summarised in Section 4.

2. Materials And Methods
2.1. Employed Hardware

A real-time platform was designed for the implementation of controllers and achieve-
ment of suitable performance of the system. Thus, a fuel cell Heliocentris PEMFC FC50 was
used and supplied with high-purity hydrogen (99.999% vol) from a compressed reservoir
at 1 Mpa. This device is able to produce above 40W with 5VCC output and a current rate of
8-10 A. Additionally, the manufacturer included a safety circuit to control the fuel supply
also linked to the oxygen, inner humidity, and stack temperature.

On the other hand, the converter used in the platform is a TEP-192 boost type. This
device possesses a direct control of the metal-oxide-semiconductor-field-effect transistor
(MOSEFET) for switching that originates from a pulse-width-modulation (PWM) signal.
The maximum switching frequency is 20 kHz. This device is modelled in the electric circuit
of Figure 1. The involved elements are an inductor (L), a switching device (S1), a capacitor
(C), aload (R, as the BK Precision 8500), and a diode (D).

The device in charge of acquisition and generation of the PWM signal was a dSPACE
MicroLabBox DS1202, that is a common hardware used for mechatronics investigations
because of its robustness and performance. The inner configuration is based on a pro-
grammable field-programmable gate array (FPGA), with a clock that can achieve up to
2 GHz. The manufacturer included the ability to use this device under analogue, digital,
or PWM signals on 100 available channels. Furthermore, dSPACE included a Real-Time
Interface (RTI), a tool that helps in the C code generation and allows further concentration
on the process design.

To replicate aload in the circuit, a programmable resistance BK Precision 8500 was used.
This device is capable of being configured in values between 0.1 and 1000 Q). In addition,
the operating voltage is in the range of 0-250 V and the current in 0-30 A. Further details in
regards to the described hardware are enlisted in Table 1.

Table 1. Heliocentris PEMFC FC50.

Heliocentris PEMFC FC50 Values Units
Operating voltage 2.5-9 VDC
Operating current 0-10 A

Rated output power 40 \

Open-circuit voltage 9 vDC
Boost converter TEP192

Inductance 6 uH

Input capacitor 1500 uF
Output capacitor 3000 uF
Max. input voltage 60 \%
Max. input current 30 A
Max. output voltage 250 A%
Max. output current 30 A

In regards to the employed software, Simulink was employed to design the proposed
control architectures, whereas MATLAB was used for data and signal processing. Addition-
ally, ControlDesk (from dSPACE) was used in real-time to verify the involved variables for
performance enhancement. A descriptive resume of the described hardware and software
is provided in Figure 1.
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Figure 1. Hardware flow.

2.2. Control Design

The main objective of this work is to track a reference current I, which was carried
out mainly with an FLC controller that has been contrasted with a conventional SMC. Main
comparisons are aimed to test the robustness of both controllers, a well-known feature
as it was previously described in background research. Hence, the error in terms of the
reference current is defined as Equation (1):

e = Iref —Ir. (1)

The output (V,) and stack voltages (V) are related to each other by means of the duty
cycle d. This value is driven by the PWM signal generated by the dSPACE hardware. Thus,
this implies that there are two different switching arrangements that are modelled by the
following state-space of Equation (2). Further details about the derivation of this system
can be found in the research made by the authors in [33].

I

diy o -0-a

_L
C RC

l‘_|

S

—
+

| — |

=

2
y=[0 1 ][‘l/ﬂ

Additionally, the main features of the PEMFC were useful for the following structures
to be explained. In this sense, Figure 2 is the relation between stack voltage and current
which was gathered experimentally. In this graph it can be seen that the fuel cell resistance
(Rpemrc) changes when the current is reduced and vice-versa. Moreover, this mentioned
resistance is related to the BK Precision (Rp,;) through the duty cycle of the expression
from Equation (3) [34]:

Rpemrc = (1—d)? - Roy. 3)
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Figure 2. Characteristic dynamic curve of the fuel cell.

The proposed controllers have variables that had to be tuned. Thus, through Con-
trolDesk it is possible to change desired gains in specific ranges that can be glided manually
with the aim of achieving an objective. In regards to this goal, a real-time metric was
calculated in order to figure out a suitable performance. The minimization of integral of the
absolute error (IAE) was used in this case, and its mathematical expression is established
in Equation (4). This definition has terms like the error (e;), sampling time (At), and an
established number of samples (N):

N
IAE =) |ej|At. 4)
i=1

2.3. Fuzzy Logic Control

This is a robust intelligent strategy as it has rules and constraints for mathematical
calculation during the process [35]. FLC works on the principle of expertise knowledge
about a system so that the parameters can be tuned based on previous experience [24].
In this case, a type-1 FLC was used (defined in Figure 3); this is a fuzzy set in which the input
goes though a fuzzification process. This method refers to values that are transformed into
fuzzy values in the range of [1, 1] through overlapped symmetric triangular membership
functions which are exposed in Figure 4. Alternatives, like trapezoidal and Gaussian may
require higher computational resources because of the parameters increments and analytical
solutions, respectively [36].

These are also terms, such as negative big (NB), negative medium (NM), negative small
(NS), zero (Z), positive small (PS), positive medium (PM), and positive big (PB) [36,37].
These previous mentioned relationships are resumed in the assymetric Table 2. Later,
the evaluation of these values is conducted in the inference engine which is the point at
where the expert applies and tunes linguistic rules [38]. In this case, these rules are settled
conditioned variables in the form of IF-THEN structures [39,40]. The fuzzification set up
had been through singleton in uniformly discretized constants within the range of [-1, 1].

The structure presented in Figure 3, has the described blocks of FLC and gain like
Ke, Kgg4, and K,. These are normalisation factors, which are tuned over the real system so
that the input and output ranges are in accordance to the previous specified values [41].
The suitable values of these gains were achieved through the minimisation of IAE as it was
previously presented in Equation (4).
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Table 2. FLC linguistic rules.
E\E NB NS Z PS PB
NB NB NM NM NS zZ
NS NM NM NS zZ Z
Z NM NS V4
PS Z Z
PB Z PS

Based on Table 2, a stability proof is provided in order to show the logic of the chosen
rules. Taking into account the Lyapunov stability proof establishes that a system is stable
in a dynamic perspective provided that a definite positive function V exists such that
V(x) >0, V() = 00, V(0) = 0 & V(x) < 0,Vx # 0. Thus, this function is defined in
Equation (5) where E is a normalised error such that E = I,y — Iy and its derivative is

E = —Iy. Therefore, a Lyapunov function is defined and differentiated in Equations (5)
and (6):
_ 1
V= EE 5)
V =EE = —(Inyes — IN)IN- (6)

Provided that Equation (6) is negative, thus, the system is asymptotically stable and
the error tends to a null value. Since Table 2 is symmetric, the following reasoning is
generated for one side of the table. Taking into account that the control action U is related
to the duty cycle, the following cases are analysed.
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e Case 1 (red cells from Table 2): = U > 0. In this situation, the duty cycle incre-
ment is positive. Equation (3) shows that an increment of 4 will decrease Rpgprc.
As Rpemrc = Vitack/ Lstack and according to Figure 2, the resistance is reduced when
the current increases. This means to move to the right of curve showed in the men-
tioned graph. Therefore, it can be concluded that Iy and E will have positive values.
Thus, Equation (6) will be negative.

e Case 2 (green cell from Table 2): = U > 0. For this case, it is assumed that E is
negative while E is positive. Nevertheless, a positive increment of the duty cycle will
cause the same action as in Case 1 where [y yields to a positive, which is the same
sign as E. Consequently, V < 0.

*  Case 3 (orange cell from Table 2): = U = 0. In this instance, the control action is null
which implies that there is no change. Thus, since the derivative of the normalised error
is positive while the error is negative, it can be concluded that V < 0. This reasoning
can be used as well in the table diagonal since it will drive to the same conclusion.

2.4. Sliding Mode Control

Based on the established error of Equation (1), thus, an integral sliding surface is
defined in Equation (7) where A is a positive value:

s:e—A/e-dt. (7)

A control signal generated from a SMC approach is composed by an equivalent (i)
and a switching term (us,), that is expressed in Equation (8) [42]. The mechanics of this
controller is as follows: u,; aims to move the states to an equilibrium point by establishing
the condition § = 0, which is the origin of a phase plane [43]. As it is expected that the
states will move through time, then the ug, intention is to force the states to stay in the
sliding surface [44,45]. The latter is defined in Equation (9) as a first-order discontinuous
expression where K is a parameter to be tuned and high values can increase the response
time in exchange for strong oscillations that may induce hardware damage [22]:

u = ueq + Usyw. (8)

Usw = == -sign(s) )

The derivative of the sliding surface $ can be calculated using Equations (1), (2),

and (7):
Vo

s=etde= (Ve Vo) +Aet L. (10)

| =

Based on the mentioned condition § = 0 and the boost converter system from
Equation (2), the equivalent term is expressed as the following Equation (11):

Vs A-e-L
Uegg=1— — — .

v, 7 (11)

To prove the stability of the SMC control signal which is obtained in (8), a positive
definite cost function as given in Equation (12) is designed according to the Lyapunov
second method criterion [46,47]:

V(s) = =s°. (12)
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To ensure that the cost function V is converging to zero in finite-time, its derivative V
must be negative definite. By using Equations (8)-(11), differentiating Equation (12) with
respect to time yields to:

V = s-§
(1 Vo[ k-L Vi Aee-L
= s(L(Vs Vo) +A e+L< 7 sign(s) +1 7 7 ))
= —k-s-sign(s) (13)
S
< o

Consequently, according to the Lyapunov theory, the asymptotic stability is ensured.
Besides, by using Equations (12) and (13), the following demonstration can be obtained:

1d ,
Eﬁs = —k- |S|
t?‘t’ﬂf t?CﬂC
1-/ "4 spar = k[ st
2 Jy dt to
1 Ereach d Ereach
- —|s|ldt = —k- dt 14
2 ) gl /. (19)
reach
|S(treach)| - |S(t0)‘ = —2-k-t ;
0
0]
reach 2k

Therefore, the system converges to the sliding surface s = e + A [ e - dt in the finite
time t = t,,.,, which implies that § = ¢ 4 Ae also converges to 0. From the previous
equation, the tracking error (defined by e = ¢ - e=*) tends asymptotically to 0.

3. Experimental Results

Both described control architectures were embedded and contrasted in the PEMFC
system were the outcomes are explained as follows. Thus, the load was used to induce
disturbances in the system, which occurred at 25 s and 45 s. During the first action,
the load step jumped from 20 ) to 50 (), which was steady until 45 s (where the resistance
plummeted to the initial value). The controllers parameters were obtained by minimisation
of the IAE. Therefore, the SMC parameters K and A were, respectively, 0.01 and 0.1; for the
FLC, the values of K¢, Kgg4, and K, were 18, 0.2, and 0.001, respectively.

The first graph to be analysed is the acquired current, which was the variable to be
followed. This is mainly because the controller objective is to keep the PEMFC current
at a constant value (which is related to a desired operative point) even when external
perturbations are presented. The whole experiment, which took 60 s, is split in three sub-
graphs as shown in Figure 5b—d. The programmable resistance has uncertainty in terms
of time response which can be appreciated in certain phase-delay in the results contrast.
Nevertheless, the results could still be analysed in terms of robustness and response times.

In the first action of resistance increment of Figure 5b at around 25 s, the SMC induced
an undershoot of 1.63 A whereas the FLC had a higher value of 1.79 A. This means that
the FLC has a robustness 9.81% lower than the SMC. A similar analysis can be done in the
settling time in which the FLC is 60% higher in contrast to the SMC.

The second action is depicted in Figure 5¢c where the SMC still carries the trend for the
fastest response. Nevertheless, the robustness is different in this case since the overshoot
value of the FLC is 3.76 A in comparison to the SMC, which is 3.03 A. This made a difference
of 24% of better performance for the SMC.

During the constant following, the situation has a diverse demeanour in terms of
absolute values. Figure 5 shows the current during the action of 50 (3, which has an average
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of 4 A in both schemes but with different amplitudes. For instance, the SMC showed an
amplitude of around 0.61 A whereas the FLC enhanced this value as it produced 0.25 A,
which made a difference of 60% in contrast to the SMC. This implies that the chattering is
fairly reduced with the FLC approach.
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Figure 5. (a) Stack current signal; (b) influence of the first load variation; (c) influence of the second
load variation; and (d) steady state.

In regards to the voltage, shown in Figure 6, the situation was similar as previously
analysed in the current. The SMC showed higher chattering along the whole experiment
but with slight better performance in the dynamic changes that were induced at 25 s and
45 s. The overshoot value of 1.06 V of the FLC against the 1V delivers a difference of 6%,
whereas the undershoot presented a difference of 2.4%.

The generated power of the system was acquired as well, and is shown in Figure 7.
At the first interruption of 25 s, the SMC behaved again better than the FLC as undershoot
values differed in 20%. The same situation happened at 45 s during the resistance reduction
where the overshoot was 17.5% higher with FLC in contrast to the SMC.

Finally, Figure 8 shows the boost converter duty cycle and output variables (current,
voltage, and power). These real-time responses show the impact consequence of the
load resistance at the previous analysed times. As previously, it can be seen that the
major advantage of the FLC is its capability to reduce chattering during steady states,
which allows an energy overspend. However, the SMC generates more robustness during
dynamical changes.

Previous analysis results are summarized in Table 3 in terms of numbers. In this case,
the overshoot, undershoot, response time and oscillation had been established as it had
been the most important features to be highlighted.
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Figure 8. (a) Duty cycle signal; (b) boost converter output current; (c) boost converter output voltage;
and (d) boost converter output power.

Table 3. Comparative results.

Current (A) Voltage (V) Power (W)
SMC FLC SMC FLC SMC FLC
Overshoot 3.03 3.76 1 1.06 5.8 6.82
Undershoot 1.63 1.79 1.65 1.69 6.61 7.98
Response Time 0.5 0.8 0.5 0.8 0.5 0.8
Oscillation 0.61 0.25 0.33 0.14 22 0.9

4. Conclusions

This research depicted a comparative analysis of two control algorithms aimed to
enhance the performance of a PEMFC during a constant reference following disturbances.
Additionally, the usage of a real system constraints theoretical ranges of power and duty
cycle.

The objective was to maintain a constant current following that can be associated to a
user-desired operative point or an MPPT. This target usually has inconveniences, such as
external disturbances as analysed. SMC was chosen for its capabilities in robustness and
fast response. FLC is known for its expertise involvement so that the tuning can be made
from a personal perspective.

A programmable load was adopted to simulate an peripheral charge which affects
the circuit. In addition, commercial hardware was used to generate a real environment
where the proposed control structures were embedded with a dSPACE controller board in
real-time. The latter mentioned device was also used for acquisition of signals and further
processing with MATLAB.

Both control architectures were implemented where several interesting points were
highlighted. For instance, it was shown that the SMC provided suitable capabilities in
terms of robustness. In this sense, SMC had better robustness during dynamical changes,

69



Symmetry 2022, 14, 139

References

such as sudden load variations. Additionally, another suitable observed feature was the
fast response. These aspects were noticed in variables such as current, voltage, and power.

Despite the dynamical changes, the SMC was superior in terms of performance,
the FLC promoted an attractive efficacy during the constant following. In this case, for SMC,
it was already known that its main disadvantage is related to the chattering generation,
which was observed in the outcomes. Thus, FLC reduced this feature, not only providing
better accuracy but also an energy reduction which could enhance system efficiency.

To conclude this research, future perspective lines are based on different branches
of the analysed control structures. For instance, a study of a FLC Type-2 with different
inference algorithms can be an interesting comparison. Additionally, the FLC used in this
case had the aim to track a constant reference, thus it would be intriguing to implement the
same algorithm for MPPT where the reference is a variable.
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The following abbreviations are used in this manuscript:

PEMFC  Proton exchange membrane fuel cells

FCEV Fuel cell electric vehicles

LCSFC Large capacity stationary fuel cells

LOR Linear quadratic regulator

LpPV Linear parameter varying

PID Proportional-integral-derivative

SMC Sliding mode control

MPPT Maximum power point tracking

FLC Fuzzy logic control

SEPIC Single ended primary-inductor converter
MOSFET  Metal-oxide-semiconductor-field-effect transistor
PWM Pulse-width-modulation

FPGA Field-programmable gate array

RTI Real-time interface
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Abstract: Aggregation is a mathematical process consisting in the fusion of a set of values into a
unique one and representing them in some sense. Aggregation functions have demonstrated to
be very important in many problems related to the fusion of information. This has resulted in the
extended use of these functions not only to combine a family of numbers but also a family of certain
mathematical structures such as metrics or norms, in the classical context, or indistinguishability
operators or fuzzy metrics in the fuzzy context. In this paper, we study and characterize the functions
through which we can obtain a single weak fuzzy (quasi-)norm from an arbitrary family of weak
fuzzy (quasi-)norms in two different senses: when each weak fuzzy (quasi-)norm is defined on a
possibly different vector space or when all of them are defined on the same vector space. We will
show that, contrary to the crisp case, weak fuzzy (quasi-)norm aggregation functions are equivalent
to fuzzy (quasi-)metric aggregation functions.

Keywords: weak fuzzy quasi-norms; aggregation function; asymmetric *-triangular triplet
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1. Introduction

In mathematics, an aggregation procedure amounts to a method for merging a family
of structures of the same type into the only structure of this type. For example, the union
or the intersection of subsets of a nonempty set X gave rise to another subset of X by
aggregating the family of sets. On the other hand, given a finite family {d; : i = 1,...,n}
of metrics on X, then max{dy, ...,d,} is also a metric on X that is obtained by merging the
original family of metrics. This metric can be constructed by means of the composition of
the following functions:

e d:XxX—][0,400)" givenby d(x,y) = (d1(x,y),...,du(x,1));
e f:]0,400)" — [0,+00) givenby f(x1,...,x,) = max{xy,...,x,}.

In the literature, we can find other schemes of merging mathematical structures. If

{(Xn,dn) : n € N} is a countable collection of metric spaces then d(x,y) = Y_,” 4 %
is a metric on [ ],y Xi, which is compatible with product topology. In this case, the new

metric on [],,cn X can be obtained with the composition of the following functions:

*  d:Tlhen X X [en Xn = [0, +00)" given by d(x,y) = (du(xu, ¥,))nen;
e f:[0,4+00)N — [0, +00) defined as f(x) = ¥, %ﬁf"l}

In a similar manner, the sup norm || - ||« on R” can be viewed as the aggregation of the
absolute value norm on R. This means that this norm is the composition of the following
functions:

e abs:R" — [0,+00)" givenby abs(xy,...,x,) = (|x1],...,|xa]);
e f:]0,4+00)" — [0, +00) given by given by f(xq,...,x,) = max{xy,..., X, }.

In all the above cases, a function f is involved in the aggregation process, so it is
natural to study which functions allow making these kinds of aggregations. This research
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has already been carried out for some mathematical structures. Concretely, Borsik and
Dobos [1,2] have analyzed when, given a function f : [0, +00)! — [0, +c0) and an arbitrary
family {(X;,d;) : i € I} of metric spaces, the function f o d: (Lier Xi) x (TLieg Xi) —
[0, 4+c0) givenby fod(x,y) = f((di(xi,y,))icr) is a metric on the cartesian product [ T;c; X;.
The corresponding study for quasi-metric spaces was made by Mayor and Valero [3].
Related results appear in the papers [4-6], where the authors characterize functions f :
[0, —I—oo)k — [0, +00) that allow combining a finite collection of pseudometrics (with respect
to metrics and quasi-metrics) {d; : i = 1,...,k} defined over the same set X into a single
one pseudometric (with respect to metric and quasi-metric) on X given by f o d(x,y) =
fldi(x,y),...,dg(x,y)) forall x,y € X.

In addition to functions that merge metrics, some researchers have characterized
functions that aggregate other mathematical structures, such as norms. Thus, Herburt
and Moszyriska [7] studied the functions f : [0, +00)? — [0, +00) which produces the
function || - [|f : V1 x V2 — [0, +o0) given by [|(v1,02)[|f = f([|v1]]1, |v2]|2) be a norm on
V1 x Vo, where (V4, || - |l1), (Va, || - ||2) are two normed vector spaces. A similar study for
asymmetric norms was developed by Martin, Mayor and Valero [8]. Recently, Pedraza
and Rodriguez-Lépez [9] have addressed the problem of the aggregation of norms on the
same set.

Until now, we have only mentioned crisp mathematical structures. Nevertheless,
several authors have considered the aggregation of fuzzy structures. Saminger, Mesiar and
Bodenhofer [10] characterized the aggregation functions that preserve *-transitive fuzzy
binary relations, where x is a t-norm. Later on, a related problem about the preservation
of *-transitivity of fuzzy binary relations was studied by Drewniak and Dudziak [11]
(see also [12,13]). Moreover, Mayor and Recasens [14] obtained a characterization of the
functions through which we can fuse indistinguishability operators, which are a special
kind of *-transitive fuzzy binary relations (see also [15,16]).

Recently, Valero, Pedraza and Rodriguez-Lépez [17] have studied the functions that
permit the generation of a unique fuzzy (quasi-)metric from a collection of fuzzy (quasi-
)metrics. They proved that, compared to the classical case, the functions aggregating fuzzy
metrics are exactly the same than compared to the functions that aggregate fuzzy quasi-
metrics. They also proved some results about the aggregation of other fuzzy structures
such as fuzzy preorders and indistinguishability operators.

In this article, we continue the study of functions that aggregate a particular fuzzy
structure: weak fuzzy (quasi-)norms [18]. This fuzzy structure is a generalization of the
concept of fuzzy norm considered by Golet [19], and it is useful when studying duality
in the fuzzy context [18]. Here, we characterize the functions that can afford to obtain
a weak fuzzy (quasi-)norm starting from an arbitrary family of fuzzy quasi-norms. We
consider two types of aggregation: on sets and on products (see Definition 4). We are able
to characterize these functions with two methods: on the one hand, using the properties
of x-supmultiplicativity (see Definition 7) and isotonicity; on the other hand, using the
property of conservation of asymmetric *-triangular triplets (see Definition 5). These results
can be considered, in some sense, similar to those obtained in the crisp case. Surprisingly,
and in contrast with the crisp case, functions that aggregate weak fuzzy (quasi-)norm are
the same as the functions that aggregate fuzzy (quasi-)metrics (see Corollaries 1 and 2).

2. Aggregation of Metrics and Norms

In this section, we compile some results about the aggregation of metrics and norms
that constitute a necessary antecedent of our study. We first establish some notations.

We will denote by I an arbitrary index set. The elements of the Cartesian product
[0, —|—oo)I will be written down in bold letters a. Moreover, and for the sake of simplicity,
given a € [0, +c0)!, its ith coordinate a(i) will be denoted by a; for any i € I.

We notice that we can endow the set [O, —i—oo)l with a partial order < definedasa < b
if a; < b; for all i € I. Furthermore, 0 represents the element of [0, +c0)! such that 0; = 0
foralli € I.
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As we have sketched, in the Introduction, that classical constructions of metrics in a
Cartesian product are obtained by composing an appropriate function with a Cartesian
product of metrics. The study of these functions, called metric preserving functions, has been
mainly developed by Borsik and Dobos [1,2]. The corresponding study for quasi-metrics
was made by Mayor and Valero [3], who characterized the so-called quasi-metric aggregation
functions. In both cases, the underlying idea is to construct a (quasi-)metric in the Cartesian
product of a family of (quasi-)metric spaces.

Another related problem was addressed by Pradera and Trillas [6], who studied how
to merge a family of pseudometrics defined over the same set into a single one. This
question for metrics has been also considered recently by Mayor and Valero [4]. Therefore,
we have two different but related problems, which gave rise to two different families of
functions that we next define using the terminology of [9,17,20].

Definition 1 ([1,34]). A function f : [0, 4+00)! — [0, +00) is called the following:

e A (quasi-)metric aggregation function on products if given an arbitrary family of (quasi-
Jmetric spaces {(X;,d;) : i € I} then fo disa (quasi-)metric on [];c; X; where d:
(ITier Xi) x (TTicr Xi) = [0, +00)" is defined as

(d(x,y))i = di(x;,y;)

forallie I, x,y € [lie; Xi;
e A (quasi-)metric aggregation function on sets if given a family of (quasi-)metrics {d; : i €
I} on an arbitrary nonempty set X, then f o d is a (quasi-)metric on X where d : X x X —
[0, +00) ! is defined as follows:
(d(x,y))i = di(x,y)

foralliel, x,y € X.

Recall that a triplet (a,b,c) € ([0,+0)!)3 is a triangular triplet if a; < b; + c;,
b; < a;+ciand ¢; < a;+b; for all i € I (see [2]). As we next observe, this con-
cept was introduced in [1] for characterizing metric aggregation functions on products.
Moreover, if (a,b,c) solely verifies that a; < b; + ¢; for all i € I, then it is called
an asymmetric triangular triplet ([3]). A function f : [0, +o)! — [0,+0) is said to pre-
serve (asymmetric) triangular triplets if given an asymmetric triangular triplet (a, b, c) €
([0, +00)1)3, then (f(a), f(b), f(c)) is an asymmetric triangular triplet.

Borsik and Dobos [1] characterized metric aggregation functions on products in the
following manner.

Theorem 1 ([1]). A function f : [0,+0c0)l — [0,400) is a metric aggregation function on
products if and only if f~1(0) = {0} and f preserves triangular triplets.

On its part, Mayor and Valero [3] proved the next result which characterizes the
functions merging quasi-metrics on products.

Theorem 2 ([3]). Consider a function f : [0, +00)! — [0, +00). Then, the following statements
are equivalent:

(1)  f is a quasi-metric aggregation function on products;

(2)  f~1(0) = {0} and f preserves asymmetric triangular triplets;

(3)  f~1(0) = {0}, f is subadditive and isotone.

The two previous theorems bring to light that every quasi-metric aggregation func-
tion on products is a metric aggregation function on products. However, the reciprocal
implication does not hold in general [3] (Example 8).

On the other hand, if you consider (asymmetric) normed vector spaces rather than
(quasi-)metric spaces, the concepts of (asymmetric) norm aggregation function on products
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and (asymmetric) norm aggregation function on sets can be considered in a natural manner.
The former has been characterized in [7,8], while the latter has been studied in [9]. As the
main objective of this paper is to study this problem in the fuzzy context, we recall the
known results for crisp (asymmetric) norms. In the following, a function f : [0, +c0)! —
[0, +00) is said to be positive homogeneous if f(A - x) = Af(x) forall A > 0,x € [0, +o0).

We first recall the following result showing that the family of asymmetric norm
aggregation functions on products is equal to the family of norm aggregation functions
on products.

Theorem 3 ([7-9]). Given a function f : [0,+00)! — [0, +00), the following statements are

equivalent:

(1)  f is an asymmetric norm aggregation function on products;

(2)  f is a norm aggregation function on products;

3) (R»L,]- || ¢) is @ normed space where ||x||f = f((||xi||)icr) and || - || is the Euclidean norm
forall x € (R?)!;

(4)  f71(0) = 0, f is positive homogeneous, and it preserves asymmetric triangular triplets;

(5) f71(0) =0, f is positive homogeneous, and it preserves triangular triplets;

(6)  f~1(0) =0, f is positive homogeneous, subadditive and isotone.

From Theorems 1, 2 and 3, we have it that every (asymmetric) norm aggregation
function on products is also a (quasi-)metric aggregation function on products. However,
the reciprocal implication does not hold in general. We can provide an easy example.

Example 1. Let f : [0,+00) — [0, +00) be given by f(x) = min{x, 1}. It is straightforward to
check that f~1(0) = 0, and f is subadditive and isotone. Therefore, f is a (quasi-)metric aggregation

function on sets. However, f is not positive homogeneous since, for example, f (4 . %) =1#2=

4f (%) Hence, f is not an asymmetric norm aggregation function on products.

In the case of the aggregation on sets, norm aggregation functions and asymmetric
norm aggregation functions are different classes of functions.

Theorem 4 ([9]). Let f : [0, +00)! — [0, +c0) be a function and let g be the restriction of f to
(0, +00)! U {0}. The following conditions are equivalent:

(1)  fisanorm aggregation function on sets;

(2)  For every family of norms {n; : i € I} on R?, (R?, f o n) is a normed space;

(3) g71(0) = 0, g is positive homogeneous, and it preserves asymmetric triangular triplets;

(4) ¢71(0) = 0, g is positive homogeneous, and it preserves triangular triplets;

(5) g7 1(0) = 0, g is positive homogeneous, subadditive and isotone.

Theorem 5 ([9]). Let f : [0, +00)! — [0, +00) bea function. The following statements are equivalent:

(1)  f is an asymmetric norm aggregation function on sets;

(2)  For every family of asymmetric norms {n; : i € I} on R%, (R?, f on) is an asymmetric
normed space;

(3) f(0) = 0;ifa,b € f1(0) then there exists j € I such that a; = b; = 0; f is positive
homogeneous, and it preserves asymmetric triangular triplets;

(4 f(0) = 0;ifa,b € f~1(0) then there exists j € I such that a; = bj = 0; f is positive
homogeneous, and it preserves triangular triplets;

(5) f(0) =0;ifa,b € f1(0) then there exists j € I such that a; = b; = 0; f is positive
homogeneous, subadditive and isotone.
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3. Weak Fuzzy (Quasi-)Norms

As the goal of the paper is to study in the fuzzy context those functions that aggregate
fuzzy norms in the spirit of the results of the previous section, in the following, we present
the basic definitions about fuzzy norms and some examples. First, we remind the reader of
the well-known notion of a triangular norm.

Definition 2 ([21]). We say that a binary operation *: [0,1] x [0,1] — [0,1] is a triangular
norm or a t-norm if, for every a, b, c,d € [0,1], it satisfies the following properties:

o ax(bxc)=(axb)xc;

e axb=bxa

U ax1l=a;

o  axb<cxdwhenevera <candb <d.

A t-norm * is said to be continuous if * is a continuous function.

Example 2 ([21]). Some of the most renowned examples of triangular norms are the following:

e  xAy:=min{x,y}; (minimum t-norm)

*  X¥xpy:=Xx-Y; (product t-norm)
x ify=1,

* xxpy:=qy ifx=1, (drastic t-norm)

0 otherwise.

The origins of fuzzy normed spaces can be found in the concept of probabilistic
normed space and Serstnev space [22,23]. This notion was first adapted to the fuzzy
context by Katsaras [24]. Later on, Cheng and Mordeson [25] introduced a new definition
of a fuzzy norm, which induces a fuzzy metric in the sense of Kramosil and Michalek [26].
Bag and Samanta considered a more general concept of fuzzy norm [27] by removing the
left-continuity condition (see next definition). In this paper, we use the concept of fuzzy
norm as considered by Golet [19] as well as the terminology of [18,28] relative to (weak)
fuzzy (quasi-)norms.

Definition 3 ([18,19,28]). A weak fuzzy quasi-norm on a real vector space V is a pair (N, x)
such that  is a continuous t-norm and N is a fuzzy set on V x [0, +00) such that, for any vectors
x,y € V and for any parameters t,s > 0, it satisfies the following conditions:
(FQN1) N(x,0) =0;
(FQN2) N(x,t) = N(—x,t) =1 forall t > 0 ifand only if x = Oy;
(FON3) N(Ax,t) = N(x, %) forall A > 0;
(FON4) N(x,t)*N(y,s) < N(x+y,t+s);
(FQN5) N(x,-):[0,00) — [0,1] is left-continuous.
If N also satisfies the following:
(FQN6) im0 N(x,t) =1
then (N, x) is called a fuzzy quasi-norm.
A (weak) fuzzy norm on a real vector space V is a (weak) fuzzy quasi-norm (N,*) on V
such that the following is the case.

(FON3) N(Ax,t) = N(x, ﬁ) forall A € R\{0}.
A (weak) fuzzy (quasi-)normed space is a triple (V, N, *) such that V is a real vector space

and (N, ) is a (weak) fuzzy (quasi-)norm on V.

Remark 1. Notice that the definition of fuzzy norm that we have considered is that of Golet. It
differs slightly from that defined in [25] by Cheng and Mordeson since they considered a real or
complex vector space V. They allow that the parameter t also takes negative values by considering
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that N(x,t) = 0 for every t < 0, and they only create the definition for the minimum t-norm. The
above definition is equal to that given in [18,28].

There are also other notions of a fuzzy norm that modify the previous conditions as the
elimination of (FQND5) [27].

Remark 2. The definition of a (weak) fuzzy (quasi-)normed space (V, N, x) given above requires
the continuity of the triangular norm . This property is used for ensuring that (N, *) endows
the vector space V with a classical topology T (see [18,28]) having as its base, {Bn(x,1,t) : x €
V,r €]0,1[,t > 0}, where

Bn(x,1,t) ={y € V:N(y—x,t) >1—r}.

Despite this, since we do not need (N, *) generating a topology, as we can suppose that  is
an arbitrary t-norm rather than a continuous one.

Remark 3. If (V, N, *) is a (weak) fuzzy (quasi-)normed space then N(x, -) : [0, +00) — [0, +o0)
is an isotone function for every x € V. In fact, given x € V, if t < s then, by (FON2) and (FQN4),
we have that N(v,t) = N(v,) *1 = N(v,t) * N(Oy,s —t) < N(v+0y,t+s—1t) = N(v,s).
We will use this fact throughout the paper.

Example 3 (cf. [28,29] [Example 1]). Let (V,q) be a quasi-normed space. Let k,m,n € R™ be
fixed. Define N : V x [0, +00) — [0, 1] as the following.

{o ift =0
N(x,t) = kt" .
kt" 4+ mq(x) ift>0

Then, (V, N, ) is a fuzzy quasi-normed space for every continuous t-norm *. If k = n =
m = 1 then (N, ) is called the standard fuzzy quasi-norm, and it will be denoted by (N, *).

Example 4. Let a € [0,1] and consider N, : R x [0, 4+00) — [0, 1] defined as the following.

1 ift> |x|
Na(x,t) = qa if0<t<|x|.
0 ift=0

We can easily prove that (R, N,, x) is a fuzzy normed space for every continuous t-norm .

The reason for having chosen the definition of weak fuzzy (quasi-)norm as considered
in 3 instead of other definition of fuzzy norm is that every weak fuzzy (quasi-)norm (N, %)
on a vector space V induces a fuzzy (quasi-)metric (My, *) on V (in the sense of the
paper [26]) given as My (x,y,t) = N(y — x,t) forall x,y € V and all t > 0 (see [18]). Since
(quasi-)metric aggregation functions have been already characterized in [17] and we plan
to characterize here the functions that aggregate fuzzy (quasi-)normes, it is natural to select
a concept of fuzzy (quasi-)norm that allows constructing a fuzzy (quasi-)metric.

4. Aggregation of Weak Fuzzy (Quasi-)Norms

In Section 2 we have summarized the known results about the aggregation of (quasi-)metrics
and asymmetric norms on products and on sets. On the other hand, in [17], the functions
that aggregate fuzzy (quasi-)metrics on products and on sets were completely characterized.
Nevertheless, to the best of our knowledge, the problem for fuzzy (quasi-)norms has not
been already solved. The goal of this section is fill in this gap. We first set the definitions of
the functions that we intend to characterize.

Definition 4. A function F : [0,1]1 — [0,1] is said to be the following:
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e A weak fuzzy (quasi-)norm aggregation function on products if given a t-norm * and
a collection of weak fuzzy (quasi-)normed spaces{(V;, Nj, +) : i € I} then (Fo N, *) isa
weak fuzzy (quasi-)norm on [ [;c; V; where N : [Tjc; Vi x [0, +00) — [0,1]! is given by the
following: _

(N(x,1)); = Ni(xi, )
forevery x € [y Viand t > 0.
If the previous condition is only verified for a t-norm x, then F is called an x-weak fuzzy
(quasi-)norm aggQregation function on products.

¢ A weak fuzzy (quasi-)norm aggregation function on sets if given a t-norm * and a
collection of weak fuzzy (quasi-)norms {(N;, %) : i € I} defined on a real vector space V then
(F o N, x) is a weak fuzzy (quasi-)norm on V where N : V x [0, +00) — [0,1]! is given by
the following:
(N(x,t)); = Ni(x,t)

foreveryx € Vandt > 0.
If the previous condition is only verified for a t-norm x, then F is called a »-weak fuzzy
(quasi-)norm aggqregation function on sets.

Remark 4. It can be easily proved that a weak fuzzy (quasi-)norm aggregation function on products
F: 0,11 — [0,1] is also a weak fuzzy (quasi-)norm aggregation function on sets. Trivially, if the
cardinality of I is one, then the two notions are equivalent. However, if the cardinality of I is greater
than one, the two concepts are different in general as we next illustrate with an example.

Example 5. Consider I an index set and j € 1 is fixed. Denote by P; the jth projection. It is obvious
that P; is a weak fuzzy (quasi-)norm aggregation function on sets since if {(Nj, *) : i € I} isa
collection of weak fuzzy (quasi-)norms on a vector space V, then (Pj o N,*) = (Nj, ).
Nevertheless, if {(Vi, N, *) : i € I} is a collection of nontrivial weak fuzzy (quasi-)Jnormed
spaces, consider x € [];c; V; such that x; = Oy, and x; # Oy, whenever i # j. Then Fo N(x) =0,

but x # Oy, v, s0 (Fo N, %) is not a weak fuzzy quasi-norm on [T;c; Vi.

In the following, we will introduce several valuable concepts used in [17] for proving
a characterization of fuzzy (quasi-)metric aggregation functions which will be also useful
in our work. Actually, it will be shown that weak fuzzy (quasi-)norm aggregation functions
are exactly the fuzzy (quasi-)metric aggregation functions. Notice that this is not true in
the crisp context where norm aggregation functions are metric aggregation functions, but
the reciprocal implication does not hold in general [2,3,89].

We begin by recalling the notion of (asymmetric) *-triangular triplet [14,17] in which
we will use the operation *! on [0, 1]/ defined as (a *! b); = a; * b; for every i € I and every
a,be[0,1].

Definition 5 ([14,17]). Consider an index set I and a t-norm *. A triplet (a,b,c) € ([0,1]1)3 is
said to be the following:

e x-triangular if
a*lbjc, ax'c=b and b*lcja,

in other words,
a;+xb; <vc¢j, ajxc; <b; and b;xc; < a;, foreveryi € I.

e Asymmetric *-triangularifa x/ b < c.

If (a, b, ) is an asymmetric x-triangular triplet for every t-norm x, then (a, b, c) is called
a(n) (asymmetric) triangular triplet.
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Example 6. Consider a weak fuzzy (quasi-)normed space (V, N, x). Then (N(x,t), N(y,s), N(x+
y,t +5s)) is an asymmetric x-triangular triplet for every vector x,y,z € V and every t,s > 0.

Definition 6 ([17]). Consider an index set I and a t-norm *. A function F : [0,1]1 — [0,1]
is said to preserve *-triangular (asymmetric *-triangular) triplets if for every *-triangular
(asymmetric x-triangular) triplet (a,b,c) € ([0,1]1)3 then (F(a), F(b), F(c)) is a *-triangular
(an asymmetric *-triangular) triplet.

If F preserves x-triangular (asymmetric x-triangular) triplets for every t-norm *, then F is
said to preserve triangular (asymmetric triangular) triplets.

We next provide a concept that is a particular case of the concept of domination
as considered in [10]. Domination has been demonstrated to be useful in the study of
the preservation by means of aggregation functions of some properties of certain fuzzy
structures [10,17,30]. It has also been used for constructing other fuzzy structures such as
m-polar *-orderings [31].

Definition 7 ([10,17]). Given a triangular norm x, a function F : [0,1]1 — [0,1] is
x-supmultiplicative if the following is the case.

F(a)+«F(b) < F(ax'b), forevery a,b € [0,1]".
We will say that F is supmultiplicative if F is x-supmultiplicative for every t-norm *.

*-supmultiplicative functions and functions preserving (asymmetric) *-triangular
triplets can appear to be unrelated concepts. However, both have been used for character-
izing, in different senses, the functions preserving the property of *-transitivity of fuzzy
binary relations [10,14]. Its relationship has been disclosed in [17] in the following way.

Proposition 1 ([17] (Proposition 3.30)). Let F : [0,1]! — [0, 1] be a function and * be a t-norm.
Each of the following statements implies its successor:

(1)  F preserves asymmetric x-triangular triplets;

(2)  F preserves -triangular triplets;

(3)  Fis x-supmultiplicative.

If F is isotone then all the above statements are equivalent.
We still need to recall two concepts that will be needed in our characterization.

Definition 8 ([32,33]). A function F : [0,1]! — [0,1] is called sequentially left-continuous if
F is sequentially continuous when [0,1]! is endowed with the product topology of the upper limit

topology, and [0, 1] carries the usual topology. Recall that the upper limit topology on [0, 1] has as
base {(a,b] : a,b € [0,1],a < b}.

Remark 5. Notice that if F is isotone then, for proving that F is sequentially left-continuous, it
is enough to consider nondecreasing sequences on [0,1]. In fact, let {t,},cn be a sequence in
[0,1]! converging to t with respect to the product topology of the upper limit topology. For all
n € N, define sy € [0,1)! as (sy); = infys, (t;); for all i € 1. It is obvious that {s, },en is a
nondecreasing sequence and s, = t, for all n € N. Moreover, \/,en tn = V ey Sn = t. Suppose

that {F(sy) } nen converges to F(t) = F(\/ e tn), that is, \/yen F(sn) = F(Vyen tn). Then,
the following is the case:

F(\/ ta) =\ F(sn) < \/ F(ta) <F(\/ tn)

neN neN neN neN

since F is isotone. Therefore, \/ ;e F(tn) = F(V pen tn) = E(1).
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Recall (see Section 2) that the characterizations of an asymmetric norm aggregation
function or a (quasi-)metric aggregation function f require the imposition of some condi-
tions on the set f~1(0). These conditions will be substituted by certain properties of the
core in the fuzzy framework.

Definition 9 ([17]). Given a function F : [0,1]! — [0,1], its core is the set F~1(1).

We say the following:

e Fhasatrivial core if F~1(1) = {1};

*  The core of F is countably included in a unitary face if given {a, : n € N} C F~1(1)
there exists i € I such that (a,); = 1 foralln € N.

The following result characterizes the weak fuzzy (quasi-)norm aggregation functions
on products (compare with [17] (Theorem 4.15)).

Theorem 6. Let F : [0,1]! — [0,1] be a function and  be a t-norm. The following statements
are equivalent:

(1)  Fis a (x-)weak fuzzy quasi-norm aggregation function on products;

(2)  Fisa (x-)weak fuzzy norm aggregation function on products;

(3) F(0) =0, F is isotone, (x-)supmultiplicative, sequentially left-continuous and F has trivial
core;

(4) F(0) = 0, F is sequentially left-continuous with trivial core, and F preserves asymmetric
(x-)triangular triplets.

Proof. (1) = (2) This implication can be easily observed. (2) = (3) We begin showing that
F(0) =0.Let (V,N, %) be a weak fuzzy normed space and x € V. Let {(V;,N;, %) : i € I}
be the family of weak fuzzy normed spaces such that (V;, N;, ) = (V,N, ) for alli € I.
By assumption, (F o N, %) is a weak fuzzy norm on V! so 0 = F o N(x,0) = F(0) where
x; =xforalli €I

Let us check that F has a trivial core. We first notice that if ¢ > 0 then F(1) =
F((N(Ov,t))ier) = F o N(0y1,t) = 1 by (FQN2).

In order to obtain a contradiction, suppose that there exists a € [0, 1]! verifying that
F(a) =1buta # 1.Let ] = {i € I : a; # 1}, which is nonempty. Consider the family of
weak fuzzy normed spaces {(R, N, *) : i € I} where the following is the case.

e Ifi € ], then (Nj, %) = (Ng, *) is the fuzzy norm of Example 4;
e Ifi ¢ ], then (Nj, %) = (N, ) is an arbitrary fixed weak fuzzy norm on R.

By assumption, (F o N, %) is a weak fuzzy norm on R!. Let x € R such that x; = 1 if
i € ] and x; = 0 otherwise. Then, given t > 0, we have the following:

F(1) ift>1

FoN(x,t) = F((Ni(xi,t))icr) = {F(u) zll fo<t<1.

which contradicts (FQNZ2). Hence, F has trivial core.

We next show the isotonicity of F. Consider two elements a,b belonging to [0, 1]’
verifying a < b. Let us consider the real vector space R and, for every index i € I, we
define N; : R x [0, +c0) — [0, 1] as follows.

0 if0<t<|x|,

a; if x| <t <2x|,
b, if2]x| <t<3lx|,
1 ift > 3|x|.

Ni(x,t) =
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It is simple to show that (R, N;, ) is a weak fuzzy normed space for every i € I.

Furthermore, N;(1,2) = a; and N;(1,3) = b; for every i € I. Since (F o N, %) is a weak
fuzzy norm on R, then F o N (1, -) is increasing. Consequently, we have the following.

FoN(1,2) < FoN(1,3)
F((Ni(1,2))ier) < F((Ni(1,3))ier)
F((ai)ier) < F((bi)ier)

F(a) < F(b)

Thus, F is isotone.
Now, we show the *-supmultiplicativity of F. Let a,b € [0,1]!. Define L; = {(x,y) €

R?:x #0,y =0}, L = {(x,y) €ER>: x =0,y # 0} and L3 = R?\(L; UL, U {(0,0)}).
For each i € I, define a function N; : R? x [0, +00) — [0,1] as follows:

0 if0<t<|x|,
a; ifxeLyand > ||x|,
Ni(x,t) = < b; ifxeLyand t > ||x|,
a;xb; ifxeLzandt > |x|,
1 ifx=0andt >0,
where || - || is the Euclidean norm. Then (Nj, *) is a weak fuzzy norm on R? for all i € I.

We only verify that (N;, x) satisfies (FQN4). Let x,y € R2and t,s > 0. If x + y =0,
the inequality is trivially true. If x = 0 or y = 0, we also obtain the inequality since
Nj(z,-) is isotone for every z € RZ2. Thus, let us suppose that x +y # 0, x # 0 and
y #0.Letj € {1,2,3} suchthatx+y € L;. If x € Lj or y € L;, then it is clear that

N;i(

x,t) * Ni(y,s) < Ni(x+y,t+s). Ifx ¢ Ljand y ¢ L;, we distinguish the following

three cases:

If j =3,thenx € Ly and y € L, or viceversa. If t < ||x|| ors < ||y||, then Nj(x,t) =0
or Ni(y,s) = 0. so the inequality holds. Otherwise t > ||x|| and s > ||y||, which
implies that t +s > |[|x|| + ||y| > |x + y|. Hence, N;(x,t) * Nij(y,s) = a;*b; <
Ni(x+y,t+s) =a;xb;

If j = 2, then at least one of x,y belongs to Ls. Without loss of generality, we can
suppose that x € L3. As above, if t < ||x|| ors < ||y||, then Nj(x,t) = 0 or N;(y,s) =
0, so the inequality holds. Otherwise t > ||x|| and s > |[|y||, which implies that
t4s > x| + gl = llx+yl. Hence, Ni(x,t) * Ni(y,s) = a; * by & Ni(y,s) < bi =
Ni(x +yt+ S).

If j = 1, we can reason as in the previous case.

Since (F o N, %) is a weak fuzzy norm on (R?)!, it verifies (FQN4). By defining

(1,0),(0,1),(1,1) € (R?)! such that (1,0); = (1,0), (0,1); = (0,1) and (1,1); = (1,1) for
all i € I, we have the following.

FoN((1,0),2)« Fo N((0,1),2)
F((ai)ier) * F((bi)icr)

Thus, F is *-supmultiplicative.
Finally, we demonstrate that the function F is sequentially left-continuous. By Remark 5,

oN((1,1),4)

<Fo
< F((a;*b;)icr)

let {s; },en be a nondecreasing sequence in [0, 1]! having as limit s € [0,1] in the product
topology of the lower limit topology.
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For eachi € I, define N; : R x [0, +00) — [0, 1] as the following.

0 if0<t<l,
. 1 .
Ni(x,t) = <Sn)i if |x|(1_m) <t< |x|<1_m),n eN
si i 0<|x[ <t
1 ifx=0,t>0.

Then, (R, Nj, %) is a weak fuzzy normed space for all i € I. We only check (FQN4).
Let x,y € Rand t,s > 0.If N;(x,t) = 0 or N;(y,s) = 0, then the conclusion is obvious,
so we suppose that N;(x, t) # 0 and N;(y,s) # 0. We may also assume that x # 0,y # 0
and x +y # 0 (otherwise, the conclusion follows trivially). If |x| < t and |y| < s then
lx+y| <|x|+|y| <t+s,s0Ni(x+y,t+s) =s; > Ni(x,t) * Ni(y,s) =s; xs;.

Now suppose that |x| > t and |y| < s. Since N;j(x,t) # 0 and x # 0, we also have it
that 0 < % < t. Then, there exists ny € N such that the following is the case.

1 1
- < — .
|x] (1 x 1> <t <|x| (1 - >

Therefore, the following obtains.

s> (1 —— )yl > xl (1 ——) +pyi(1- —
ny +1 Y ny+1 Y ny+1
1 1
= — > — .
(x40 (1= 2 ) 2 el (1- )

From this and since {(sn); } nen is nondecreasing, N;(x +y,t+5s) > (sp, )i = Nj(x,t) >
N;(x,t) = Nj(y,s).
If |x| < tand |y| > s, we can reason as above.

Finally, let us suppose that [x| > t and |y| > s. Then, we can find ny, n, € N such that
the following is the case.

1 1 1 1
JE < N — P — < — .
|x|<1 nx—i-l) <ts |x|(1 nx—i-Z) and |y|<1 ny—i-l) o= |y|(1 ny+2>

Then, we have the following.

1 x| ly|
1-— V< _ _
|x+y|( (nx/\ny)+1)_|x|+|y (e Any)+1  (nyAny)+1

|x| ly|
§|X|+|y‘*m*#<t+s.

Hence, the following is the case.

Ni(x +y,t+38) > (Sucany)i > (Sn,)i * (sn,)i = Ni(x,t) * Ni(y,s).

Consequently, (N, x) satisfies (FQN4).
Consider the collection of fuzzy normed spaces {(R, N;, ) : i € I'}. By assumption,
(Fo N, ) is a weak fuzzy norm on R!. Then F o N(1, -) is left-continuous so {F o N(1,1 —

%ﬂ) }nen converges to F o N(1,1). We observe that the following is the case:

FoR (11— s ) = F(N(11-15)) ) = F(en = Fs)
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for every n € Nand

FoN(11) = F((Ni(1,1))ic1) = F((si)ier) = F(s).

Thus, F is sequentially left-continuous.

(3) = (4) We are required to demonstrate that F preserves asymmetric (*-)triangular
triplets. This was proved in [17] (Proposition 3.30), but we will reproduce it here. Let
(a,b,c) € ([0,1]7) such that a *' b < ¢. Since F is *-supmultiplicative and isotone, then
the following is the case.

F(a) x F(b) < F(ax'b) < F(c).

Hence, (F(a), F(b),F(c)) is an asymmetric *-triangular triplet.

(4) = (1) Let {(V;, N;, ) : i € I} be a collection of weak fuzzy quasi-normed spaces.
We need to prove that (F o N, ) is a weak fuzzy quasi-norm on [];c; V;

Given x € [[;c; Vi, then F o N(x,0) = F((Nj(x;,0))ic;) = F(0) = 0; thus, (FQNT1)
holds.

Now, suppose that F o N(x,t) = Fo N(—x,t) = 1forall t > 0. F has trivial core this
is equivalent to N(x,t) = N(—x,t) = 1 for allt > 0, that is, Nj(x;,t) = Nj(—x;,t) =1
foralli € I and all t > 0. Since (Nj, %) is a weak fuzzy quasi-norm for all i € I, then
x = (Ov;)ier = Oy, v; thus, (FQN2) is true.

Obviously, F o N verifies (FQNB3) since given A, t > 0 and x € [];c; Vi, we the follow-

FoN(Ax,t) = F(N:(Axi, £))ics) = F((Ni <xi, ;))id) ~Fo Kr<x, ;)

Now, we verify (FQN4). Let x,y € [[;c; V; and t,s > 0. Since (N;, %) is a weak fuzzy
quasi-norm for alli € I, itis clear that the triplet ((Nj(x;, t))ic1, (Ni(y;,s))icr, (Ni(xi +y;, t +
s))ic1) is asymmetric *-triangular. By hypothesis, (F((N;(x;, t))ic1), F(Ni(y;,5))ic1),
F((Nij(x; +y,,t+5s))icr)) is an asymmetric *-triangular triplet, so the following is the case:

F((Ni(xi,t))ier) * F((Ni(y;,8))ic1) < F((Nij(x; +y;,t +5))ic1)

which means that F o N verifies (FQN4).

At last, we must prove (FQNS5), that is, F o N(x, -) is sequentially left-continuous
for every x € []ic; Vi. Let {tu},cn be a nondecreasing sequence on [0, 1] converging to
t. Tt is clear that {N(x, t,) } ,en is a nondecreasing sequence on [0,1]! due to the fact that
N;(x;, -) is isotone for every i € I. Furthermore, the sequence {N;(x;, tu) },en is convergent
to Nj(x;,t) for alli € I. Thus, {N(x,t,)},en converges to N(x, t). Since F is sequentially
left-continuous, the conclusion follows. [

ing.

Observe that, in the crisp context, the norm aggregation functions on products also
coincide with the asymmetric norm aggregation functions on products [8,9]. Nevertheless,
these functions are different from the (quasi-)metric aggregation functions on products [2,3].
Surprisingly, this does not occur in the fuzzy framework.

Corollary 1. Let F : [0,1]' — [0,1] be a function and * be a t-norm. Then F is a (x-)weak
fuzzy (quasi-)norm aggqregation function on products if and only if F is a (x-)fuzzy (quasi-)metric

aggregation function on products.

Proof. This is a direct consequence of the previous theorem and [17] (Theorem 4.15) (notice
that, in that paper, sequentially left-continuity is called simply left-continuity). O

Example 7.
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e Let F:[0,1] — [0,1] be an isotone and left-continuous function such that F(0) = 0 and
F~1(1) = {1}. Then, F is a A-weak fuzzy (quasi-)norm aggregation function on products
since it is a A-supmultiplicative function;

e Let F:[0,1)" — [0,1] be an isotone and left-continuous function such that F(0) = 0 and
F~Y(1) = {1}. Then, F is a *p-weak fuzzy (quasi-)norm aggregation function on products
where xp is the drastic t-norm since it is a *p-supmultiplicative function;

e Given a continuous t-norm = and n € N, the function F, : [0,1]" — [0,1] given by
Fi(ay,...,ay) = ay % ... ay satisfies the conditions of Theorem 6. Therefore, F is a *-weak
fuzzy (quasi-)norm aggregation function on products.

o Consider an index set I. Then, the function Inf : [0, 1] — [0,1] given by Inf(x) = infic; x;
satisfies the conditions of Theorem 6. Therefore, it is a weak fuzzy (quasi-)norm aggregation
function on products.

The following theorem, which must be compared with [17] (Theorem 4.19), provides
a characterization of the functions that aggregate weak fuzzy (quasi-)norm aggregation
on sets.

Theorem 7. Let F : [0,1]' — [0,1] be a function and  be a t-norm. The following statements are
equivalent:

(1)  Fis a (x-)weak fuzzy quasi-norm aggregation function on sets;

(2)  Fisa (x-)weak fuzzy norm aggregation function on sets;

(3) F(0) = 0and F(1) = 1. The core of F is countably included in a unitary face, and F is
isotone, (x-)supmultiplicative and sequentially left-continuous ;

(4) F(0) = 0and F(1) = 1. The core of F is countably included in a unitary face, and F is
sequentially left-continuous, and F preserves asymmetric (x-)triangular triplets.

Proof. (1) = (2) This is trivial.

(2) = (3) We first prove that F(0) = 0. Let (V, N, %) be an arbitrary weak fuzzy
normed space, v € V and t > 0. Considering the collection of weak fuzzy normed spaces
{(V,Nj,*) :i € I} where N; = N for all i € I, we have that (F o N, *) is a weak fuzzy
normon Vso0 = FoN(v,0) = F((N(v,0));c;) = F(0).

On the other hand, F(1) = F((N(Oy,t));e;) = Fo N(Oy, t) = 1 by (FQN2).

For proving that F is *-supmultiplicative, we can proceed as in the proof of this fact in
the implication (2) = (3) of Theorem 6.

Now, we check that the core of F is countably included in a unitary face.

Suppose, contrary to our claim, that we can find a sequence {a, : n € N} C F~1(1)
such that for any i € I there exists n; € N verifying (a,,); # 1. Let us consider the vector
space R and, for each i € I, we define N; : R x [0, +00) — [0, 1] as the following.

0 ift =0,
Ni(x, ) = 1 ifx=0,t>0,
(a1); ifx #£0,t> |x],
(a1)i* ... * (apy1)i ifx#O,n'%‘l<t§|%‘,n€N.

Notice that (R, N;, %) is a weak fuzzy normed space for all i € I. Let us verify
this. It is obvious that (FQN1) is satisfied. On the other hand, let x € R such that
Nij(x,t) = Nj(—x,t) = 1 for all t > 0. By assumption, we can find n; € N such that

(an;) # 1.Hence, if x # 0 then N;(x, %) = (a1)i*... % (an41)i < (a1)iN A (ap41)i <1,
which is a contradiction. Therefore x = 0.

Furthermore, let x € Rand A € R\{0}. If x = 0, it is clear that N;(A0,t) = 1 =
N; (O, ﬁ) If x # 0, the equality N;(Ax,t) = N; (x, ﬁ) follows from the equivalences of

the inequalities t > |Ax| and % <t< V;—X‘ with - > xand 2L < £ < 12l respectively,

+1 R Al ST S
so (FQN3’) is proved.
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We next check (FQN4). Let x,y € Rand t,s > 0.If x +y = 0, it is obvious that
Ni(x,t) * Ni(y,s) < Nj(x +y,t+s) = 1. Moreover, if x +y # 0Oand x = 0 ory = 0, the
inequality is also clear since if, for example, y = 0 then N;(x,t) * N;(y,s) = Nj(x,t) =
(a1)i*...% (ay41); forsome n € N. Since t < s+ t, the factors that appear in multiplication
by the t-norm x* in the value of N;(x, t + s) are less or equal than the factors in N;(x, t), so
N;(x,t) < Nij(x,t +s). Finally, suppose that x +y # 0and x # 0,y # 0. If t +5 > |x + y|,
the inequality is clear since N;(x +y,t +s) = (a1 );. Otherwise, t +s < |x +y| < |x| + |y|.
Then, t < |x| or s < |y|. We distinguish some of the following cases:

e < |x|ands > |y|. Then, there exists ny € N such that % <t< ‘%l Then, the
following is the case.
|x]

t '
+S>nx+1

x| +lyl o Jx+yl

>
+|]/| ny+1 = ny+1

This means that the number of factors that appear in N;(x + y,t + s) is less than or
equal to 1y + 1, which is the number of factors that appear in N;(x,t). Consequently,
N;(x,t) * Nij(y,s) < Nj(x,t) < Nij(x+y,t+s).

e t>|x|ands < |y|. In this case, we can reason as above.

e t<|x|ands < |y|. Let ny, n, € N such that the following is the case.

| O L/ I .}
ny+1 Ny ny—i—l ny
Then, we have the following.
I B £ B L2

ny+1  ny+1 7 max{ng,ny} +1 = max{nyn,} +1

This means that the number of factors that appear in N;(x + y,t + s) is less than or
equal to max{ny,n,} + 1. By reasoning as above, we obtain the desired inequality.

What remains is proving that N;(x, -) is left-continuous. If x = 0, it is obvious. Suppose
now that x # 0 and let t > 0. By construction, if {t, },c is a sequence in (0, +o0) for which
its upper limit is f, we can find 1y € N such that N(x, t,) is constant for every n > ny; thus,
the conclusion follows. We conclude that (Nj, %) is a weak fuzzy norm on R foralli € I.

Notice that if t > 1, then N;(1,t) = (a1);. Thus, we have the following.

FoN(1,t) = F((N;(1,t))ier) = F(((a1)i)ie1) = F(a1) = 1.

If 0 < t <1, then we can find n € N such that Nj(1,t) = (a;); *...* (a,4+1); for all
i € I. Since F is *-supmultiplicative, then we have the following.

FoN(1,t) = F((N;(1,t))icr) = F(((a1)i * ... * (any1)i)icr) = F(ar * ... x apy1)
> F(ay)*...«F(ay) =1.

Therefore, F o N(1,t) = 1 for all t > 0, which contradicts the fact that (Fo N, *) isa
weak fuzzy norm. Consequently, the core of F is countably included in a unitary face.

The proofs that F is isotone and the proof that F is sequentially left-continuous are
similar to the same proofs in the implication (2)= (3) of Theorem 6.

(3) = (4) This is similar to the implication (3) = (4) of Theorem 6.

(4) = (1) Let {(V,N;, ) : i € I} be a collection of weak fuzzy quasi-normed spaces.
Let us check that (F o N, ) is a weak fuzzy quasi-norm on V.

Given x € V, then F o N(x,0) = F((N;(x,0));e;) = F(0) = 0; thus, (FQN1) holds.

Now, suppose that there exists x € V such that Fo N(x,t) = Fo N(—x,t) =1 for all
t > 0. Since (Nj(x,t), Ni(—x,t), Ni(x;, t) * N;(—x, t)) is an asymmetric *-triangular triplet
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foralli € I, by assumption (F((N;(x,t))icr), F((Ni(—x,t))icr), F((Ni(x, ) * Ni(—x, ) )icr))
is also an asymmetric *-triangular triplet. Thus, the following is the case.

1=1%1=F((Ni(x,t))ier) * F((Ni(=x,t))ic1) < F((Ni(x,#) * Ni(=x,t) )ic1)-

Hence, F((N;(x,t) * N;(—x,t))ie;) = 1 for all t > 0. Let us define a, = (N;(x, 1) *

'n
Ni(—x,))icr. Then, {a, : n € N} C F~1(1). Since the core of F is countably included in a
unitary face, then (a,,); = 1 for some j € I and forall n € N, that is, Nj(x, E Ni(—x, Ly =

1 for all n € N. Consequently, Nj(x, %) = Nj(—x, %) = 1 for all n € N. Moreover, since
Nj(x,-) and N;(—x, -) are isotone, we immediately obtain that Nj(x,t) = N;(—x,t) =1 for
all t > 0. Since (N}, *) is a weak fuzzy quasi-metric on V, then x = Oy. Therefore, Fo N
satisfies (FQN2).

It is clear that F o N verifies (FQNB3) since, given A, > 0 and x € V, we have the
following.

FoN(Ax,t) = F(Ni(Ax, £))ic) = F((N,- (x, ;))ie) ~Fo N(x, ;)

In order to prove (FQN4), let x,y € V and t,s > 0. Since (N, *) is a weak fuzzy quasi-
norm for all i € I, it is obvious that ((Nj(x, t))icr, (Ni(y,5))icr, (Ni(x +y,t+5))icr) is an
asymmetric *-triangular triplet. By hypothesis, (F((N;(x, t))icr), F((Ni(y,s))ier), F((Nj(x +
Y, t+5))icr)) is an asymmetric *-triangular triplet. Thus, the following is the case.

F((Ni(x,t))icr) * F((Ni(y,8))ier) < F((Ni(x +y,t +5))icr)

Thus, F o N verifies (FQN4).
To this end, (FQN5) follows in a similar manner as in the implication (4)= (1) of
Theorem 6. [

Corollary 2. Let F : [0,1]' — [0,1] be a function and x be a t-norm. Then, F is a (x-)weak fuzzy
(quasi-)norm aggregation function on sets if and only if F is a (x-)fuzzy (quasi-)metric aggregation
function on sets.

Proof. This is a direct consequence of the previous theorem and [17] (Theorem 4.19) (notice
that in that, in the paper, sequentially left-continuity is called simply left-continuity). O

We provide an example of a A-weak fuzzy (quasi-)norm aggregation function on sets
that are not a A-weak fuzzy (quasi-)norm aggregation function on products.

Example 8. Let I be a subset of [0, 1] having minimum greater than 0 with cardinality greater
than 1. Let F : [0,1]! — [0,1], given by the following:

F(x)=a-inf{i-x;:i€ I}
forall x € [0,1]!, where x = —L.
It is obvious that F(1) = 1 and F(0) = 0. Moreover, F is clearly isotone. We prove that F is
A-supmultiplicative. Let x,y € [0,1]!. Then, we have the following:

Fx) NF(y) < (a-i-x) A(a-i-y;) =a-i-(xiAy;)

foralli € 1. Hence, F(x) ANF(y) < a-inf{i- (x; Ay;) :i € I} = F(x Aly).

Furthermore, if F(a) = 1, then amin; = 1. Otherwise, min I - awin 1 < min I, which implies
thatinf{i-x; :i € I} <minl- apin; < minI. Thus, F(a) < 1 follows, which is a contradiction.
Consequently, the core of F is countably included in a unitary face. Thus, F is a N-weak fuzzy
(quasi-)norm aggQregation functions on sets.
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However, the core of F is not trivial. In fact, given j € I\{min I}, then F(b) = 1 where

b € [0,1]! is given by b; = 1 whenever i # j and bj = mijnf,
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Abstract: Linear Diophantine fuzzy set (LDFS) theory expands Intuitionistic fuzzy set (IFS) and
Pythagorean fuzzy set (PyFS) theories, widening the space of vague and uncertain information
via reference parameters owing to its magnificent feature of a broad depiction area for permissible
doublets. We codify the shortest path (SP) problem for linear Diophantine fuzzy graphs. Linear
Diophantine fuzzy numbers (LDFNs) are used to represent the weights associated with arcs. The
main goal of the presented work is to create a solution technique for directed network graphs by
introducing linear Diophantine fuzzy (LDF) optimality constraints. The weights of distinct routes are
calculated using an improved score function (SF) with the arc values represented by LDFNs. The
conventional Dijkstra method is further modified to find the arc weights of the linear Diophantine
fuzzy shortest path (LDFSP) and coterminal LDFSP based on these enhanced score functions and
optimality requirements. A comparative analysis was carried out with the current approaches
demonstrating the benefits of the new algorithm. Finally, to validate the possible use of the proposed
technique, a small-sized telecommunication network is presented.

Keywords: linear Diophantine fuzzy graphs; Dijkstra’s algorithm; linear Diophantine fuzzy numbers;
score function; shortest path problem

1. Introduction

At the heart of a network’s flow is the shortest path problem (SPP). The main challenge
of an extensive range of real-life network issues is to transfer any products between two
defined nodes efficiently and inexpensively. Therefore, the shortest path (SP) should then
be used to formulate such real applications as discovering a route with respect to the
length with the lowest cost, time, or distance from the start node (SN) to the terminal node
(TN). Traditionally, it was believed that the costs traversing of edges can be represented as
crisp numbers (CNs). However, since prices fluctuate with traffic patterns and weather,
these values are usually imprecise or ambiguous in nature. The fuzzy set (FS) concept was
introduced by Zadeh [1] to address such ambiguity. Economics, medical science research,
and many other areas struggle daily with unclear, imprecise, and sometimes inadequate
knowledge in ambiguous data modeling. There have been proposals for non-classical and
higher-order fuzzy sets for various specialized purposes after the proposal of fuzzy set
theory. Zadeh’s [1] FS theory is a valuable method for dealing with imprecise knowledge
in SPPs. As a result, researchers have made numerous attempts to solve various forms of
SPPs in the fuzzy domain.

Okada [2] suggested an algorithm to solve the fuzzy SPP, hinging on the possibility
principle, to decide the degree of chance for each arc. Based on the fuzzy SPP, Keshavarz
and Khorram [3] generalized the fuzzy SPP to a bi-level programming problem and
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suggested an appropriate algorithm. A constant quantity is a predicament in SPs in solving
the resulting issue. With ambiguous multicriteria decision-making (MCDM) approaches
focused on similarity tests, Dou et al. [4] tackled the fuzzy SP issue in a multiple constraint
network. Deng et al. [5] used the ranked mean integration definition of fuzzy numbers
to extend the Dijkstra algorithm to solve fuzzy SPPs. Furthermore, a few experts [6,7]
have spotlighted solving the SPP in a network using heterogeneous forms of heuristic
algorithm-based fuzzy arc values.

Nevertheless, FS only takes a satisfaction grade and does not convey a dissatisfaction
grade. The dissatisfaction grade here is the counterpart of the satisfaction grade. The intu-
itionistic FS (IFS) is a generalization of FS theory, and it was introduced by Atanassov [§],
who incorporated the dissatisfaction grade during the analysis. Here, the sum of the
satisfaction grade and the dissatisfaction grade is less than or equal to one. In the IFS
environment, some researchers are working on solving the SPP with IFS arc values. Mukher-
jee [9] found the SP in an IFS theory world. To address the IFS theory SPP, an alternative
algorithm for the shortest path length protocol and a similarity metric for the intuition-
istic fuzzy sets were proposed by Geetharamani and Jayagowri [10]. Biswas et al. [11]
established a protocol for finding an intuitionist fuzzy set theory SPP between the start
node (SN) and the terminal node (TN). An algorithm was developed by Kumar et al. [12]
to identify the SP and the shortest distance (SD) in a network using arc weights under
an interval-valued intuitionistic fuzzy set. Sujatha and Hyacinta [13] contemplated two
distinct methods to solve the issue of the SP in an IFS setting. With an additional limitation
under the intuitionist fuzzy setting, Motameni and Ebrahimnejad [14] focused on solving
the SPP.

IFSs have attracted much attention and are seen in many different aspects of real
life. In IFSs, the constraint sum of membership y and nonmembership v does not exceed
one, which restricts the option to the satisfaction and dissatisfaction classes. To avoid
this, Yager [15-17] proposed the Pythagorean fuzzy set (PyFS), which is represented
by a satisfaction grade () and a dissatisfaction grade (v) with the constraint that the
sum of squares of y and v does not exceed one. The principle of the Pythagorean fuzzy
number (PyFN) was introduced by Zhang and Xu [18] to interpret the dual aspect of an
element: the expert gives the details about an option with a satisfaction score of 0.9 and a
dissatisfaction grade of 0.3 in a decision-making environment; the IFN struggles to resolve
this case, as 0.9 + 0.3 > 1; however, (0.9)% + (0.3)2 < 1. Akram et al. [19,20] recently
implemented several new Pythagorean fuzzy graph (PyFG) operations, such as exclusion,
symmetric disparity, residue product, and maximal product. To extend fuzzy sets, several
researchers [21-28] implemented and examined different forms of the SP algorithm.

IFSs and PyFSs have diverse applications in multiple real-life environments, but both
concepts have their own limitations in the satisfaction and dissatisfaction grades. Riaz and
Hashmi et al. in [29,30] presented the approach of the linear Diophantine fuzzy set (LDFS)
with the inclusion of comparison parameters in order to eliminate these constraints. LDFSs
are more flexible and efficient compared to the other concepts as a result of the adoption of
reference parameters, which have seen a boom in recent times [31-35]. Recently, in 2021,
Riaz et al. [30] extended their study to linear Diophantine fuzzy graph (LDFG) theory.

The SPP is the most prominent graph theory problem. For basically any fuzzy struc-
ture, it has been extensively tested (see [2,36-38]) with an algorithm that is relatively
straightforward and gives us the best-predicted performance, as in [7], at that time. Some
common methods for solving SPPs were proposed by Warshall [39], Dijkstra [40], Bell-
man [41], and Floyd [42]. One of the classical and best methods among them is Dijkstra’s
algorithm (DA). Dijkstra’s dynamic programming (DDP) [5,43] approach may be used
to solve fuzzy shortest path problems (FSPPs) by treating the weights of the edges of a
network as uncertain or fuzzy. LDFSs and LDFGs are more efficient, flexible, and com-
patible than the existing fuzzy concepts as they have reference parameters. The research
gap between these two concepts motivated us to introduce the linear Diophantine fuzzy
shortest path via Dijkstra’s algorithm. This work expands the traditional Dijkstra algorithm
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in accordance with the aforementioned fruitful investigations, allowing us to compute
the linear Diophantine fuzzy SPP’s lowest cost (LDFSPP). The LDFSPP attempts to give
decision-makers the length of the LDFSP and the shortest path in a network with the
linear Diophantine fuzzy arc lengths. LDFNs are assumed to be the cost parameters of the
arcs. A pseudocode for this problem is provided based on Dijkstra’s techniques. Several
operational requirements are described, as well as the expected LDEN values and the
similarity measure LDFNSs using the score and accuracy functions. Finally, a numerical
example is provided to clarify the technique and demonstrate its utility and efficiency.
Furthermore, our findings are compared to the current research.
The objectives of this manuscript are as follows:

1. Linear Diophantine fuzzy set (LDFS) theory is superior to intuitionistic fuzzy set (IFS),
Pythagorean fuzzy set (PyFS), and g-rung orthopair fuzzy set (q-ROFS) theories, with
a wide space of vague and uncertain information via reference parameters owing to
its magnificent feature of a broad depiction area for permissible doublets;

2. Indecision analysis, the membership and nonmembership grades are not enough to

analyze objects in the universe. The addition of reference parameters provides free-

dom to the decision-makers in selecting the membership and nonmembership grades.

The LDFS with the associated reference parameters provides a robust approach for

modeling uncertainties;

We codify the shortest path (SP) problem for linear Diophantine fuzzy graphs;

4. Linear Diophantine fuzzy numbers are used to represent the weights associated with
arcs (LDFNSs);

5. The main goal of the presented work is to create a solution technique for directed
network graphs by introducing linear Diophantine fuzzy (LDF) optimality constraints;

6. The weights of distinct routes are then calculated using an improved score function
(SF) with the arc values represented by LDFNSs;

7. The conventional Dijkstra method is further modified to find the arc weights of linear
Diophantine fuzzy shortest path (LDFSP) and coterminal LDFSP based on these
enhanced score functions and 11 optimality requirements;

8. A comparative analysis is carried out with the current approaches demonstrating the
benefits of the new algorithm. Finally, to validate the possible use of the proposed
technique, a small-sized telecommunication network is presented;

9.  The suggested approach’s efficiency, rationality, and superiority are examined using a
numerical example to describe the communications network; the symmetry of the
optimal decision and the ranking of possible alternatives are then compared.

10. The suggested approach’s efficiency, rationality, and superiority are examined using a
numerical example to describe the communications network;

11. A comparative analysis follows the symmetry of the best decision and the ranking of
viable alternatives.

®

Therefore, this manuscript aims to suggest a technique for solving the SP problem in
the LDFG context. To do so, the mathematical formulation on the SP issues is discussed
first, where the traversal cost of arcs is expressed in terms of LDFNs. Then, we define
the conditions of optimality in LDF networks for the solution algorithm’s design. To do
so, an enhanced score feature is used to compare the costs of various routes with LDFNs
representing their arc costs. The cost of the LDFSP and the corresponding LDFSP are then
calculated using the standard Dijkstra algorithm. A minimal telecommunication network
in the LDF setting is used to explain the proposed algorithm. The rest of the paper is
organized as follows: Section 2 covers some fundamental principles of linear Diophantine
fuzzy sets, while Section 3 covers the statistical formulation of the SP problem in the context
of an LDF network, the LDF shortest path optimality conditions and the expanded Dijkstra
algorithm. Section 4 provides a numerical example that illustrates the proposed solution
methodology. The article is finally concluded in Section 5.
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2. Preliminaries
The definitions from [8,15-17,29,30] are used in the sequel.

Definition 1 ([8]). An IFS J on the universe Q is defined by:

I=A{Gm(),n(DI¢ € O}

where m,n : Q — [0, 1] are the satisfaction and dissatisfaction grades, respectively. The condition
for an IFS is that m +n < 1. A doublet set (m,n) is said to be an intuitionistic fuzzy number
(IFN). The graphical representation of the two-dimensional (2D) and three-dimensional (3D) plots
of an IFS is given in Figure 1.

xX+y

0.4 0.6 0.8

(a) 2D representation of an IFS (b) 3D representation of an IFS

Figure 1. Graphical representation of an IFS.
Definition 2 ([15-17]). A PyFS ‘B on the universe i\ is defined by:

B = {glm(G)l n(§)|€ € ‘»B}

where m,n : P — [0, 1] are the satisfaction and dissatisfaction grades, respectively. The condition
for a PyFS is that m® +n? < [0,1]. A doublet set (m,n) is said to be a PyFN. The graphical
representation of the 2D and 3D plots of a PyFS is given in Figure 2.

X 1, 0.2 0.4 0.6 0.8
y

(b) 3D representation of a PyFS

(a) 2D representation of a PyFS

Figure 2. Graphical representation of a PyFS.
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Definition 3 ([29,30]). An LDFS £ is an object on the nonempty reference set Q of the form:

Lo ={(¢ (mo(0),n0(0)), (,B)) : { € Q}

where mo ({), no ({) are the satisfaction grade and dissatisfaction grade and w, B € |0,1] are the
reference parameters, respectively. These grades satisfy the constraint 0 < amg ({) + Pno (0) < 1 for
all C € Qand with 0 < a4+ B < 1. In describing or classifying a specific system, these comparison
parameters will help. By moving the physical meaning of these parameters, we can categorize the
system. They expand the space used in LDFSs for grades and lift the limitations on them. The
refusal grade is defined as ytn = ({) = 1 — (amgp ({) + Puo ({)), where -y is the refusal reference
parameter. The linear Diophantine fuzzy number (LDFN) is defined as To = ((mp,nn), (¢, B))
with) <a+p <1land 0 < amgp + pnp < 1. The graphical representation of the 2D and 3D
plots of an LDFS can be seen in Figure 3, and the comparison spaces of the IFS, PyFS, and LDFS
are given in Figure 4.

x/10 + y/10 x/2 +y/5

(b) (¢)

Figure 3. Graphical representation of an LDFS. (a) The 2D representation of an LDFS; (b) the 3D representation of an LDFS
with («, ) = (0.1,0.1); (c) the 3D representation of an LDFS with («, ) = (0.5,0.2).
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14 | Dis-satisfication Grade

1.2

0,1) 1)
3

0.8

Space of a LDFS

0.6

Space of a PyFS

0.4

Space of an IFS

0.2

Satisfication Grade

o 02 0.4 06 08 (1,0) 1 12 14

Figure 4. Spaces of the IFS, PyFS, and LDFS.

Example 1. I[fmg = 0.96 and ngy = 0.62, then 0.96 4+ 0.62 = 1.58 £ 1and (0.96)% + (0.62)% %
1.306, but for an arbitrary choice of reference parameters (a, ) € [0,1] with0 < a+ p < 1, we
have 0 < amgp + Py < 1. As for (a, B) = (0.46,0.58), we have (0.46)(0.96) + (0.58)(0.62) =
0.8012 < 1. As a result, we managed to establish a space that is bigger than the IFS and PyFS, and
we have more options to assign values to mgp and ng, which is unachievable in the IFS and PyFS.

Definition 4. An LDFS on Q is said to be:

(i) Anabsolute LDFS, if it is of the form £5 = {{, ((1,0),(1,0)) : { € Q};
(ii) A null or empty LDFS, if it is of the form £ = {Z,((0,1),(0,1)) : { € Q}.

Definition 5. Let T = ((mp,np), (&, B)) be an LDFN, then the score function (SF) is denoted
by &g and the accuracy function (AF) by Az on © and can be defined by the mapping
6 :%Tp(Q) — [—1,1] and given by:

1. S, = 3l(mp —np)+ (a—p)]

2 Ugg) = 3272+ (a t )

where T (Q) is the assembling of all LDFNs on Q.

Definition 6. Let T, = ({(mp,, np,), (ap,, Bp,)) for i € A be an assembling of LDFNs on Q
and X > 0, then:

i) T, = ((no,, mo,), (Bpy, an,));

(i) Tp, =Tp, & mp, =mp,, e, =Np,,&p, = &p,,fp, = P,/

(iii) Tp, CTp, & mp, <mp_,np, >np,,ap, < ap,,fp, > P,/

(iv) Tp, ®Tp, = ((mp, +mp, —mp,mp,, N9, "o, ), (&p, +ap, — &p,ap,, Bp, BD,));
(v) Tp, ®Tp, = ((mp,mp,,np, +np, —no,no,), (ap,ap,, Bp, + Pp, — B0, BD,));
©i) XTp, = ((1-(1-mp,)*)n3 ), (1-(1-an,)¥),B3));

i) T = ((mg ,(1-(1—-np,)")), (a5, (1-(1-Bo,))));

(viii) (591 U%p, = (<m©1 Vmgp,, o, An©z>’ <(XD1 Vap,, .BDl A :BD2>);

(ix) Tp, N%Tp, = ((mp, Amp,,np, Vno,), (ap, Aap,, Bp, V BD,))-

Example 2. Let Tp, = ((0.72,0.37),(0.51,0.41)) and T5, = ((0.93,0.31), (0.66,0.25)) be
two LDFNSs, then:

(i)  TH, =((0.37,072),(0.41,0.51));

(i) Tp, C Tp, by the Definition 6 (iii);

(iii) Tp, ®Top, = ((0.9804,0.1147), (0.8334,0.1025));

(i) Tp, ®Tp, = ((0.6696,0.5653), (0.3366,0.5575));

(v) Tp, UTp, =((0.93,0.31),(0.66,0.25)) = Tp ,;
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(vi) Tp, NTp, = ((0.72,0.37),(0.51,041)) = Tp,.
If X = 0.2, then we have the following:

(vii) XTp, = ((0.2248,0.8197), (0.1330,0.8367) );

(viii) S%l = ((0.9364,0.0883), (0.8740,0.0214)).

Definition 7. Two LDFNs %5, and T5, can be comparable using the SF and the AF. This is
defined as follows:
(i) {Z@l > i@z lfG(‘Z@ ) 6(‘:{@2),’
(ii) i@l < T@ ZfG(i@l) 6(@@2);
(iii) If6(%p,) =6(%p,), then:
(a) Tgl > T@Z lfQ[(T@ ) > Q[(T@ )
(b) S@l < ‘I@Z Zle(T@ ) < Q[(T@ )
(© %o, =To, fU(Tn,) =AT0,)

Definition 8. A pair & = (9, N) is called an LDFG on an underlying set 0, where M is an
LDFS in G and N is a linear Diophantine fuzzy relation on U x U such that:

my (ab) < min{mgy (a), mon (b)}, agn (ab) < min{agn(a), asn(b)}

nor(ab) < max{ngp(a), non (b)}, for(ab) < max{pon(a), o (b)}

where m is known as the satisfaction grade, n is known as the dissatisfaction grade, and w, p are
the reference parameters that fulfill the condition 0 < a + B < 1and 0 < agn(ab)mg(ab) +
B (ab)ngy(ab) < 1 forall a,b € G, where M is a linear Diophantine fuzzy vertex set and N is a
linear Diophantine fuzzy edge set of &.

Definition 9. A linear Diophantine fuzzy digraph or linear Diophantine fuzzy directed graph
(LDFDG) with an underlying set 0 is defined to be a pair & = (£5; L) where Lo is an LDF set
on the vertex set U and L3 is an LDF set on the edge set € C U x U such that:

my (ab) < min{mg (a), mp (b)}, ngp(ab) < max{ng(a),np(b)}

as (ab) < min{ag (a),ap(b)}, fp(ab) < max{po(a) po(b)}

forall a,b € U, where ag (a), an (b) are the reference parameters associated with the vertex a,
Bo(a), Bo (b) are the reference parameters associated with the vertex b, and sy (ab), By (ab) are
the reference parameters associated with the edge ab.

Remark 1. As the name implies, an LDFDG does not hold a symmetric relation on *8, as an LDFG
holds on 0.

Example 3. Let & = (U; &) with the vertices U = {v,,0,,05,0,4,05, 06} where the LDFNSs of
each vertex in 0 are v, = ((0.98,0.11), (0.43,0.10)), v, = ((0.52,0.23),(0.25,0.61)), v; =
((0.69,0.33), (0.74,0.12)), v, = ({0.73,0.61), (0.63,0.33)), vs = ((0.95,0.14), (0.57,0.31)),
and vg = ((0.85,0.24), (0.51,0.29) ) and the edge values are v, , = ¢, = ((0.51,0.23), (0.25,0.60) ),
013 = ¢, = ((0.69,0.33),(0.42,0.61)), v,5 = ¢5 = ((0.52,0.32), (0.25,0.50)), v,, = ¢, =
((0.45,0.61),(0.21,0.59)), v,5 = ¢5 = ((0.52,0.14), (0.23,0.61)), v5, = ¢ = ((0.65,0.60),
(0.61,0.12)), 06 = ¢, = ({0.64,0.21), (0.43,0.10)), v,5 = eg = ((0.71,0.11), (0.52,0.29)),
b6 = o = ((0.70,0.22),(0.49,0.28)), and vog = e;o = ((0.81,0.13),(0.49,0.25)). The
LDFDG and its index matrix are shown below in Figure 5 and Table 1.
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Figure 5. &: the linear Diophantine fuzzy digraph (LDFDG).

Table 1. Index matrix of the graph &.

Vertices b, b, b v, vs b
01 5 & ¢ £ £ £2
o o o
02 ) 5 ¢ ¢ ¢ o)
o o o o
03 £3 £5 £5 e6 £3 e,
o o o o
o o o o o
05 £5 £5 £5 £5 £5 e1o
6 £95 £ £ £95 £5 £95

3. Dijkstra Algorithm for Finding the Shortest Path in a Network

The SPP is the most prominent graph theory problem. For basically any fuzzy struc-
ture, it has been extensively tested (see [2,36-38])) with an algorithm that is relatively
straightforward and that gives us the best-predicted performance, as in [7], at that time.

The graph & = (%, €) is an LDF-directed graph, where ¥ = {s = 1,2,...,¢ = m} and
U xV==¢={(ij):i,) € Y,i #j} represents the vertex and edge set, respectively. The
ordered pair (i,j) denotes an edge of the graph that connects the two different vertices
i,j € 0. Itis considered a connected network with given arcs and nodes in which s is the SN
and e is the TN. It is assumed that from the node i to the node j, there is only one directed arc.
The route (path) p;; from node i to node j is a series of arcs pi; = {(i,i1), (i1,12), ..., (i, j) } in
which each arc’s initial node is the same as the corresponding arc’s terminal node in the
sequence. The cost of the path that is directed is specified as the route costs the sum of the
arc. The problem is to identify the SP between s and ¢ for each arc-related parameter in
terms of cost (or time, or space, etc.). In terms of LDENSs, this parameter is assumed to be
€ij = (agn(ab)mgy(ab), B (ab)ny (ab)), where my (ab) is the satisfaction grade, ny (ab) is
the dissatisfaction grade, and agy (ab), Bon (ab) are the reference parameters of the arc i —j.
This is included in the shortest path with respect to the cost for traveling along the arc i — j.

The parameters associated with each arc i, reflect the expense of the arc in consid-
eration. The objective of the SPP is to find the path or route with the lowest cost, from
starting node s to destination node ¢. Certain and precise values for the arc are considered
in conventional SP issues.As time and costs fluctuate regarding the payload, weather,
and traffic conditions, various fuzzy set extensions may be used to reflect imprecise and
ambiguous arc costs. LDFNs are used in this work to represent the ambiguous criteria of
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the issue of the SP under discussion. Therefore, the subsequent problem is referred to as
the linear Diophantine fuzzy SP (LDFSP) problem. In an LDFSP problem with LDFNs for
the arc length setting, there are two major topics that must be addressed:

1. To the linear Diophantine fuzzy arc prices, two edges are added;
2. Score functions are used to compare distance values between two distinct paths with
edge lengths depicted by LDFNs.

The linear Diophantine fuzzy Dijkstra algorithm is a generalized form of the fuzzy
Dijkstra’s algorithm based on its predicted values. In our next subsection, we give the
linear Diophantine fuzzy Dijkstra algorithm followed by an example.

3.1. The Dijkstra Algorithm: Our Extension via the LDFG

The algorithm assigns a state to each point, with the state of a node consisting of
two specificities: the distance value and the status mark. A node’s “distance value” is a
measurement of its source distance, and the “status mark” is a function that decides when
a node’s distance value equals the shortest distance. If this is the case, the status label is
permanent; otherwise, it is temporary. The algorithm incrementally preserves and updates
the nodes. A single node is allocated as the current one at every stage. The pseudocode
and the flowchart for the suggested process are introduced in the algorithm below and in
Figure 6, respectively. Table 2 explains the set of notations used in Algorithm 1.

Algorithm 1: Pseudo-code for the proposed linear Diophantine fuzzy Dijkstra’s
algorithm (LDFDA).

1. function linear Diophantine fuzzy Dijkstra’s (&, s)

2. for each node j € & //initialization

3. status label [j] < (oo, t); //an attribute specifying the distance value of node j

4. previous [j] <— not defined; / /former node in optimized path from the start
node

5. end for

6. status label [s] <— (0, p); // distance of the start node to itself

7. ¥ + set of all possible nodes with temporary labels in &

8. while ¥ is nonvoid // the main loop

9. 1 + node in T with the minimum distance value 0;;

10. if status label [i] <— (oo, p), then

11. stop; // all the other nodes are impenetrable form the start node

12. end if

13. delete i from ¥;

14. for every j such that there exists link (i, j)

15. alt < 0; + ¢;5; / /defuzzification of the linear Diophantine fuzzy number

16. if alt < 0y, then // comparison of the distance values values to obtain the
smallest distance value

17.0; < alt;

18. previous [j] - [i];

19. end if

20. status label [j] <— (alt, p); //updated distance label
21. end for

22. end while
23. return status label [];
24. end function
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Identify the SN 1 and TN (n)

Set node 1=£4 as P-label

Find the accessible neigh-
bor nodes of node 1

set T-node’s label B and update
neighbor’s status record set

Reckon the LDF-score functions
all the edges connected to node 1

Identify the node linked to
1 that has the lowest LDF-
score and set it as P-node

The string of nodes rep-
resents the best route

Figure 6. Flowchart for the proposed algorithm.

-G

Table 2. Notations used in the proposed Algorithm 1.

T {all temporary labeled nodes}
L {all permanent labeled nodes}
i the SD from the start node to a node
j a variant
0; renovated distance from the start node
Cij cost value between nodes i and j
alt alternate variant

3.2. The Proposed Dijkstra Algorithm: A View

The methodology suggested in this article, in contrast to the available techniques, is

more useful in finding the SP. The primary benefit of using FNs’ predicted values is that
they bring out only a single value. Without the method of rating FNs, decision-making can
be achieved quickly. In an area of highly ambiguous parameters, this is computationally
useful for addressing SPPs. The characteristics and a comparison analysis of the four types
of systems that can be used in the evaluation of SPPs are summarized in Table 3.

We claim that there are benefits to linear Diophantine fuzzy sets over ordinary FSs
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our approach deals with the SPP with a network with linear Diophantine fuzzy arc lengths
from the SN to the TN.
The shortest path analysis of the linear Diophantine fuzzy set is as follows:

e  First of all, our approach modifies the principle of the predicted values for LDFNs.
For the predicted values of LDFNs, we obtain novel results;

¢ We use this method of implementation to solve a well-known shortest path algorithm,
the so-called Dijkstra algorithm, under which the method of the defuzzification of
LDENS allocated to network arcs is performed by computing their predicted values;

*  To calculate the SD value, a juxtaposition of the LDFNs is accomplished in terms of
the score function, gleaned from the predicted LDFN values, leading directly to a crisp
number.

Therefore, as compared to other fuzzy shortest path methods, our accomplishment is
rationally more structured, sound, and simple to add.

Table 3. Comparison to crisp and other fuzzy models.

SPP under Models Links or Edges Satisfaction Grade Dissatisfaction Grade Parameterization
Crisp set CN - - -
FS FN v - -
IFS IFN v v -
PyFS PyFN v v -
LDFS LDEN v v v

4. Numerical Application

It is very important to save any victims anytime a disaster happens. The urgency
of time is the most salient characteristic of time-sensitive decision-making. The rescue
plan must be completed within a short period, and helping the rescuers immediately
know the position of any trapped persons is the job of the decision-maker. The time
required to reach the rescue location almost always directly affects the performance of the
rescue mission; the primary objective function is therefore considered to be the soonest
achievable arrival time. When the rescue team and the police have fixed arrival times, it
is possible to simplify the shortest rescue time as the shortest path desired and further
as the shortest transportation time. For other factors that may present obstacles, such as
damage to a bridge, the accumulation of water on a road, and damaged roads, the grade
values are defined by the amount of damage to the transport infrastructure, and the weight
of the path is represented by the LDFNs. This combinatorial optimization dilemma is
typical of SPPs. Dijkstra’s algorithm is used to solve these types of problem. In real-time
applications, a digital vector map is typically the descriptive model of an urban road
network. The layout of the map related to the vertices and edges is abstracted to effectively
analyze the SP. During the emergency, finding the SP to reach the destination/target is
difficult. An effective deployment will boost the rescue team’s rapid response capability
and total command capacity. An algorithm for the SP is developed for the directed graph,
and the weights of all the edges are represented by LDFNs. Because of the unrestricted
choice of attribute grades and the parameterized classification of the LDEFS, this model is
superior to the others. As a result, this model provides the best option for selecting an
appropriate action.

The rescue location and the location of each rescue team are denoted by the vertices
of the graph. The 91 emergency team sites, passing points, and rescue points comprise a
disaster area. In directed graph & (%, €), U denotes the location of the rescue team, the
passing points, and the recovery location, and & denotes the path between two rescue
locations. The length of the path is important to find the minimum time to reach the
rescue locations, the road conditions, etc. The edge weight is represented as an LDFN.
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Node v,, considering the geography, geographical location, the degree of the disaster’s
impact, and other factors, is the beginning point of the rescue, and the point of the rescue
site is node v,. A directed path from node v, to node v,, can be represented in the form
of (vy;0,);(b,;05);..., (be; by ) as a series of directed edge sequences in a directed graph.
Depending on the strength of the relations of a directed graph, the number of paths that
connect node v, to node v, can differ.

4.1. Case Study

The coastal area of Wenling City, Zhejiang Province, was hit by the strong typhoon
Lekima on 10 August 2019. The highest wind force was 16 levels (52 m/s), and a mean
air pressure of 930 hPa was recorded at the center. Due to this strong typhoon, roads were
blocked with floods, rocks, and trees, bridges were destroyed, etc. Because of this condition,
it was impossible to traverse the road network based on the prior conditions. Given the
road conditions, it was important to identify the safest way to the rescue point and provide
the emergency rescue teams of the appropriate departments with decision-making support.
During this time, the topological structure of the road network was as seen in Figure 7.
We built the input data in the context of LDFSs, where the satisfaction and dissatisfaction
grades informed us about the satisfaction and dissatisfaction with respect to the associated
routes and their traffic signal parameters a, 8, which symbolize “very less traffic” and “very
heavy traffic”. Table 4 indicates the side lengths considered. A rescue team in Fuzhou must
start from Point (1) and proceed to Point (7) to rescue trapped people, so the shortest route
from Point (1) to Point (7) must be identified; the sequence is illustrated below.

() :

©, :

Figure 7. The graph of the road network with the linear Diophantine fuzzy distance.

Table 4. Details of the edge information in terms of the LDFN.

Edges LDFN Edges LDFN
(1,2) ((0.81,0.37), (0.51,0.18)) 3,6) ((0.91,0.73), (0.46,0.18))
(1,3) ((0.93,0.68), (0.53,0.12)) (4,5) ((0.64,0.29), (0.37,0.28))
2,4) ((0.74,0.47), (0.43,0.32)) (4,6) ((0.87,0.39), (0.25,0.22))
2,5) ((0.93,0.63), (0.46,0.29)) 47) ((0.78,0.57), (0.45,0.21))
(3.2) ((0.94,0.58), (0.58,0.13)) 5,7) ((0.73,0.68), (0.41,0.37))
(34) ((0.64,0.21), (0.37,0.28)) 6,7) ((0.83,0.43), (0.51,0.15))
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Let T = {nodes labeled as temporary nodes}, and let f = {nodes labeled as perma-

nent nodes}. The start node (1) is moved from set T to set 3 at the initial point since the
distance from (1) to (1) is zero, which is the shortest. The steps defined by Figure 7 to define
the shortest path in the network and the SD value for all paths are defined as follows:

Let ¥ be the set of nodes labeled temporarily, and let 3 be the set of nodes labeled perma-
nently. The start node (1) is moved from set ¥ to set %3 at the initial point since the distance
from (1) to (1) is zero, which is the shortest:

Iteration 0: Assign Node (1) = the permanent label = [((0,1), (0,1)), —];

Iteration 1: We calculated the distance from the start (last permanently marked) Node
(1) to its accessible neighbor Nodes (2) and (3). Consequently, the lexicon (temporary
and permanent) of tagged nodes is:

Nodes Label Status
1 [((0,1),(0,1)), -] P
2 [((0.81,0.37),(0.51,0.18)), 1] T
3 [((0.93,0.68), (0.53,0.12)), 1] T

In order to compare ((0.81,0.37), (0.51,0.18)), ((0.93,0.68), (0.53,0.12) ) and
((0.74,0.47), (0.43,0.32) ), we used Definition 5 (1)

&((0.81,0.37),(0.51,0.18)) = %[(0.81 —0.37) + (0.51 — 0.18)] = 0.385

&((0.93,0.68), (0.53,0.12)) = %[(0.93 —0.68) + (0.53 — 0.12)] = 0.33.

Since the score value of [({0.93,0.68), (0.53,0.12)), 1] is less than the score value of
[((0.81,0.37),(0.51,0.18) ), 1], the status of Node (3) is changed to permanent;
Iteration 2: Nodes (2), (4), and (6) can be accessed from the (last permanently marked)
Node (3). Thus, the list (temporary and permanent) of labeled nodes becomes:

Nodes Label Status

1 [(<O;1>/<0/1>)/*} ‘43

5 [((0.81,0.37), (0.51,0.18)), 1] (or) T
[((0.9958,0.3944), (0.8026,0.0156)), 3]

3 [((0.93,0.68),(0.53,0.12)),1] B

1 [({0.95060.1739), (0.72070.0576)), 2] (or) <
[((0.9748,0.1428), (0.7039,0.0336) ), 3]

6 [((0.9937,0.4964), (0.7462,0.0216) ), 3] (or) <

[((0.9935780.067821), (0.7905250.012672)), 4]

&((0.81,0.37),(0.51,0.18)) = %[(0.81 —0.37) + (0.51 — 0.18)] = 0.385
S((0.9958,0.3944), (0.8026,0.0156) ) = 0.6942

5(((0.95060.1739), (0.72070.0576) ) = 0.7199

5((0.9748,0.1428), (0.7039,0.0336) ) = 0.75115

5((0.9937,0.4964), (0.7462,0.0216) ) = 0.61095

5((0.9935780.067821), (0.7905250.012672) ) = 0.851805.

Since the score value of [((0.81,0.37), (0.51,0.18) ), 1] is less than the remaining nodes,
the status of Node (2) is changed to permanent;

Iteration 3: Nodes (4) and (5) can be accessed from the (last permanently marked)
Node (2). Thus, the list (temporary and permanent) of labeled nodes becomes:
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Nodes Label Status
1 [(<0r1>’<0/1>)1_} ‘43
2 [((0.81,0.37),(0.51,0.18)), 1] Py
3 [((0.93,0.68),(0.53,0.12)),1] Py
4 [({0.95060.1739), (0.72070.0576)), 2] (or) <
[((0.9748,0.1428), (0.7039,0.0336) ), 3]
5 [((0.9867,0.2331), (0.7354,0.0522)), 2] (or) <
[({0.9822160.050431), (0.824041,0.016128) ), 4]
6 [((0.9937,0.4964), (0.7462,0.0216)), 3] (or) <

[((0.9935780.067821), (0.7905250.012672)), 4]

&((0.9506,0.1739), (0.7207,0.0576) ) = 0.7199
&((0.9748,0.1428), (0.7039,0.0336) ) = 0.75115
&((0.9867,0.2331), (0.7354,0.0522)) = 0.7184
S((0.9822160.050431), (0.8240410.016128) ) = 0.869849
S((0.9937,0.4964), (0.7462,0.0216) ) = 0.61095
&((0.9935780.067821), (0.7905250.012672) ) = 0.851805.
Since the score value of [((0.9937,0.4964), (0.7462,0.0216) ), 3] is less than the remaining
nodes, the status of Node (6) is changed to permanent;
e Iteration 4: Node (7) can be accessed from the (last permanently marked) Node (6).
Thus, the list (temporary and permanent) of labeled nodes becomes:

Nodes Label Status
1 [(0,1),(0,1)), ] P
2 [((0.81,0.37),(0.51,0.18)),1] Pt
3 [((0.93,0.68), (0.53,0.12)), 1] Py
1 [({0.9506,0.1739), (0.7207,0.0576) ), 2] (or) T

[((0.9748,0.1428), (0.7039,0.0336) ), 3]
5 [((0.9867,0.2331), (0.7354,0.0522)), 2] (or)
[((0.982216,0.050431), (0.824041,0.016128) ), 4]
6 [((0.9937,0.4964), (0.7462,0.0216) ), 3] P
[((0.989132,0.099123), (0.846385,0.012096) ), 4] (or)
( ) ]6](0r) RY

7 [((0.996409,0.158508), (0.843886,0.019314)), 5
[((0.998929,0.213452), (0.8756380.00324)

S((0.989132,0.099123), (0.846385,0.012096) ) = 0.862149,

S((0.996409,0.158508), (0.843886,0.019314) ) = 0.8312365,

S((0.998929,0.213452), (0.8756380.00324)) = 0.8289375.

Since the score value of [((0.998929,0.213452), (0.8756380.00324)), 6] is less than the
remaining nodes, the position of the seventh node is converted to permanent.

As the point TN 7 has the permanent label, we can stop the operations at this point,
and to change the remaining points as the permanent label, we have
&((0.9506,0.1739), (0.7207,0.0576) ) = 0.7199

&((0.9748,0.1428), (0.7039,0.0336) ) = 0.75115.

Here, the score of [({0.9506,0.1739), (0.7207,0.0576) ), 2] is less than the score
[((0.9748,0.1428), (0.7039,0.0336)), 3]

S((0.9867,0.2331), (0.7354,0.0522) ) = 0.7184

&((0.982216,0.050431), (0.824041,0.016128) ) = 0.869849.
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Here, the score of [({0.9867,0.2331), (0.7354,0.0522) ), 2] is less than the score
[((0.982216,0.050431), (0.824041,0.016128)), 4]:

Nodes Label Status
1 [(0,1),(0,1)), ] P
2 [((0.81,0.37),(0.51,0.18)),1] Pt
3 [({(0.93,0.68), (0.53,0.12)),1] B
4 [({0.9506,0.1739), (0.7207,0.0576)), 2| Pt
5 [((0.9867,0.2331), (0.7354,0.0522) ), 2] Pt
6 [((0.9937,0.4964), (0.7462,0.0216) ), 3] B
7 [((0.998929,0.213452), (0.8756380.00324) ), 6] B

Working backward from the terminal point “7”, one can conveniently create the short-
est path by moving to the predecessor from which the current node received its permanent
name. Going backward, the shortest or least-expensive route becomes 1 — 3 — 6 — 7.
Here, L(7) = ((0.998929, 0.213452), (0.875638,0.00324) ), the weighted aggregated LDFN
of the minimum cost path or the shortest path in terms of the overall linear Diophantine
fuzzy cost/time for going along the shortest path is as seen in Figure 8.

O, :

Figure 8. Shortest path of the graph of the road network with the linear Diophantine fuzzy distance.

The comparative analysis of the characteristics of Dijkstra’s algorithms in the four
types of systems that were used in the evaluation of SPPs are elaborated in the following
Table 5.
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Table 5. Comparison analysis of Dijkstra’s algorithm under different environments.

Types of DAs

Advantages

Limitations

Classical DA [40]

It can be applied when precise arc weights are avail-
able

Its performance is degradedwhen arc
weights are imprecise

Fuzzy DA [5]

It can be applied when arc weights are imprecise

It is degradedby the degree of rejection
present in the arc weight

IF DA [9]

It deals with imprecise arc weights involving both
the degree of acceptance and the degree of rejection

It does not work if the sum of the accep-
tance grade and the rejection grade of
an arc weight exceeds 1

PyF DA [44]

It can handle imprecise arc weights even if the sum
of the acceptance grade and the rejection grade ex-
ceeds 1 with some constraints

It does not work if a reference parameter
is added to the arc weight

LDF DA (proposed
method)

It can be applied in many real-time situations that
ave the reference parameters

It cannot work if the indeterminacy
grade is present in the arc weight

4.2. Summary

The SPP under an LDF environment is important when the reference parameter is
added to the arc weight. People and their livelihoods are affected by natural disasters in
many countries such as flood, high wind force, land slides, tsunamis, etc. We considered
the disaster that occurred in Wenling City, Zhejiang. Dijkstra’s algorithm was used under
an LDF environment to make the right decision during an emergency. A novel Dijkstra’s
algorithm was introduced and developed under an LDF setting to find the SP with the aid
of the SF. The classical, fuzzy, IF, and PyF theories have their own limitations in finding
the shortest paths and fail to address the reference parameters, which are important to our
problem. Therefore, the LDFSPP using Dijkstra’s algorithm helped a rescue team reach the
rescue destination in a short time. The proposed algorithm is more suitable for any network
involving the satisfaction and dissatisfaction grades with the reference parameters.

5. Conclusions

The shortest path problem is a very important field of analysis, and it is used to solve
a variety of real-world problems. In this article, a new and groundbreaking approach
for solving SPPs in an unpredictable world was presented. In real-world settings, the
exact cost, time, or distance values relative to the network arcs may not be possible to
obtain. Fuzzy numbers can be used to describe imprecise parameters to account for this
ambiguity. To reflect the unknown weights of going along each arc, the most generic
kind of fuzzy numbers, LDFNs, were used. The decision-maker’s hopeful and cynical
views were represented by LDFNs. The suggested technique of LDFDA was developed
successfully using the LDF operator and its score functions, which are essential areas of
LDFSs. SPPs with the LDF edge weight/distance have never been addressed or solved in
the literature before this work. This kind of real-world problem was successfully solved
using the proposed LDFDA, which successfully applied the various existing theories of
LDFSs. The benefits and objectives of the paper were that the LDF optimality restrictions
in directed network graphs be established and a solution method created, and then, an
improved SF was used to compute the weights of alternative pathways with edge weights
represented by LDFNs. To find the LDFSP and coterminal LDFSP established on these
enhanced scores, the score functions and the optimality constraints of the traditional
Dijkstra method were modified. Finally, to confirm the potential usage of the suggested
technique, a small-scale communications network was presented, as well as a comparison
study with the present approaches, proving the value of the proposed algorithm. This
is the paper’s most significant contribution. Other methods for solving certain problems
could be suggested in the future, and the outcomes could be compared. For large networks,
computer programs may be designed to incorporate the suggested technique. In future

104



Symmetry 2021, 13, 1616

work, we will apply the existing algorithm to solve large-scale real-time problems in a
linear Diophantine fuzzy environment and compare the results with the existing algorithms
with respect to the efficiency, time for computation, optimality, etc.
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Abbreviations

The following abbreviations are used in this manuscript:

FS fuzzy set

IFS intuitionistic fuzzy set

PyFS Pythagorean fuzzy set
LDFS linear Diophantine fuzzy set

CN crisp number

DA Dijkstra’s algorithm

FN fuzzy number

IFN intuitionistic fuzzy number

PyFN Pythagorean fuzzy number
LDFN linear Diophantine fuzzy number

SN start node

TN terminal node

SP shortest path

SF score function

SPP shortest path problem

2D plot  two-dimensional plot

3D plot three-dimensional plot

SD shortest distance

LDFSP linear Diophantine fuzzy shortest path
MCDM  multicriteria decision-making
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Abstract: The main goal of this paper is to propose a new decomposition method for finding solutions
to nonlinear partial fuzzy differential equations (NPFDE) through the fuzzy Sawi decomposition
method (FSDM). This method is a combination of the fuzzy Sawi transformation and Adomian
decomposition method. For this purpose, two new theorems for fuzzy Sawi transformation regarding
fuzzy partial gH-derivatives are introduced. The use of convex symmetrical triangular fuzzy numbers
creates symmetry between the lower and upper representations of the fuzzy solution. To demonstrate
the effectiveness of the method, a numerical example is provided.

Keywords: fuzzy Sawi decomposition method; fuzzy partial gH-derivative; nonlinear partial fuzzy
differential equations

1. Introduction

A fundamental problem in the process of modeling phenomena is the immense
quantity and quality of information that has to be included, such that it is as representative
as possible of the real system. The process of the derivation of mathematical models is set
to limitations, such as correct understanding, ambiguity in the accuracy and uncertainty of
the data, and measurement errors that lead to uncertainties in the model. Fuzzy modeling
is an effective method that enables researchers to express scientific issues.

The modeling of many physical phenomena, such as dynamical and magnetic systems,
engineering, biological and environmental issues, and humanities phenomena, result in the
use of differential equations. Partial differential equations are mathematical equations that
appear in a number of fields, such as physics, engineering, chemistry and biology. Many
authors have developed analytical and numerical methods for solving different kinds of
partial differential equations; see [1-4].

In order to apply fuzzy differential equations as a modeling tool for dynamical systems,
some authors have extended the concept of derivatives in the fuzzy context. This allows to
define differential equation in the fuzzy context, which was studied by some authors, such
as [5-8].

In some cases, partial differential equations are not the best option when dealing with
real-life phenomena. To model dynamic systems, we need to collect information from a
variety of sources. Such data sets are often uncertain. The modeling of these systems with
uncertain data has promoted fuzzy partial differential equations to become one of the main
topics of modern mathematical analysis, attracting the attention of many authors [9-14].
In [15], the reduced differential transformation method was successfully applied for solving
fuzzy nonlinear partial differential equations under gH-differentiability.

Integral transformations are the first choice of researchers when finding solutions
to critical problems. In [16], the Laplace transformation was applied on mathematical
models of population growth and decay. Many scholars [17-20] applied different integral
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transforms (Mahgoub; Aboodh; Elzaki transforms) on important problems in mechanics,
physical chemistry and life science for finding their exact solutions.

Mahgub [21] proposed the Sawi transformation and determined the primitives of
constant coefficient ordinary linear differential equations. Aggarwal and Gupta [22] pre-
sented a relationship between Sawi and other fundamental transforms. Singh and Aggar-
wal [23] applied Sawi transformation in finding solutions to biological problems of growth
and decay.

The fuzzy integral transforms are very useful in solving linear partial differential
equations because they convert the original function into a function that is simpler to
solve [24-26]. They do not function well in real applications and can only be used for
solving fuzzy linear problems.

The objective of the present paper is to propose a stylish combination of the Adomian
decomposition method [27,28] and fuzzy Sawi transformation that can solve nonlinear
partial fuzzy differential equations. By using fuzzy Sawi transform, equations are reduced
to an algebraic equation. Then, the method of Adomian is used to handle the nonlinear
parts of the equation for obtaining the solution. The new decomposition method is then
called the fuzzy Sawi decomposition method.

In this paper, we consider symmetric fuzzy triangular numbers. From their parametric
form, we obtain the parametric form of the fuzzy functions and we establish symmetry be-
tween their upper and lower representations. We also observe symmetry in the parametric
representation of fuzzy Sawi transform. The symmetry is also preserved in the application
of the fuzzy Sawi transformation of the partial derivatives of the fuzzy functions. When
applying the fuzzy Sawi decomposition method to solve the nonlinear partial equation, we
obtain a symmetry between the lower and upper representations of of the fuzzy solution.

This paper is organized as follows: In Section 2, definitions on a fuzzy number, fuzzy-
valued function and gH-Hukuhara differentiability are given. In Section 3, the definition
of fuzzy Sawi transform is introduced. Fuzzy Sawi transformation for the fuzzy partial
gH-derivative is proposed. In Section 4, the fuzzy Sawi decomposition method is applied
to solve nonlinear partial fuzzy differential equations. Section 5 provides a numerical
example to demonstrate the proposed method. Finally, Section 6 consists of conclusions.

2. Basic Concepts

In this section, we review some notions and results of fuzzy numbers, fuzzy-number-
valued functions and strongly generalized Hukuhara differentiability.

Definition 1 ([29]). A fuzzy number is a function u : R — [0, 1] that satisfies the following properties:

(i) u is upper semi-continuous on R;

(i) u(x) = 0 outside of some interval [c,d];

(iii) therearea, b € Rwithc < a < b < d such that u is increasing on [c, a], and decreasing on
[b,d] and u(x) =1 for each x € [a, b];

(iv) u(rx+ (1 —r)y) > min{u(x),u(y)} forany x,y € R, r € [0,1].

Denote E! the set of all fuzzy numbers. If a € R, then it can be interpreted as a fuzzy
number; 7 = X ,) is characteristic function and therefore R C EL.

Definition 2 ([30]). For 0 < r < 1and u € E!, the r-level set of u is the crisp set
] ={x eR:u(x) >r}.

Then, any r-level set is a bounded and closed interval and denoted by [u(r), 7(r)] for
all0 <r <1, whereu, u:[0,1] — R are the lower and upper bounds of [u]", respectively.

Definition 3 ([30]). A parametric form of fuzzy number u is an ordered pair u = (u(r),u(r)) of
functions u(r) and u(r) for any 0 < r < 1, which satisfies the following conditions:

109



Symmetry 2021, 13, 1580

(i)  The function u(r) is a bounded left continuous monotonic increasing in [0,1];
(ii) The function u(r) is a bounded left continuous monotonic decreasing in [0,1];

(i) u(r) <7(r).

For fuzzy number u = (u(r),#u(r)),v = (v(r),o(r)) and k € R, the addition and the
scalar multiplication are defined by the following;:
[we o] = [u]" +[o]" = [u(r) +u(r), u(r) +0(r)] and

r . k() ka(n), k>0

koul" =k-[u]" = { Kit(r), ku(r)], k <O.

The neutral element, with respect to & in E!, is denoted by 0 = x {0}~ For basic
algebraic properties of fuzzy numbers, please see ([29]).

We use the Hausdorff metric as a distance between fuzzy numbers.

Definition 4 ([29]). For arbitrary fuzzy numbers u = (u(r),u(r)) and v = (v(r),o(r)),
the quantity
() = sup max{|u(r) ~ 207} i(r) ~ (7))
rel0,1

is the distance between u and v.

Definition 5 ([31]). A fuzzy number u € E' is called to be positive if u(1) > 0, strict positive if
u(1) > 0, negative if (1) < 0 and strict negative if (1) < 0.

The set of positive (negative) fuzzy numbers is denoted by E} (EL).

Theorem 1 ([32,33]). Let u and v be positive fuzzy numbers, then w = u © v defined by w(r) =
[w(r),@w(r)], where the following holds:

w(r) = u(r)o(l) + u(l)o(r) —u(1)y(1)

and
w(r) =u(r)o(1) +u(l)o(r) —u(1)v(1)

for every r € [0, 1] is a positive fuzzy number.

Let the set D be domain of fuzzy-valued function w. Define the functions
w(.,.,r), w(,.r):D— Rforall0 <r < 1. These functions are said to be the left and right
r— level functions of the function w.

Definition 6 ([34]). A fuzzy-valued function w : D — E' is said to be continuous at (sg, to) € D
if for each € > 0 there is & > 0 such that d(w(s,t), w(sp, ty)) < € whenever |s — so| + |t — to| < I.
If w is continuous for each (s, t) € D, then we say that w is continuous on D.

Definition 7 ([35]). Let x, y € E! and exists z € E, such that the following holds:

i) x=ydz

or
i) z=x@(-1)Oy.

Then, z is said to be the generalized Hukuhara difference (¢H- difference) of fuzzy numbers x
and y and is given by xSqny.

Now consider x, y € E!, then
XOgHY = 2 =

0 z=(x(r) —y(),x(r) =y())

or

(i) z=(x(r) —y(r),x(r) —y(r)).
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The following Lemma shows the connection between the gH-difference and the
Hausdor distance.

Lemma 1 ([35]). Forall u,v € E', we have the following:

d(u,0) = sup ||[u] Sgulo]'],
rel0,1]

where, for an interval [a, b], the norm is ||[a, b]|| = max{|a|, |b|}.

Definition 8 ([36]). Let w : D — E! and (xo,t) € D. We say that w is strongly general-
ized Hukuhara differentiable on (xo,t) (gH-differentiable for short) if there exists an element

W € E' such that the following holds:
(i) Forall h > 0 sufficiently small, the following gH-differences exist:

w(xo +h,t)Oeaw(xo, t), w(xo,t)Sguw(xo—h,t)
and the following limits hold (in the metric d):

_w(xg+h t)Senw(xg, t)  w(xg t)Sgnw(xo —ht)  dw(xp,t)
lim = lim =
h—0 h h—0 h ox

(ii) Forall h > 0 sufficiently small, the following gH-differences exist:
w(xo,t)Sgrw(xo +h,t), w(xo—h,t)Serw(xo,t),
and the following limits hold (in the metric d):

. w(xo, t)Ognw(xo +ht)  w(xg—ht)Sgnw(xo,t)  dw(xg,t)
lim = lim =
h—0 —h h—0 —h ox

Lemma 2 ([37]). Let w : D — E! be a continuous fuzzy-valued function and w(x,t) =
(w(x, t,r),w(x,t,r)) forall v € [0,1]. Then, the following holds:

(i) If w(x,t) is (i)-partial differentiable for x (i.e., w is partial differentiable for x under the
meaning of Definition 8 (i)), then we have the following:

ow(x,t)  (ow(x,tr) ow(x,t,r)
ox ox ox ’

)

(i) If w(x,t) is (ii)-partial differentiable for x (i.e., w is partial differentiable for x under the
meaning of Definition 8 (ii)), then we have the following:

ow(x,t)  (ow(x,t,r) ow(x,t,r)
ox ox ox '

@

Theorem 2 ([38]). Let w : Ry — E'and forall r € [0;1].
(i)  The functions w(t, r) and @W(x,r) are Riemann-integrable on [0, b] for every b > 0.
(ii) There are constants M(r) > 0 and M(r) > 0 such that the following holds:

b b
/ w(t,r)|dx < M(r) / Tt r)|dx < M(r),
0 0

for every b > 0.
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Then, the function w(t) is improper fuzzy Riemann-integrable on [0, 00) and the following holds:

(FR) 7w(t)dt = (7w(t, r)dt, 7w(t, r)dt) : ©)]
0 0

0

3. Fuzzy Sawi Transform

In this part, we give the fuzzy Sawi transform (FST) definition and its inverse. We
introduce new results of FST for the fuzzy partial derivative.

Definition 9 ([21,39]). Let w : R — E! be a continuous fuzzy-valued function and for o > 0,
the function %6*5 © w(t) is improper fuzzy Riemann-integrable on [0, c0). Then, we have
the following:

T 1
(FR)/ Ser Qu(t)dt,
0

which is called FST and is denoted by the following:

W(o) = S[w (FR /le f o w(t)dt, )
0

where the variables o are used to factor the variable t in the argument of the fuzzy-valued function.

The parametric form of FST is as follows:

S[w(t)] = (s[w(t, )], s[w@(t,)]), )
where .
slw(t,r)] = %/efﬁy(t,r)dt, (6)
0
s[@(t,r)] = % [ et %
0

We can rewrite Equation (4) in the following form:

W(o) = S[w(t)] = %(FR) [etowenat ®)
0

Definition 10 ([21,39]). The fuzzy inverse Sawi transform can be written as the following formula:
STHW()] = w(t) = (s~ W(e, ), s~ [W(e,n)]), ©)

where the following holds:

YFico
s UW(e,r)] = zim et W (o, r)dor
3o
Y+ico
W (o) = 5 / et W(o,r)do.
3 i
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For all r € [0,1] the functions W(c,r) and W(c, r) must be analytic functions for all o in
the region defined by the inequalities Rec > vy, where <y is the real constant to be chosen suitably.

In [39], classical Sawi transform is applied on some special functions. Some properties
generated by Sawi transform are given.

(i) Letg(t) =1fort >0, thens[g(t)] = L.

o

(i) Letg(t) = t", where n are positive integers; then, s[g(t)] = (n!)o" 1.
We introduce the results of FST for fuzzy partial gH-derivatives.

Theorem 3. Let w : Ry X R+ — E! be a continuous fuzzy-valued function. Suppose the

9" w(x t)
ox"

functions %e‘é ®w(x,t), L = g0 are improper fuzzy Riemann-integrable with respect

to t on [0,00). Then, we have the following:

ax" ax"

n n
S [aw(“)} _ 9 S[w(x, 1)], (10)
where S[w(x, t)] denotes the FST of the function w and n € N.

Proof. Let the function w(x, t) be (i)-differentiable. From (3) and the parametric form of
FST (5), we have the following;:

"w(x,t) T1 . "w(x,t)

71 1 d"w (x,t,7) 71 _t 9"w(x, t,7)
(O/ T

O

Theorem 4. Let w: Ry x Ry — E! be a fuzzy-valued function. The functions %e‘é Ow(x,t),

%6*5 ol zgt(x 1) are improper fuzzy Riemann-integrable with respect to t on [0,00). For all t > 0

and n € N, there exist continuous partial gH-derivatives to the (n — 1)—th order with respect to t,
9" w(x,t)

and there exists —p;

1. If the function w(x, t) is (i)-differentiable, then the following holds:

3] (o) o)

where ) '
Iw(x,t,r)] 1 = 1 Jdw(x0,r)
s {at”] = ﬁs[y(x, tr)] = ];) e R A (11)
Tw(x,t,r)] 1 1 9w(x,0,1)
S[atn] = ﬁs[w(x, IEDY G e (12)

=0
2. If the function w(x, t) is (ii)-differentiable then we have the following:
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210fn=2k—1,k=1,2,..

] P wx, )| [ [oF @ t,r)| [0 lw(x,t,r)
atZT =|s atZkfl /S atZkfl ’

where
02k 1%(x,t,r) 1 k=1 1 Hw(x0r
S{ 52k—1 } = Uzk—ls[w(x’ tr)] — j;o m%
. § (13)
k=2 1 %+ 1%w(x,0,1)
=Y T
0% —1a(x,t,r) 1 T x b k=1 1 Fw(x0,r)
S| =51 = Uzk—ls[w(x’ 1) = ];0 20 o
. § (14)
k=2 1 % w(x,0,7)
=N N
22lfn=2k k=1,2,..
S w(xt) | 0% w(x,t,1) 0% (x, t,7)
o2k =3 o2k ’8 12k ’
where
E)Zky(x,t,r) 1 k=1 1 Hw(x,0,r
22] ot ) g
) (15)
k2l (o)
o ]EO o2k=) 9l
02K (x,t,7) N k1 1 02w (x,0,r)
S| Tk = ﬁs[w(x, tr)]— EO 20N
: (16)

. kil 1 E)zf“Qv(x,O,r)
far g2(k=j) 92+l

Proof. Let the function w(x, t) be (i)-differentiable. By induction, we prove Equation (11).
For n = 1, from condition (5), we have the following;:

S[wi(x,t)] = (s[wi(x,t,7)], s[@i(x,t,7)]).

By using integration by parts on ¢, we obtain the following:
[ee)
/ Y A gt — 1 1
slwy(x, t,7)] = /pe cwy(x, t,r)dt = Es[@(x, t,r)] — ﬁy(x,o,r).
0

Let for n = k the Equation (11) holds. Hence, for n = k + 1 we obtain the following:

{ak“y(x,t,r)} _ 1 [a@(x,t,r)} 1 Fw(x0,r)

otk+1 4 otk o2 otk
_ 1 / ol jr2dwon 1 dw(x0r)
- ak+15@(xr )] = jEO(E) o 2 oK

k .
L jr20w(x0,
= rsw(x, t,r)] — .ZO(%)]( ]+2%‘
]:
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Let the function w(x, t) be (ii)-differentiable and n = 2k. Then, for n = 2, we obtain
the following:
S {82w(x, t)] B (s {azw(x, t, r)} s [azw(x, t,r) ] )
oz | o2 ’ ot2 '

By using integration by parts on t we obtain the following;:

82Q(x,t,r) 1 Rty thr
S{ pr2 _70f ’ at2 Lat

® o0
:_Uzaw x,0,r) %f 75 thr dt Ulzaw(xOr %f ,é xtr)
0 0
o0
- _%% - %Q(X,O,T’)—i—gf e v w(x, t,r)dt
0

(3,0
= Lslw(x,t,r)] — Lw(x,0,r) - % w(gt ).

Let, for n = 2k, Equation (15) hold. Hence, for n = 2k + 2 we have the following:

022w (x, t) 022w (x,t,1) 0% +2%(x, t,7)
S - 7 = S S
of2k+2 ot2k+2 ’ o2k+2 )

By using integration by parts on ¢, we obtain the following:

|:32k+2w (x,t,r) } _ %j’o 7582]‘*210 xtr)dt
0

ot2k+2 ot2k+2
1 PFHIm(x,0,r) T L 0%+ (x 1,1 dt
- 0—2 at2k+l 0—3 f at2k+1

1 H1m(x,0,r) 1 E}ka(x,Or 2 1 f -4 0%k w( xtr)dt
2o

T 02T ok T 3T o o2k

1 9%+ (x,0,r) 1 0%w(x,0,r) 1 SZkQ(x,t,r)
A T = R T S 1%k

k 2 k 2j+1-
1 1 7 w(x,0,r) 1 9% w(x,0,r)
 g2k+2 slw(x, t, 1’)} - ]EO FUFT=N+T 92 - ]§0 o2k+1=j) g2+l

O

4. Sawi Decomposition Method for Solving NPFDE

In this section, we apply the combined form of FSM and the Adomian decomposition
method for solving NPFDE. This equation is defined as follows:

i E)w (x,t) dw(x, t kw(x, t) _ oPw(x,t)
i:zl PO 69 Zb 69 Z Z Chp © axk O— 5= g(x,t), (17)
with initial conditions ‘
dw(x,0) .
— = 1p](x), j=01,.,1-1, (18)

where g, w : [0,b] x [0,d] — E', y; : [0,b] — E! are continuous fuzzy functions, and 4;,
i=1,2,..,m, b]-,j =12,..1, Chps k=0,1,2, p =0,1,2, are positive constants.
Applying the fuzzy Sawi transform to both sides of Equation (17) gives the following:

m i I .
i§1 a;®S {a u;;gff'f)} @jgo b]' ®S {afzg(;,t)} ® ;0 pzk Cip ®S [8 w(x t) ® an( )}

= S[g(x1)].

(19)
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Let %, k = 0,1,2 be positive fuzzy-valued functions. Then, the parametric form of
Equation (19) is as follows:

foe[p]  fae[er]« £ 2 o[t

i= A=Y= e (20)
=5 [g(x, t,r)} ,
and l .
Iw(xt,r) ) E}jw(x{t,r) *w(x,t,r) P (x,t,r)
Z a8 |: ox! } + ]go b]S |: otl :| + k§0 pgk CkpS |: oxk dxP :| (21)

= s[g(x, £,7)].

Case 1. Let the function w(x, t) be (i)-partial differentiable of the m-th order with
respect to x and /-th order with respect to .

We consider Equation (20). Then, from (10) and (11) and initial conditions, we have
the following:

I 3.
¥ Dl )] =s[g<x,t,r>] P LR Sy (o
j=0 j=10=0
n w(xtr) 2 Kw(x,t,r) Pw(x,t,r)
_i§1als[ ox' } kZOka [ oxt o }’
Then .
I . 1
sfw(x,t,7)] = (zobf,-) <s{g<x L) + 3 z ey, (x, r>>
]:

-1
1 b: m k
o w(x,br o w(x,t,r) oPw(xt,r)
_ _1 .
<J‘§o ”j> (i; als[ o' } " k):O pzkc [ ot an ]

Applying the inverse fuzzy Sawi transform to both sides of the equation, we obtain
the following:

=0 j=1lo=

-1
_ L p, m w(xtr Fw(xt,r) dPw(xt,r
[(82) (e o eene)

~1
Q(x/ t/ 7’) = Sil (i Z) (S [g(x/ t,f’):| + Z Z ] v+1lp (x 7’))
! (22)

k=0 p=k

Now, apply the Adomain decomposition method (ADM). This method assume an
infinite series solution for the following unknowns function:

w(x, t,7) Zw (x,t,7). (23)

The nonlinear terms is represented by an infinite series of the Adomian polynomials
Aﬁp n>0k=0,1,2p=0,1,2in the following form:

okw(x,t,r) oPw(x,t,1)

A 24
oxk oxP E (24)
where
A _ o wy aPw,
40 oxk axF’ 4
kp _ oFwy oPw,y okw, 9w,
Al = S a7 T o ot -
kp _ ofwy 9w, | Fwy oFwy | 9w, Py
AZ o E)xk oxP + oxk  oxP + oxk oxP
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Substituting (23), (24) into (22) leads to the following:

3

=0 j=1lo=

-1
—sll(i ) (Bne] £ i) - £ B e[ £ ]|
j=0 i=1 n=0 k=0 p=k

The Adomian decomposition method presents for n > 0 the recursive relation
as follows:

-1
wo(x,t,7) =s71 {(}i Z) (s {g(x, t,r)} —I—]Zl: Y - v+ll)[J (x, 7”))

-1
Y w,(xt,r) =5 [(i bﬁ) <S[g(x,t,r>] +LE L o e, (%, r))]
J

i=0 19=0
-1
— - d bj d'w, (x,t,r k
| (43) (el o)

Case 2. Let function w(x, t) be (i)-partial differentiable of the m-th order with respect
to x and (ii)-partial differentiable of the | = 2g-th order with respect to t. Then, the
parametric form of Equation (19) is the following:

(25)

mn o w(x,tr q azfy(x,t,r) i 827*1y(x,t,r)
; [ ox }Jrjgob%s[ FTEl }Jrjglef*ls[ T }

kzo pzk o [a@a(;k,t,r) ap%(x;;,t,r)} _ s[g(x, t,r)},

n o (x,t,) il 02w (x,t,1) q ) 2~V (x,t,7)
; [ ax }Jrjgobﬁs[ FYe }*EleJ*ls{ Btzli}t

2 2 - -
d o7 —
+ ¥ L cgps| PR PRI — sz (x,t,7)]
Applying Theorem 4 and initial conditions, we obtain the following system:

As[w(x,t,7)] + Bs[*(x f, r)} = s{g(x, t,r)] + F(x,0,7)

_ mn d'w(x,t,r) Bky(x,t,r) oPw(x,tr) (26)
L ais[ 2] - kzopzkc o[ St Feizin) |
As[w(x,t,7)] + Bs[w(x, t,7)] =s {g(x, t,r)} +G(x,0,7)
- m ) aiw(x,t,r) . 2 2 akw(x,t,r) oW (x,t,r) (27)
i§1 a,s{ ol } k§0p§kaps{ dxk P ]’
where ] ]
byi
2j . 2j—1
A= ;) s B= ]; Ty

F(x,(f,r) Z bZ] ( )y ﬁwz (x 1’) +UZO G—0) lva-&-l(x 1’)>

j—1 j—2
+ Z bZ] (ZO 2(j—0) IIJZU(X I’) + Z (72<]-11,)111J2U+1(x,r)>,

] =
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v

j
G(errr) Z bz;(Z 20— v+11/)2-u(x 1’)—|— Z 1P2U+1(x17’)>
j—1

+Zb2] 1<Z ]1,1/J2 (x,7) + Z e 1‘sz+1(3‘7)>

From this system, we find s[w(x, t,7)] and s[@(x, t,r)]. Analogous to Case 1, we obtain

w(x, t) = (w(x,t,7),D(x,t,7).

The Sawi decomposition method is illustrated by discussing the following example.

5. Examples

In this section, we consider the following partial fuzzy differential equation:
wii(x,t) dwl(x,t) ©wl(x,t) = g(x,t), x>0, t>0,

with initial conditions

w(x,0) = (x;r,x;(Z—r)), wi(x,0) = (0,0), x>0

and
g(x,t) = (r +xr?,2 —r+x(2— r)z).

In this case, by = 1,c12 =1, Pp(x) = ("727’, %(2 - r)) and ;1 (x) = (0,0) .
Assume that the function w(x, t) is (i)-differentiable of the 2-th order with respect to x.

Case 1. If w(x,t) is (i)-differentiable of the 2-th order with respect to ¢, using the
recursive relation (25) we obtain the following;:

wy(x,t,7) =5t [azs [g(x, t,r)” 4571 [clrlpo(x,r)} ,

w1 (x,t,7) = —s71 {(725 {A}f”, n>0,

where b
1"
AO — wa%xx' Al - wawlxx + wlwaxx’ (28)
AZ - QOXQZxx + lewlxx + w2xQOxx/
Then,
2 xt?, X2 t4 xt?
wo(x, t,r) = 574— 77’ + 51 wy(x, t,r) = —Er3 — Trz,
4

t
wy(x,t,7) = Erg’, ws(x,t,r)=0,...

Analogously, we obtain the following;:

_ 2 xt? x2 _ t# xt?
wo(x,t,1) = 5(2—r) + 7(2*7)2+ ?(2*7), wy(x,t,1) = *5(2*7)3 - 7(2*7)2/
4 3
Wo(x,t,1) = I(Z—r) , wi(x,t,r)=0,..

The series solution is, therefore, given by the following;:

w(x,t) = ((x;—l-i)r, (X;—}—t;)(Z—r)).
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Case 2. If w(x,t) is (ii)-differentiable of the 2-th order with respect to t, using
Equations (26) and (27), we obtain the following:

]. ]- ak rrr api 7 vr
(@) = (3 8,7)) + ol r) s | TLLDTBELD g
1 1 9w, t, ) B, t,7) |
;s(w(x, t,r)) =s(g(x,t,r))+ ﬁlpo(x, r)—s w;jzkt d wa(;cpt 2 (30)

From (29), we have the following:

’a’@(x, t,r)ofw(x, t,r)_
oxk oxP ’

s(w(x, t,7)) = U2s(g(x, Lr)) + %@(x,r) — 025

Applying the inverse fuzzy Sawi transform to both sides of the equation and by
applying Adomian decomposition method, we obtain the following recursive relation:

wy(x, t,7) = st [025 [g(x, t,r)” 4571 Llrlpo(x,r)} ,

w1 (x,t,7) = —s71 [0’25 {A}f”, n>0,

Hence, this case equivalent to Case 1.

Case 3. If w(x, t) is (i)-differentiable and wj(x, t) is (ii)-differentiable with respect to f,
then S(w}(x,£)) = (s(w}(x,£,)), s(@}(x,t,7))), S(w}p(x, 1)) = (s(@y(x,t, 7)), s(whp(x,£,7))).

Using (15) and (16) of Theorem 4 and the initial condition, we obtain the following
recursive relation:

wy(x, t,7) = g1 {(72 [g(x, t,r)]} +s71 Llrtpo(x,r)} ,

w1 (x,t,7) = =571 {025 {Z}f”, n>0,

Wo(x,t,r) =51 [025 [g(x, t,r)H 4571 |:;_l/)0(x, r)} ,

W1 (X, 1) = —s 1 [0’25 {A}f”, n >0,

where
12 ../ " 12 _ .7 i / "
AO = WoxWoxxr Al = Wox Wiy + W Wxxs
12 _ 7 1" / " ! "
AZ = WoxWoyxx + W1 W xx + WoxWoxxr -+
12—y F12 gy I —
Ay = wawax/Al = Wy Wiyy + W1 Woyys
=12, _y I [
AZ = WoxWoxx + W1 Wixx + W Woxxr -
Then,
t2 xt? , X2 o, xt? )
wy(x, t,1r) = 5(2 —7)+ 7(2—1') + 5T wq(x, t,7) = T 2—7r)— 7(2— )%,
o,
wy(x, t,7) = a (2—r),ws(x,t,7)=0,..
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The series solution is, therefore, given by the following;:

x> x? 2
w(x, t,r) = (27+ E(Z—r),?(Z—r) + 27).

6. Conclusions and Future Work

The main idea of this work is to provide a simple method for solving the nonlinear
partial fuzzy differential equations under gH-differentiability. A combined form of the
fuzzy Sawi transformation method and Adomian decomposition method for these equa-
tions is applied. New results on fuzzy Sawi transform for fuzzy partial gH-derivatives
are proposed. The main advantage of this method is the fact that it provides an analytical
solution. Finally, an example to illustrate the proposed method is solved. The results
reveal that the method is a powerful and efficient technique for solving nonlinear partial
fuzzy differential equations.

For future research, we will apply the fuzzy Sawi decomposition method to fuzzy
nonlinear integro-differential equations under generalized Hukuhara differentiability and
the fuzzy nonlinear Fitzhugh-Nagumo-Huxley equation, which is an important model
in the work of neuron axons [40]. Additionally, one can discuss the application of this
method to more complex problems, such as the eigenproblem [41] and maximum likelihood
estimation [42].
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Abstract: Overlap function (which has symmetry and continuity) is widely used in image processing,
data classification, and multi-attribute decision making problems. In recent years, theoretical research
on overlap function has been extended to interval valued overlap function and lattice valued overlap
function, but intuitionistic fuzzy overlap function (IF-overlap function) has not been studied. In
this paper, the concept of IF-overlap function is proposed for the first time, then the generating
method of IF-overlap function is given. The representable IF-overlap function is defined, and the
concrete examples of representable and unrepresentable IF-overlap functions are given. Moreover,
a new class of intuitionistic fuzzy rough set (IF-roght set) model is proposed by using IF-overlap
function and its residual implication, which extends the IF-rough set model based on intuitionistic
fuzzy triangular norm, and the basic properties of the new intuitionistic fuzzy upper and lower
approximate operators are analyzed and studied. At the same time, the established IF-rough set
based on IF-overlap function is applied to MCDM (multi-criteria decision-making) problems, the
intuitionistic fuzzy TOPSIS method is improved. Through the comparative analysis of some cases,
the new method is proved to be flexible and effective.

Keywords: intuitionistic fuzzy sets; intuitionistic fuzzy overlap function; intuitionistic fuzzy triangu-
lar norm; IF-TOPSIS methods; MCDM

1. Introduction

Fuzzy set theory is a very effective mathematical tool to analyze and deal with inac-
curate and incomplete information [1]. It plays an increasingly important role in many
practical engineering fields, including fuzzy preference relationship [2], fuzzy informa-
tion clustering [3], fuzzy granularity calculation [4], attribute decision problem [5], etc.
According to practical problems, different forms of fuzzy sets are proposed, such as interval-
valued fuzzy sets [6], intuitionistic fuzzy sets [7-9], etc. Rough set theory [10] proposed by
Pawlak is also a mathematical tool to deal with fuzzy and uncertain knowledge, and has
been successfully applied to machine learning, decision analysis, process control, pattern
recognition, data mining and other fields. Dubois and Prade combined the two theories
and proposed the concept of fuzzy rough set for the first time [11]. Since then, studies on
fuzzy rough sets have become more abundant and indepth [12-16]. Because fuzzy rough
sets are a special case of intuitionistic fuzzy rough sets (IF-rough sets), this paper focuses
on intuitionistic fuzzy rough sets.

IF set is an expansion and development that has great influence on fuzzy set
theory [7,9,17]. It has been successfully applied to the fields of decision analysis and
pattern recognition [18,19] and intuitionistic fuzzy decision analysis [20,21]. Compared
with the fuzzy set, which only indicates the degree to which an element belongs to a set,
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the IF set describes the membership degree and non-membership degree of an element
to a set, and more accurately expresses the relationship between them, which adds a new
field of vision for the solution of multi-attribute decision making problems. Subsequently,
many concepts of IF have been proposed, such as IF relation [22], IF triangular norm [23],
IF implication operator [24], etc. When dealing with practical problems, IF set and rough
set theory are combined to solve such problems because of the roughness of information.
In 2003, De Cock et al. presented some basic and important properties and conclusions
of IF-rough set [25]. As an important continuous operator, IF triangular norm plays an
important role in IF-rough sets. De Cock et al. defined a pair of upper and lower IF-rough
approximation operators based on IF implication operators and IF triangular norm, studied
the properties of IF-rough operators, and further extended the IF-rough set model [26]. On
the basis of systematic generalization of existing work, Zhang et al. extended one domain
to two domains [27] to study IF-rough sets.

Since triangular norm is widely used in solving practical problems, the study of their
extensive forms in application is also of great importance. The overlap function is the
extension of continuous triangular norm and is widely used in image processing, data
classification and multi-attribute decision making. Overlap functions as unassociative
connectives in fuzzy logic has been studied by many scholars. Overlap function [28] was
proposed by Bustince et al. in 2009. This concept is taken from some practical problems
related to image processing and classification. In image problem processing, Bustince schol-
ars use binary operators called constrained equivalent functions to calculate the threshold
of an image [29]. In the classification problem, Amo scholars use overlaps to discuss the
evaluation of resulting classification when the research objects is unclear classification
system [30]. In recent years, some generalizations of overlap function have been proposed,
such as n-dimensional overlap function and general function [31], interval valued overlap
function [32-34], etc., which have promoted theoretical research and practical applica-
tion of overlap function. However, the existing definitions have limitations in solving
practical problems with intuitionistic fuzzy information. In view of this limitation, this
paper puts forward the definition of IF-overlap function, and studies some of its properties
and representations.

Because the overlap function has a wide range of applications, IF-overlap function and
IF-rough set can be studied together, and a broader IF-rough set model can be proposed to
expand the application range of IF-rough set in practical problems. IF-overlap function,
as a non-associative binary function, can be widely used in decision making problems
based on fuzzy preference relation, which can overcome the defect of associative property
of continuous IF triangular norm in practical problems, and has a better effect in dealing
with uncertain multi-attribute decision making problems. Therefore, on the basis of IF
triangular norm, a broader IF-rough sets is proposed, that is, IF-rough set based on IF-
overlap function.

There are two main reasons for this study: One is the rough set theory is an important
tool to deal with uncertain information, however, the classical rough set is restricted
because of its strict conditions, in order to expand the application scope of rough set theory,
we found that IF the introduction of the theory makes a lot of problems to solve, through
different logical operator combining the IF theory and rough set theory, such as IF-overlap
function, enriched the theory of rough set. Secondly, for the application of MCDM problem,
after studying and comparing many existing methods, we found that the existing methods
still have some limitations, for example, the continuity of triangular norm operator may
be invalid in the complex IF environment. This paper analyzes the limitations of these
methods in theory and application, and puts forward a new method to solve the MCDM
problem. Experiments show that our method is more suitable for practical needs and more
flexible when dealing with problems. In addition, through changing attribute values of «,
this method can get all the results obtained by existing methods.

The rest of the paper is structure as following: we list some preliminary concepts
and results in Section 2. Next we give the definition of the IF-overlap function, given
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the general generation method of the IF-overlap function and some examples to account
for explain, moreover we give the definition of the representable and unrepresentable IF-
overlap function and concrete example in Section 3. In Section 4, we establish the IF-rough
set model based on IF-overlap function, and discuss the basic properties of this model
and give some examples. In Section 5, we put forward the MCMD problem method of
the IF-rough set model based on IF-overlap function, the steps and calculation formula of
this method are listed. Then we propose the concrete example, and comparison analysis
among our method and other methods. Finally, we conclude our work with a summary of
the paper in Section 6, and also outline future research.

2. Preliminary Concepts and Results

In this section we recall several fundamental conceptions relates to overlap function,
intuitionistic fuzzy sets and rough sets.

2.1. Overlap Function

Definition 1 ([28]). A bivariate function O : [0,1]> — [0, 1] is called an overlap function, if for
every a,b,c € [0,1], the following conditions holds:

(O1) O(a,b) = O(b, a);

(02) O(a,b) =0 < ab=0;
(03)O(a,b) =1 ab=1;
(04) O(a,b) < O(a,c)ifb <¢;
(05) Ois continuous.

Definition 2 ([28]). Let O: [0,1]?> — [0, 1] be an overlap function, then for every a,b € [0,1],
the bivariate function Ro : [0,1]? — [0,1] defined by,

Ro(a,b) = max{c € [0,1]|O(a,c) < b}

then Ro is the residual implication induced from overlap function O.

Definition 3 ([32]). An interval-valued overlap function is a mapping O : L' x LI — L! that
respects the following conditions ( where LT = {[x1, x2]|[x1, x2] € [0,1], %1 < x2}):
(Ol) O is commutative;
)O=10,0] < X=1[0,0]VY =100
)O=[11]eX=Y=[11],
) O(Y, X) < O(Z,X)if Y < Z;
) O is Moore-continuous.

(02
(03
(O4
(05

2.2. Fuzzy Sets Theory

Definition 4 ([1]). The fuzzy set(or fuzzy subset) on argument domain X is A mapping from X to
[0, 1] (called membership function) :

fa:X—[0,1]
for every x € X, pa(x) called the membership of x with respect to A.

Definition 5 ([7]). The IF set on the arqument X is A defined as follows:

A= {(x,na(x),va(x))|x € X}

where, pa(x) : X — [0,1] and va(x) : X — [0, 1] respectively represent the membership and
non-membership of x belong to A, and satisfy 0 < pu(x) +va(x) < 1.

As the same time, general fuzzy set is denote by : A = {(x, pa(x),1 —pua(x))|x € X},
obviously. At this point, the IF set degenerates into a general fuzzy set.

124



Symmetry 2021, 13, 1494

Definition 6 ([7]). Let A and B be intuitionistic fuzzy sets, where

A= {(x,1a(x),va(x))|x € X}, B = {(x,1up(x), v(x))|x € X},

then the order and operation are defined as follows:

(1) AC B < pg(x) < up(x)andvy(x) > vp(x), foreach x € X;

(2) ANB = {{(x,minp4(x), up(x), maxvy(x),vp(x)|x € X};

(3) AUB = {(x,max p(x), ug(x), minva(x),vp(x)|x € X};

(4) A° = {(x,va(x), ua(x)|x € X)};

(5) AA = {{x,1— (1 - pa(x))}, va(x)")}.

IF sets assign to each element x of the universe both a degree of membership y 4 (x) and one of
non-membership v 4 (x) such that 0 < p,(x) +va(x) < 1. This hesitation is quantified for each
x in X by the number w4 (x) =1 —pa(x) —va(x).

It is well-known IF sets are equivalent of L-fuzyy sets [8]. Let (L*, <p+) be the complete
bounded lattice defined by:

L* = {{x1,x2)|x1 + x2 < 1},

(x1,%2) <t (y1,¥2) © x1 <Y1, X2 > 1o

The units of this lattice are denoted 0y = (01), 11+ = (1,0). For each element x € X,
by x; and x; we denote its first and second components, respectively. An IF set A in a
universe X is a mapping from X to L*. For every x € X, the value ps(x) = (A(x)) is
called the membership degree of x to A; the value va(x) = (A(x)), is called the non-
membership degree of x to A; and the value m4(x) = 1 — pa(x) —va(x) is called the
hesitation degree of x to A.

Definition 7 ([22]). An IF relation R on U is an IF set of U x U, i.e., R is given be

R = {{x,y), ur(x,y), vr(x,y))|(x,y) € U x U},

where ug : U x U — [0,1] and vg : U x U — [0,1] satisfy 0 < ur(x,y) + vr(x,y) < 1 forall
(x,y) e Ux U.

Let R be an IF relation on U, R is called reflexive if ugr(x,y) = 1 and vg(x,y) = 0
forall x € U; R is called symmetric if ur(x,y) = ur(y,x) and vg(x,y) = vr(y,x) for all
(x,y) € U x U; R is called transive if for all (x,z) € U x U,

ur(x,z) > Vyeulpr(x,y) A pr(Y,2)];

and
vr(x,2) < Ayeu(vr(x,¥) V r(Y,2)].

Definition 8 ([23]). An IF triangular norm is a mapping T : L* x L* — L* which satisfy the
following conditions:

(1) T(1p+,x) = x, forany x € L*;

(2) T(x,y) = T(y, x), for any x,y € L*;

(B)Ifx <p+u,y <p~ v, then T(x,y) <r- T(u,v), forany x,y,u,v € L*;

(4) T(x, T(y,z)) = T(T(x,y),z)), forany x,y,z € L*.

2.3. Fuzzy Rough Sets Theory

Definition 9 ([10]). Let (U, R) be a Pawlak space, that R is an equivalence relation on the
arqument domain U, if A is a fuzzy set, then a pair of lower and upper approximations on (U, R) is
defined as follows:

Ag(x) = min{A@)ly € [x]g,x € U};

Ar(x) = max{A()ly € [x]z, x € U}.
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where, [x|R represents the equivalence class about x, and called Ag and Ag are the lower and upper
approximations of the fuzzy set A with respect to (U, R).

If A = Ag, then A is a defined fuzzy set. On the contrary, A is called fuzzy rough set.

Definition 10 ([24]). Let U be a nonempty and finite universe of discourse and R € IF(U x U),
the pair (U, R) is called an IF approximation space. For any A € IF(U) , the lower and upper

approximation of A w.r.t (U, R), denoted by R, and R, are two intuitionistic fuzzy sets and
defined as follows:

where
HR, (¥) = Ayeulvr(x,y) V a(y)];
R, (x) = Vyeulpr(x,y) Ava(y)].
R, (x) = Vyeulur(x,y) ANua(y)l;
UEA(x) = Nyeu[vr(%,¥) Vva(y)]

The pair (R4, Ry4) is called the IF-rough set of A w.r.t. (U, R), R4 and R4 are referred
to as a lower and upper IF-rough approximation operators, respectively.

Definition 11 ([26]). Let T be an IF triangular norm, I be an IF implicator, and R be an IF
equivalence relation on U. Together they constitute the approximation space (U, R, T, I). For any
IF set A in U, the lower and upper approximation of A are the IF sets R | Aand R t7 Ain U
defined by:

RirA(y) = inf I(R(x,y), A(x)),

R 11 Aly) = sup I(R(x,), A(x)).

xel
forally € U.

A is called definable if and only if R |; A(y) = R 71 A(y). Conversely, the couple
(R1rA R 11 A)is an IF-rough set.

3. Intuitionistic Fuzzy Overlap Function

This section first gives the definition of the intuitionistic fuzzy overlap function (IF-
overlap function), then gives the general generation method of the IF-overlap function,
and then gives the definition of the representable IF-overlap function and gives the con-
crete example.

Definition 12. An IF-overlap function is a mapping O : L* x L* — L* that respects the following
conditions, for any x,y,z € L*,

(Ol) Commutativity: O(x, y) = O(y, x);

(O2) Boundary condition: O(x y) = O« ifand only if x = OL* ory =0r;

(O3) Boundary condition: O(x, y) =11+ ifand only ifx=y =1z

(04) Monotonicity: O(x,y) <p+ O(x,z) ify <1+ z
~ (05) Continuity: O is continuous, i.e., Vi € 1,y; 6 L*, O(x, Vieryi) = Vie1O(x, ;) and
O(x Azel?/z) = /\ielo(x/yi)'

Proposition 1. Let O be an overlap function. Define the function O as follows: for every x =
(x1,%2),y = (y1,92) € L

O(x,y) = (O(x1,11),1 = O(1 — x2,1 — 2))
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then O is an IF-overlap function.

Proof.NProve O satisfied the conditions in Definition 12 as follows:
(O1) Forall x,y € L*, since Ois commutative, so O(xq,y1) = O(y1,x1), O(1 — x2,1 —
y2) = O(1 —y2,1 — xp), it follows that

O(x,y) = (O(x1,¥1),1 = O(1 = x2,1 —y2)) = (O(y1,x1),1 = O(1 —y2,1 = x2)) = O(y, x).

(O2) For all x,y € L*, according to the Boundary condition of O, we can get to know
O(xl,Nyl) =0« x3;=00ry; =0, O(l — X, 1 —yz) =0&xpx=1lory, =1, it follows that

O(x,y) =0+ & <O(X1,y1),1 — O(l —xp,1 —y2)> =0+ & O(Xl,yl) =0,1- O(l —
X7, 1 —]/2) =1 x=0+ ory = 0p+.

(08) For all x,y € L*, according to the Boundary condition of O, we can get to know
O(xl,Nyl) =lexp=11=1, O(l —x,1 *]/2) =1l x=1y=01it follows that

O(x,y) =11 & (O(x1,¥1),1 = O(1 —x2,1—y2)) =11 & O(x1,y1) = 1,1 — O(1 —
x2,1—yp) =0 x=y =11

(O4) For all x,y,z € L, ify <p» z,ie, y1 < z1,y2 > 22, then O(x1,y1) < O(x1,21),
O(l —xp,1 —]/2) < O(l —x7,1— Zz), 1-— O(l —x7,1 —]/2) >1- O(l —xp,1— Zz), it
follows that

O(x,y) = (O(x1,1),1— O(1 —x2,1—12)) <1+ (O(x1,21),1—O0(1 —x3,1—2,)) = O(x, 2).

(05) Firstly, we prove left continuous, i.e., O(x, Vic 1Yi) = Vie 10(x, y;) where x =
(x1,x2),y = (y1,¥2). Because the overlap function O is continuous, O(x1, Viejyin) =
VierO(x1,yin) and O(1 — x2,1 = Aieryn) = O(1 — x2, Vier(1 —yn)) = VietO(1 — x2,1 —
Yi2) is holding.

Then we have

O(x, Vieryi) = (O(x1, Vieryi1), 1 — O(1 — x2,1— Nieryin) = (O(x1, Vieryn), 1 — O(1 — x2, Vier(1 —yi))) = (VierO(x1, yi1),

_x2/(

= VierO(x, ;).

1—yn))) = (VierO(x1,yi1), Nier(1 = O(1 = x2, (1 = y2))) = Vier{O(x1,yi1),1 = O(1 — x2, (1 — yi2))

Therefore the function Ois left continuous. [

Similarly, we can obtain é(x, NietYi) = Nie 1(~)(x, yi), therofore the function Ois
right continuous. B
Hence the function O is continuous.

Example 1. Define functions as follows: for x = (x1,x2),y = (y1,¥2),
(1) O(x,y) = (min(xy,y1) min(x3,y3), max(x, y2) max(x3,y3)).

(2) O(x,y) = (min(y/x1, \/71), max(y/X2, /2)) -

(3) O(x,y) = (x1y1,1 = (1 = x2) (1 = y2)).

@ O(x,y) = (x4, 1 — (1= x) (1 —y2) =572,

(5) O(x,y) = (O.5x1y1 +0.5max(0,x1 +y1 — 1), min(1,x2 +1—y1,y2 + 1 — x71)).

It is easy to verify that the above functions are IF-overlap function.

Definition 13. Let O : L* x L* — L* be an IF-overlap function, defined the function Ry :
L* x L* — L* as follows:

Rg(x,y) = sup{z € L*|O(x,z) <p+ y}
then Ry is called the residual implication induced by the IF-overlap function 0.

Example 2. Define functions as follows: for x = (x1,x2),y = (y1,Y2),
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Vx = (x1,%2),y = (y1,42) € L*,O(x,y) = <f(

(1)
<1/0> x% < ]/1Eli’ldxg <>
Rx(x,y) = (1 _y;/SI ;/3> x:;' < ywndx% <
ot W0 x> yanddd >y,
<y%/3,y§/3> X3 > ypandx3 <y,

R is the residual implication induced by the IF-overlap function O(x,y) in Example (1(1)).
(2)

él,(2)> x; < yiandxz < y%

(1—y5,95) x1 < yfandxy <y

Rx(x, — 1 2
olxy) (13,0 x> yjandx, > y3
yiy3) x> yjandxy <y3

R is the residual implication induced by the IF-overlap function O(x,vy) in Example (1(2)).

(3) Ry(x,y) = d%/l — 12y, R is the residual implication induced by the IF-overlap

17}(2

function O(x,y) in Example (1(3)).

Definition 14. There exist two overlap functions Oy,Os, if Oy < Oy, defined function as follows:
for x = (x1,x2),y = (y1,92),

O((x1,x2), (y1,y2)) = (O1(x1,¥1),1 = O2(1 — x2,1 = y2))

then O'is called representable IF-overlap function.

Example 3. (1) The function O(x,y) = (x1y1,1— (1 —x2)(1 — y2)) is a representable [F-overlap
function.

(2) O(x,y) = (0.5x1y; +0.5max(0,x; +y; — 1), min(L,xo +1 -y, o +1—x;)) isa
unrepresentable IF-overlap function.

Let Oy(x1,y1) = 0.5x1y1 + 0.5max(0,x1 +y1 + 1), Oa(x2,y2) = 1 — min(1,2 — xp —
X0,2 — Y2 — Yo), where xo,yo € [0,1] is contant.

0,(1,1) :{ Xo X0 >Yo

Yo X0 < Yo

Obviously, Ox(1,1) # 1, that is not satisfied the conditions for overlap function. So, the
function O(x,y) = (0.5x7y; +0.5max(0,x; +y; — 1), min(1,xo +1—y1, 2 +1—x7)) isa
unrepresentable IF-overlap function.

It is proved that Example 3(2) satisfies the condition of IF-overlap function, but it
does not meet the condition of representable IF-overlap function, so the function O(x,y) =
(0.5x1y1 + 0.5max(0,x; +y1 — 1), min(1,x; + 1 — y3,¥2 + 1 — x7)) is a unrepresentable
IF-overlap function. For this type of function, we give a more general function expression,
ie., O(x,y) = (axyy; + (1 — &) max(0, x1y; — 1), min(1,x, + 1 —y1,y2 + 1 — x1)), where
a € [0,1].

Proposition 2. The function O : L* x L* — L* is an IF-overlap function if and only if there exist
two functions f, g : [0,1] x [0,1] — [0, 1] such that

f(x1,1) 1_ f(1—2x,1—y) >
xl/yl)_l_g(xl/yl), f(l_x2/1_y2)+g(1_x2r1_y2)

where
1. f and g are symmetric;
2. f is non-decreasing and g is non-increasing;
3. f(x,y) = Oifand only if xy = 0;
4. ¢(x,y) = 0ifand only if xy = 1;
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5. f and g are continuous.
In other words, the IF-overlap function O can be generated by both f and g.

Example 4. (1) Let f = xy and g = 1 — xy, the IF-overlap function generated by f and g is

O(x,y) = (riy1, 1= (1= x2)(1 = y2)).
(2) Let f = xy(x +y) and g = 2 — xy(x +y), the IF-overlap function generated by f and g

is O(x,y) = (xiyn 52,1 — (1 - x)(1 - y2) 522).

4. IF-Rough Sets Model Base on IF-Overlap Functions

In order to popularize the application of IF-rough set model , a new class of IF-rough
set model is proposed by combining IF-overlap function. In this section, we will introduce
the definition and some properties of this new IF-rough sets model.

Definition 15. Let O be an IF-overlap function, R be an residual implication, and R be an IF
similarity relation in U, the (U, R) is called IF approximation space. For any IF set A in U, the
lower and upper approximation of A are the IF sets R [ g A and R T A is defined by:

R i, Aly) = inf Ro(R(xy), A(x))

R 15 A(y) = sup O(R(xy), A(x))
xel

forally in U.

A is called definable if and only if R {r, A = R T A. Conversely, called the couple
(R IRy AR 15 A) is IF-rough sets, and R IRy A and R T A respectively are referred to as
approximation operators under IF and approximation operators above IF.

Next, give an example of IF set, and use IF-rough set based on IF-overlap functions to calculate
its lower and upper approximation.

Example 5. Let the A is an IF set, i.e., A = <0‘i’?'1> + <0'Z’£'2> + <0‘?{’S'1> + (0%31) + <0'%g'2>, R
is an IF relation showed in Table 1.
Table 1. IF relation R.

R X1 X2 X3 X4 X5
R(x7) (0.9,0.0) (0.7,0.1) (0.6,0.2) (0.5,0.1) (0.3,0.2)
R(x2) (0.8,0.1) (0.4,0.4) (0.8,0.1) (0.7,0.1) (1.0,0.0)
R(x3) (0.7,0.2) (0.3,0.1) (0.0,0.6) (0.2,0.2) (0.6,0.2)
R(xy) (0.6,0.1) (0.5,0.5) (0.4,0.4) (0.7,0.2) (0.3,0.4)
R(xs) (0.9,0.0) (0.0,1.0) (0.1,0.1) (0.5,0.5) (0.3,0.3)

By the Definition 15,let’s take O and R o for example 1 and 2, then calculate the lower
and upper approximation as follows:

R \LR A= (0.4152,0.5848) + (0.4152,0.5848) + (0.4152,0.5848) + (0.4152,0.5848) + (0.4152,0.5848) .
o x1 x2 X3 X4 X5 ’

4 _ (0512,0.0001) , (0.343,0.001) , (0.343,0.008) , (0.343,0.008) , (0.343,.008)

R TO A= X1 + X7 + X3 + Xy + X5 :

The following, we list the properties of intuitionistic fuzzy upper and lower approxi-
mation operators, and give concrete examples to show that their idempotent propertie is
not set up.

Proposition 3. Let (U, R, O, Rg) be an IF approximation space, where O'is an IF-overlap func-

tion and R is a residual implicator of O. Then for all A,B € IFS, Ry C Ry, the following
properties hold:
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(I)AQB:>R¢R6AQRiRéB;RTéAgRTéB;
(2) Ry dryg A2 Ry gy A;R1 T AC Ry 1 A
(3) R Ir, (ANB) =R g, ANR g, B;

(4)RT5 (AUB) :RT()AUT()B,‘

(5)RJ,R5 (AUB) :_)R\I,RaAUR\LRé B;
(6)R15(ANB) CR15 AN s B.

Proof. (1) It can be directly followed from Definitions 12 and 15.
(2) By the definition of IF relation, if Ry C R; then Ri(x,y) < Ra(x,y), by the
Definition 3.1, we have O(R;(x,y), A(x)) < O(Rz(x,y), A(x)), then

sup O(R1(x.y), A(x)) < sup O(Rp(x.y), A(x)).
xel xel
Thatis Ry 15 A C Ry Ty A holds. Similarly, we can verity that Ry C Ry, then
Rl iRE) A 2 R2 iR@ A holds.
(3) By definition to know,
R i’Ré (ANB)(y) = infyey Ré(R(x,y),A(x) A B(x)) = infyey Ré(R(x,y),A(x)) A
infreu Rp(R(x,y), B(x)) = R lry A(y) N R Ir, B(y).
(4) By definition to know, N N
R 15 (AUB)(y) = sup,cy O(R(x,y), A(x) V B(x)) = sup,c; O(R(x,y), A(x) v
sup,cyy O(R(x,y), B(x) = R 15 A(y) UR 15 B(y)-
(5) That can be directly followed from Definition 15 and Propositions 14, respectively.
(6) It can be directly followed from Definition 15 and Propositions 1-4, respectively.
In particular, we illustrate that the model is not idempotent, i.e.,

RtpA#RTg (R 15 A)

Rlry A # Rlry (Rlrg A)
]

Example 6. Let A be an IF sets, A = <O'i’0'5> + 0406) <O'i’0'5> + 0702) <0'i’0‘1>, and

R be an IF relation as Table 1, then by callculuting, we have the results as follows: R 15
0.512,0.0001 0.125,0.125 0.064,0.064 0.343,0.008 0.125,0.125) , _
A=t Ly (0120129) 4 00640064) b LR 15 (R 14 A) =

X1 X4 X5
0.1342,0.0 0.1342,0.001 0.1342,0.008 0.125,0.001 0.027,0.008
( ) 4 4 ) 4§ ) 4 4 ) 1 ¢ ).

X1 X2 X3 Xy X5

Obviously, R 15 A # R 15 (R 15 A), by calculation know R Iry A #£R IRy (R T
A).

5. Application Example

In this section, we will describe the application of the new IF-rough set model to
MCDM (multi-criteria decision making) problems, and compares the decision results with
other models.

5.1. Problem Description

In a public company, shareholders want to elect an executive director who have both
ability and political integrity, in order to create more value for the company. Let X = {x;:
i=1, 2, .., n} be the universe of n alternatives, C = {Cj: j=1,2, .., m} be the set of m
criteria. Cj(x;) = (u(x;), v(x;)) where 0 < p(x;) + v(x;) < 1, p(x;), v(x;) are the degrees of
membership and non-membership of C;(x;), respectively. C;(x;) denotes the ability value of
the alternative x; to the criterion C; given a lot of judges. Assuming that for any alternative
x;, there is at least one criterion C; such that the value of the alternative x; for the criterion
C jis equal to < 1,0 >. In the following, we can solve the decision-making problem by
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means of the principle of the IF TOPSIS methods and the IF-rough set models. We apply
the algorithm in recruiting alternative in a public company to choose the best director.

5.2. Decision-Making Method

Firstly, we build one IF set C; is a description of X given by a lot of experts through
their experience, then give the IF relation R for each x;.

Secondly, by the IF relation R, the positive ideal solution and the negative ideal
solution of the alternative x; are defined as:

AT (x;) = (pa+(x1), v+ (7))

where p 4+ (x; = max/L, (uc; (x;)),v 4+ (x; = mini’, (v, (x;));

A7 (x;) = (pa-(xi),v4- (%))

where i, (x; = min?" (s, (¥))va- (x; = max™ (v, (x,)).

We can receive that the positive ideal solution A™ and the negative ideal solution A™.
Where A*, A~ € IF(U). Thirdly, we compute the IF rough approximation of A™ and A~
by the IF-rough sets.Then there are two types calculating, by the score function L(A)(x;) =
ta(x;) +va(x;) - ma(x;) where ma(x;) =1 —pa(x;) — va(x;) and the summation formula
of IF sets X @ § = (pz + py — pspy, Vzvy) where X = (g, vz), 7 = (g, vy),%, 7 € D* and
A% = (1= (1—pux)*,v3),A > 0, then for each x; € U, two ranking functions of x; are
defined as:

The first type:

P~ (x;)) =L(RLAE@RTA7),PT(x;) =L(RLATPRTAT);
The second type:
P~ (xj) =L(aR | A~ EPA—-a)RT A7), P (x;) =L@R | A*EP(1—a)RTAT).

where a € [0,1] be a level adjustment value.
Lastly, based on the principle of the TOPSIS methods, the relative closeness coefficient
P (x;)
P~ (x;)+P* (x;)
the values of 4(x;), we can rank these alternatives. Lastly, through the ranking order of all
alternatives, we can choose the best alternative.

of every alternative x; about P~ and P is defined as: 6(x;) = . According to

5.3. Algorithm for IF-Rough Sets Models with IF Information

We come up with an algorithm for IF rough sets models based on MCDM problem
with IF information. Now a company want to choose the best one from six candidates.
Let U = {x1,x2,x3,x4,x5,%} be the set of six candidates. Let C = {Cy,Cy,C3,Cq,Cs}
be five criteria, C1,Cy,C3,Cy4, C5 represent emotional quotient, work ability, language
expression skills, management ability and resilience ability, respectively. Let C;(x;) =
(u(x;),v(x;)), (j = 1,2,...,5;i = 1,2,...,6) where u(x;) and v(x;) are the degrees of the
membership and the non-membership of the alternative x; to the criterion C;, respectively.
Suppose that for each alternative x;, there exists the criterion C; such that C;(x;) = (1,0).
The IF relation R based IF rough sets of six alternatives are as Table 2.
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Table 2. IF relation R.

R X1 X2 X3 X4 X5 X6
R/U X1 X2 X3 X4 X5 X6
R(x7) (1,0) (0.6,0.4) (0.6,0.3) (0.6,0.2) (0.5,0.3) (0.5,0.4)
R(x) (0.8,0.2) (1,0) (0.8,0.2) (0.8,0.2) (0.6,0.4) (0.6,0.4)
R(x3) (0.7,0.25) (0.7,0.1) (1,0) (0.7,0.3) (0.5,0.5) (0.8,0.2)
R(x4) (0.3,0.7) (0.3,0.5) (0.3,0.45) (1,0) (0.6,0.2) (0.6,0.4)
R(xs) (0.5,0.5) (0.7,0.3) (0.7,0.25) (0.9,0.1) (1,0) (0.7,0.3)
R(xg) (0.7,0.3) (0.7,0.1) (0.7,0.15) (0.7,0.3) (0.5,0.5) (1,0)

Then calculate the positive ideal solution A™ and the negative ideal solution A~

as follows:
10 10) | (1,0) , (1,0 1,0 1,0) .
A+_%+<X2 + X3 Jr<5‘€4>+<955>+<7’
_(0307) | (0305) , (03045 , (0603) . (0.505) , (050.4)
AT = X1 + X7 + X3 + X4 + X5 + Xe

We calculate the approximation operator of A" and A~ through three IF-rough sets
models, then calculate the P*(x;) and P~ (x;) for each x; € U, respectively. Last, calculate
the 6(x;) for each x; € U and rank for all alternatives.

case 1 IF-rough sets model.

By the definition ,we have following results:

RLAT=R1T AT =U;
— 0.3,0.7 0.3,0.7 0.3,0.7 0.45,0.5 0.3,0.5 0.3,0.7) .
R\LA:<x1>+<x2>+<x3>+<x4>+<x>+<x6>’

RTA- = (0603) | (0603) | (0603) | (0603) , (0.6,0?3) | {0603)

X1 X2 X3 X4 X5 X6

The first ranking function type, we have the following results:

+(n) — 1 1 1 1 1 1.
P(xl)—z—f—g'f'g'*‘x:'f'xfs"‘g,

— N\ — 0.7347 0.7347 0.7347 0.7905 0.7395 0.7347
P (xl) - X1 =+ X7 + X3 + X4 + X5 + X6

By the formula, we have
04235 | 04235 | 04235 | 0.4415 |, 04251 , 0.4235
0= X1 + X7 + X3 + Xy + X5 + Xe

According to the value of §(x;). We rank six alternatives as follows:
Xq4 > X5 > X1 R Xp R X3~ Xg

Thus, we can choose the best alternative x4.
The second ranking function type,let & = 0.5, where « is a level adjustment. Then we
have the following results:
Ffy)— L1 41 1 141,
P(x,)—g+g+g+a+xfs+g,
— _ 05033 , 0.5033 ; 0.5033 , 0.5626 , 0.5258  0.5033
P(xi)_x]+x2+x3+x4+x5+x6'

By the formula, we have § = O.?;348 + 0.%(348 + 0.3348 + 0.36 + 0.3445 + 0.3348.
2 X X4 X5

X6
According to the value of §(x;). We rank six alternatives as follows:

X4 > X5 R X1 R Xp R X3 R Xg

Thus, we can choose the best alternative xy4.
case 2 (I, T)-IF rough sets model.
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Let T(x,y) = (min(x1,y1), max(x2,y2)),

(L,0)  x1 <wyrandxy >y

_ ) (I=v2,y2) x1 < yrandxy <y

Hxy) = (y1,0) x1 > y1andxy > )
(1, ¥2) x1 > yrandxy < o

Definition 16 ([35]). Let & = (jiq, Ua) be an IF value, and the score function of the IF value w is
defined as follows:

S(a) = (pa — va) (1 + 71)

where 1y =1 — fy — Vg

Definition 17 ([35]). Let & = (pa, V) and B = (pp, vg) be two IF values, and S(«), S(B) are
score function of « and B respectively, then

(1) If S(a) > S(PB), called w is greater than B, i.e., x > p;
(2) If S(a) = S(PB), then,

if ha > pp, called o is greater than B, ie., a > f;

if ho < pp, called o is less than B, i.e., a < B.

By the definition, we have following results:

RJ,IA+ = RTTA+ = U,'
R J/I A = <0.?;0.7> + (0.3,0.7) + (0.3,0.7) + (0.3,0.7) + (0.3,0.7) + (0.3,0.7) ,

X X3 X4 X5 X6
— _ (0504 0.5,0.4 0.5,0.4 0.6,0.3 0.6,0.4) (0.6,0.4
RTTA — Y >_|_< % >+< % >_|_< Y >+< e _|_ e >

The first ranking function type, we have the following results:

P(xl) 71+72+73_._7+75+76/
(xl) xl X X X, xs Xe 7

__ 04011 0.4011 0.4011 0.4235 0.4186 0.4186
5_x1+x2+X3+x4+x5+x6‘

X4 = X5 X" Xg 7 X1 R Xy R X3

Thus, we can choose the best alternative x4.

The second ranking function type, let « = 0.5, where « is a level adjustment. Then we
have the following results:
_ 1,1 .1 ,1,1,1.
- 04414 | 04414 | 04414 |, 05033 | 04708 , 0.4708.
P (xi> = X + X + X + X. + X + X6

7

__ 0.3062 0.3062 0.3062 0.3348 0.3201 0.3201
0= X1 + X2 + X3 + X4 + X5 + X

X4 > X5 R Xg >~ X1 = X3 = X3

Thus, we can choose the best alternative xy4.
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case 3 (Rp, O)-IF rough sets model.
Let 6(x,y) = <min(x1,y1)min(x%,y%),max(xz,yz)max(x%,y%)

x] < ylandxg’ <1y
X3 <ypandx3 <y,
> ypandx3 > ya
> yandx3 < ya

0)

1/3 1/3

Rp(x,y) = (1= (’1/§§
( 1/3[ ;,/3)

By the definition ,we have following results:

R g, AT =R15 At =U

0.1121,0.8879) (0.1121,0.8879) + (0.1121,0.8879)

L+

_ 0.2063,0.7937 0.1121,0.8879
R iR(:) A™ = < X1 > - < X2 > X3 - X4 X5 +
(0.1121,0.8879) .
X6 4
_ a— _ {0.125,0.064) (0.125,0.064) (0.125,0.064) (0.216,0.064) (0.216,0.027) (0.216,0. 027)
R TO AT = X1 + X3 + X3 + X4 + X5 + X6

The first ranking function type, we have the following results:

oy )= L 41 1 1 141
P(xl)_x1+x2+xs+x4+xs+x6
P (xi) _ 0.3382 4 0.2597 + 0.264 + 0.3402 + 0.32 4 0.32.

0. 2527 O 2062 0 2089 O 2538 0 2424 0. 2424
5= + + + oz Y 24,

Xq = X1 > X5 R Xg = X3 > X2

Thus, we can choose the best alternative xy4.
The second ranking function type, let « = 0.5, where « is a level adjustment. Then we
have the following results:
+ 1,1 ;1,1 41,1
p (xi)—a—f—g-i-g—‘—xj“rxfs‘f‘%,
P (xi) _ 0.3037 4 0.2719 =+ 0.2719 4 0.3027 + 0.2709 + 0.2709 .

0.233 233 0 2318 0 2318 0 2353 O 2132 0 2132
6 =028 4 + + + + 02132,

X4 > X1 7= Xp = X3 >~ X5 ) Xg

Thus, we can choose the best alternative xy4.
case 4 (Rp, O)-IF rough sets model.
Now let O(x, y) = (min(,/x7, \/yT),max(\/E, \/]E))

< x1 < y%andxz < y%

0)
(1 yzry2> xXp < y%“”de < y%
<y1/ ) x> yjandxy > 5

(i3 x> yandx, <y
By the definition, we have following results:

R\LRéA+:RTéA+:U;

Rp(xy) =

— _ {0.09,049) , (0.09,049) , (0.09,049) , (0.09,049) , (0.09,049) , (0.09,0.49) .
R gy A” = == t t Tttt
— 0.7071,0.6325 0.7071,0.6325 0.7071,0.6325 0.7746,0.5477 0.7746,0.5476
RTéA:< 5 >+< Y >+< % >+< % >+< s >+
(0.7746,0.6325)
X6 :

The first ranking function type, we have the following results:
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Pr(x) =+ 4+t +t+Lt+L+4;
P’(xl) O72+O72_,’_O72_,’_07779_,’_07776_,’_07624

7

o= 04186 4 04186 + 04186 + 04375 + 04374 4 04326

X4 > X5 > Xg >~ X1 = X3 = X3

Thus, we can choose the best alternative xy4.
The second ranking function type, let « = 0.5, where « is a level adjustment. Then we
have the following results:
ey 1,1 1,1 ;1,1
P (xl)—z-f'g‘f‘g'ﬁ‘x:‘f'xfs"‘z,
P~ (x;) = 04612 | 04612 | 04612 4 05814 4 05312 | 04893,
1

7

X5
0. 3156 O 3156 0 3156 O 3392 0 3391 0.3285
5= + - + + + 03288,

X4 > X5 > Xg m— X1 | X3 = X3
Thus, we can choose the best alternative xy4.

5.4. Comparative Analysis

In this subsection, first of all, we make a comparison between three models with no
level adjustment « with IF information as shown in Table 3. Then a comparison among
three models with level adjustment « = 0.5, results as shown in Table 4 and analyze it.

Table 3. Ranking orders of alternative with no «.

Models Ranking Orders of Six Alternatives
casel X4 > X5 - X1 R Xy RS X3 RS Xg
caes2 Xq > X5 R Xg > X1 R Xp R X3
case3 X4 > X1 > X5 R Xg = X3 > X2
case4 X4 > X5 > Xg > X1 R Xp R X3

Table 4. Ranking orders of alternative with « = 0.5.

Models Ranking Orders of Six Alternatives
casel X4 - X5 R X R Xp R X3 R Xg
caes2 X4 = X5 R Xg > X1 R Xp = X3
case3 X4 > X1 > Xp R X3 > X5 R Xg
case4 X4 > X5 = Xg = X1 R Xp R X3

It can be seen from the table that the multi-criteria decision-making method proposed
in this consistent with the decision result obtained by existing models, i.e., x4 is the best
alternative. This phenomenon shows that the model proposed in this paper is effective.
Secondly, by the Tables 3 and 4, we can see the model with level adjustment will be better
results. Lastly, by the model of case 1, we have almost the same ranking, by the model of
case 2, we can also find x1,x;,x3 almost same. Therefore, the two kinds of models cannot
make a good ranking in this kind of problems. The model of case 2 is IF rough set based on
IF triangular norm, since IF triangular norm satisfies associativity. The IF-overlap function
is an extension of IF triangular norm, which does not meet associativity, therefore the
model that proposed by this paper has a wider ranger of practical applications and is of
effectiveness and application value.

5.5. Sensitivity Analysis

Using the similar method in case 1, let & = {0,0.1, ...,0.9, 1}, we can obtain the results
as shown in Table 5. Through this table, we can find that the results are different with
different values of «. If « = 0, then the six alternatives have equivalent interest. So, the

135



Symmetry 2021, 13, 1494

a = 0 is not perfect when making a decision in real life. When « # 0, the results of others
are same. The best selection is x4, respectively.

Table 5. Ranking orders of alternative with different « in case 1.

Different Value of « Ranking Orders of Six Alternatives
a=0 X1 R Xy R X3 R Xy R X5 R X
a=0.1 X4 > X5 = X1 R Xp R X3 R Xg
o =02 X4 > X5 = X1 R Xp R X3 R Xg
a=0.3 X4 = X5 = X1 R Xp R X3 R Xg
a=04 X4 = X5 = X1 R Xp R X3 R Xg
a=0.5 X4 > X5 > X1 R Xp RS X3 A Xg
a=0.6 X4 - X5 - X] R Xy RS X3 RS Xg
o =07 X4 > X5 = X1 R Xp R X3 R Xg
a =038 X4 - X5 - X1 R Xy R X3 R Xg
a=0.9 X4 > X5 > X1 R Xp R X3 = Xg
a=1 X4 > X5 = X1 R Xp R X3 RS Xg

Using the similar method in case 2, let « = {0,0.1, ...,0.9,1}, we can obtain the results
as shown in Table 6. Through this table, we can find that the results are different with
different values of «. If « = 1, then the six alternatives have equivalent interest. So, the
« = 1 is not perfect when making a decision in real life. When « # 1, the results of others
are same. The best selection is x4, respectively.

Table 6. Ranking orders of alternative with different « in case 2.

Different Value of « Ranking Orders of Six Alternatives
a=20 Xq > X5 R Xg > X1 R Xp R X3
a=0.1 X4 > X5 R Xg > X1 R Xp = X3
a =02 X4 > X5 R Xg > X1 R Xp R X3
o =03 X4 > X5 R Xg > X1 R Xp R X3
o =04 X4 > X5 R Xg > X1 R Xp R X3
a=0.5 Xq > X5 R Xg > X1 R Xp R X3
a=0.6 Xq > X5 R Xg > X1 R Xp = X3
a =07 X4 = X5 R Xg > X1 R Xp = X3
a=0.8 X4 > X5 R Xg > X1 R Xp R X3
a =09 X4 > X5 R Xg = X1 R Xg R X3
a=1 X1 R Xy RS X3 RS Xy RS X5 RS Xg

Using the similar method in case 3, let « = {0,0.1, ...,0.9, 1}, we can obtain the results
as shown in Table 7. Through this table, we can find that the results are different with
different values of a. But the results are highly consistent. When « = {0.7,0.8,0.9,1},
the best selection is x; while the worst selections are x, and x3. However, when o =
{0,0.1, ...,0.6}, the best selection is still x4. In other words, if 0 < « < 0.6, the change of
the value of a has no influence on our results. So using the similar way in case 3 to make
decisions, we should take 0 < a < 0.6.
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Table 7. Ranking orders of alternative with different « in case 3.

Different Value of Ranking Orders of Six Alternatives
a=0 X4 > X5 R Xg = X1 R Xp R X3
a=0.1 X4 7= X5 R Xg = X1 > Xp ) X3
a=0.2 X4 > X5 R Xg > X1 = X2 = X3
a =03 X4 > X1 = X5 R Xg > Xo R X3
o =04 Xq4 > X1 ™= X5 R Xg = Xo R X3
a =05 X4 > X1 > Xp R X3 > X5 R Xg
a=0.6 X4 - X1 > Xp R X3 > X5 R Xg
a=0.7 X1 > X4 > X5 & Xg > Xp R X3
a=0.8 X1 > X5 R Xg > Xq4 > Xo R X3
a =09 X1 > X5 R Xg > Xq4 > Xg R X3
a=1 X1 > X5 R Xg R Xq4 R Xp R X3

In the Table 8, the sensitivity analysis of the IF rough sets model (case 1), (I, T)-IF
rough sets model (case 2) and (Ré, (~))—IF rough sets model (case 3) are given.

Form the Table 8, we make some comparisons of the three models based on MCDM
with IF information with different value of . Then we have the following results:

(1) The results of IF rough sets model, (I, T)-IF rough sets model and (R, O)-IF rough
sets model have the same choose that x4 is the best alternative.

(2) We can find in case 1 and case 2, changing the value of a has no influence on our
results (except « = 0 in casel, « = 1 in case 2). When a = 0, through comparison, IF
rough sets model gives us is that six alternatives have the same weight, therefore, it is
invalid in real life to making a decision. When a = 1, (I, T)-IF rough sets model gives us
are that six alternatives have the same weight, therefore, it is invalid in real life to making
a decision. Obviosly, (R, O)-TF rough sets model is better than IF rough sets model and
(I, T)-IF rough sets model in this situation.

(3) When & = 0.1, the result of (R, O)-TF rough sets model and the result of (I, T)-IF
rough sets model are highly consistent, When a = {0.2,0.3}, the result of (R, O)-IF rough
sets model and the result of IF rough sets model are highly consistent. In other words, the
result of (I, T)-IF rough sets model is one of many results of (R, O)-IF rough sets model.

Table 8. The comparison among ranking orders of alternative with different « .

Different Value of «

IF Rough Sets Model (I, T)-IF Rough Sets Model (Rg, O)-IF Rough Sets
(Case 1) (Case 2) Model (Case 3)

a=0
a=0.1
a=0.2
a=0.3
a=04
a=0.5
a=0.6
a=0.7
a=0.8
a=0.9

a=1

X1 R X) R X3 R X4~ X5~ Xg Xg = X5 R Xg = X1 =R Xp = X3 Xq4 = X5 R Xg ™ X1 R Xp = X3
X4 > X5 > X1 R Xp N X3 R Xg X4 > X5 R Xg = X1 = Xp ) X3 X4 > X5 R Xg = X1 >~ Xp R X3
Xq4 > X5 = X1 R Xy R X3 R Xg X4 > X5 R Xg = X1 = Xp ) X3 X4 > X5 R X > X1 > Xp ) X3
Xq4 = X5 > X1 R Xp " X3 R Xg Xqg = X5 R Xg m X1 = Xp = X3 Xq = X1 > X5 & Xg = Xp = X3
X4 > X5 > X] R Xp = X3 R Xg X4 > X5 R Xg > X] = Xp R X3 X4 > X1 > X5 R Xg > Xp R X3
Xq4 > X5 = X1 R Xp R X3 R Xg X4 > X5 R X = X1 = Xp ) X3 X4 > X1 > Xp R X3 > X5 R Xg
X4 > X5 > X1 R Xp | X3 =~ Xg X4 > X5 R X > X1 = Xp = X3 X4 > X1 > X2 X3 > X5 = Xg
X4 > X5 > X] R Xp X3 R Xg X4 > X5 R Xg > X1 = Xp R X3 X1 > X4 > X5 R Xg > Xp R X3
Xq4 > X5 = X1 R Xp R X3 R Xg X4 > X5 R Xg = X1 = Xp ) X3 X1 > X5 R Xg > Xq4 > Xp ) X3
Xqg > X5 > X1 R Xp X" X3 R Xg Xqg = X5 R Xg ™ X1 = Xp = X3 X1 > X5 R Xg = X4 = X2 R X3
X4 > X5 > X1 R Xp N X3 R Xg X1 R Xp) R X3 R X4~ X5~ Xg X1 > X5 R Xg X4~ Xp R X3

The IF-rough model based on IF-overlap function presented in this paper is more
flexible when dealing with specific application problems, and can reproduce the results
obtained by other IF rough set models. According to the choice of different «, different
decision ordering can be obtained, so that the decision maker can have a better decision
reference in practical problems.
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6. Conclusions

Inspired by the literature [6,7,17,27], this paper puts forward the concept of IF-overlap
function for the first time, and constructs an IF-rough set model based on IF-overlap
function, which can be regarded as an extended form of IF-rough set based on IF triangular
norm. On the one hand, the model retains the important properties of the original IF rough
set model. On the other hand, the application range of IF rough sets is expanded and
the flexibility is stronger. In order to solve MCDM problems in real life, the IF rough set
model based on IF-overlap function is combined with IF TOPSIS method. The decision
results show that the model has significant application value. Compared with other
decision results, the model is more flexible, by changing the value of & (« € [0,1] is a
level adjustment value), the new model can obtain the results of other models, which can
reproduce most of the existing results and provide more reference for decision makers.
As a further research topic, the variable precision intuitionistic fuzzy rough sets based
on IF-overlap functions and the covering intuitionistic fuzzy rough sets [36—40] based on
IF-overlap functions will be discussed in the following work, and applied to data mining
and knowledge discovery, etc.
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Abstract: In this manuscript, we introduce and discuss the term bipolar picture fuzzy graphs along
with some of its fundamental characteristics and applications. We also initiate the concepts of
complete bipolar picture fuzzy graphs and strong bipolar picture fuzzy graphs. Firstly, we apply
different types of operations to bipolar picture fuzzy graphs and then we introduce various products
of bipolar picture fuzzy graphs. Several other terms such as order and size, path, neighbourhood
degrees, busy values of vertices and edges of bipolar picture fuzzy graphs are also discussed.
These terminologies also lay the foundations for the discussion about the regular bipolar picture
fuzzy graphs. Moreover, we also discuss isomorphisms, weak and co-weak isomorphisms and
automorphisms of bipolar picture fuzzy graphs. Finally, at the base of bipolar picture fuzzy graph
we present the construction of a bipolar picture fuzzy acquaintanceship graph, which would be an
important tool to measure the symmetry or asymmetry of acquaintanceship levels of social networks,
computer networks etc.

Keywords: bipolar picture fuzzy graphs; ring sum of bipolar picture fuzzy graph; busy value of
bipolar picture fuzzy edge; weak and co-weak isomorphisms of bipolar picture fuzzy graphs

1. Introduction

In 1965, Zadeh [1] introduced the term fuzzy sets (FSs), which is extensively used
in different fields such as life sciences, social sciences, engineering, theory of decision
making, computer sciences etc. Subsequently, many generalizations of the fuzzy sets have
been explored in the literature like interval-valued fuzzy sets (IVFSs), bipolar fuzzy sets
(BPFs), intuitionistic fuzzy sets (IFSs), picture fuzzy sets (PFSs) and so on (see e.g., [2,3]).
The term interval-valued fuzzy set (IVFS) was also introduced by Zadeh [4]. Another
generalization of fuzzy sets termed bipolar fuzzy sets (BPFSs) was introduced in [5]. In
bipolar fuzzy sets (BPFSs) the membership value was considered in the interval [-1, 1]. In
continuation, recently, the term bipolar Pythagorean fuzzy sets along with its applications
towards decision making theory is explored in [6]. Various types of relations on BFSs
were introduced in [7]. Basically, the term bipolar fuzzy relations (BPFRs) is the direct
extension of fuzzy relations. BPFRs were also given a name “bifuzzy relations”. Some
new types of bipolar fuzzy relations and bipolar fuzzy equivalence relation were discussed
in [7]. Atanassov [8] introduced the notion of intuitionistic fuzzy sets which was another
generalized form of the fuzzy sets. Similarly, the generalization of both the fuzzy sets and
intuitionistics fuzzy sets termed picture fuzzy sets (PFSs) was initiated by Cuong [9]. He
also studied several operations and characteristics of PFSs. PES is described by assigning
three memberships values to the object which are neutral, positive and negative. After
this, Bo et al. [10] introduced few new operations and relations on PFSs. Cuong et al. [11]
introduced various types of fuzzy logical operators in the setting of PFSs.

On the other hand, Rosenfeld [12] extended the scope of fuzzy sets towards graph
theory by initiating the notion of fuzzy graphs(FGs). Later on, Bhattacharya [13] added
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several terms in the theory of fuzzy graphs. Different types of operations were introduced
and applied on fuzzy graphs (FGs) in [14]. The term complement of fuzzy graphs (FGs)
was introduced by Mordeson and Nair [15]. Generalization of fuzzy graphs named interval-
valued fuzzy graphs (IVFGs) were initited in [16]. The concepts of intuitionistic fuzzy
graphs (IFGs) were explored in [17]. Several operations were defined and applied to IFGs
in [18]. The term complex Intuitionistic fuzzy graphs and its applications toward cellular
networking were explored in [19].

The term bipolar fuzzy graphs (BPFGs) was introduced by Akram [20], he also studied
several interesting properties of these graphs. Similarly, Yang et al. [21] presented different
types of BPFGs. Talebi and Rashmanlou [22] introduced the terms complement and
isomorphism on bipolar fuzzy graphs, Ghorai and Pal [23] defined generalized regular
bipolar fuzzy graphs. Further to this, Poulik and Ghorai [24] explored different indices on
bipolar fuzzy graphs. Several characterizations of bipolar fuzzy graphs were extensively
explored in [25]. They also presented the adjacency sequence of a vertex and first and
second fundamental sequences were described in a bipolar fuzzy graph illustrative example.
They also demonstrated through examples that if G is a regular bipolar fuzzy graph (RBFG),
then its underlying crisp graph need not be regular and they showed that all the vertices
need not have the same adjacency sequence. Moreover, they verified that if G and its
underlying crisp graph are regular, then all of the vertices need not have the same adjacency
sequence. At the base of adjacency sequences, they also provided necessary and sufficient
condition for a BFG to be a regular with at most four vertices.

Further to the above, Zuo et al. [26] initiated the notion of picture fuzzy graphs
(PFGs). They applied several operations on PFGs and presented some applications of
PFGs towards social networking. Afterwards, picture fuzzy multi-graph (PFMG) was
introduced in [27]. Regular picture fuzzy graphs (RPFGs) along with its applications
towards networking communications have been explored in [28]. Recently, Koczy et al. [29]
more investigated the term PFGs and they added several significant graphical terms for
PFGs and demonstrated them with examples. They also verified the superiority of PFGs
over FGs and IFGs by providing suitable examples. Specifically, they described two real-life
problems including a social network and a Wi-Fi-network through picture fuzzy graphs
and showed that the picture fuzzy graphs are more feasible than any other existing fuzzy
structures. Recently, Amanathulla et al. [30] initiated the concept of balanced picture fuzzy
graphs (balanced PFGs). This is a special type of PFG through which one can (balanced
PFGs) define the density of a PFG based on weight and size of the graph. They also
provided an application of balanced PFG in business alliance.

In this paper, we initiate the concepts of bipolar picture fuzzy graphs, complete bipolar
picture fuzzy graphs and strong bipolar picture fuzzy graphs. We introduce the terms
size of bipolar picture fuzzy graphs, path of bipolar picture fuzzy graphs, busy value
of vertices and edges of a bipolar picture fuzzy graphs. We also study isomorphisms,
weak and co-weak isomorphisms and automorphism of bipolar picture fuzzy graphs. We
deduce in Proposition 1 that isomorphism between two bipolar picture fuzzy graphs is an
equivalence relation and hence we can study the symmetry between two social networks
through it. Finally, we construct a bipolar picture fuzzy acquaintanceship graph, which is
asymmetric.

2. Preliminaries

In this section, we present some basic concepts related to fuzzy graphs. One may
consult [31] for the basics of classical graph theory.

Definition 1. [1] A fuzzy set (FS) S defined on X is represented by the collection

S={(x,as(x)) : x € X,as(x) € [0,1]}
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Definition 2. [32] The Cartesian product of the FSs Sy, ...,S5, on Xy,..., Xy, is the FS on the
product Xy X ... X Xy, having a membership function

(s x..xs,) (%) = {min(as, (x;)) 1 x = (x1,..., %), X; € X;}

Definition 3. [32] The mth power of a fuzzy S on X has the membership function

agm(x) = {las(x)]" : x € X}

Definition 4. [33] A bipolar fuzzy set (BPFS) is the pair (a”,alN), where a® : X — [0,1] and
aN 0 X — [—1,0] represent mappings.

Definition 5. [33] A set 05 = (0%,0)) (resp., 15 = (18, 1Y) is termed bipolar fuzzy empty set
(resp., the bipolar fuzzy whole set) on X and is described as

05 (x) =0 =0Y(x) (resp., 1£(x) = 1and 1} (x) = 1)
foreach x € X.

Definition 6. [34] For any two BPFs S = (af, ) and T = (af, &}), we have

(SNT)(x) = (a5 (x) Aap(x), (ag (x) V &l (x)))
(SUT)(x) = (a5 (x) Var(x)), (ag (x) A i (x)))

Definition 7. [33] A mapping S = (af,al) : X x X — [~1,0] x [0,1] is a bipolar fuzzy
relation (BPFR) on X, where of (x,y) € [0,1] and o (x,y) € [-1,0].

Definition 8. [33] The empty BPFR (resp., the whole BPFR) on X may be described by
oL (x,y) = 0=al(x,y) (resp., aS¥ (x,y) = 1and a (x,y) = —1)
foreach x,y € X.

Definition 9. [8] An intuitionistic fuzzy set (IFS) S on X is the collection S = {(x,ag(x), Bs(x)) :
x € X}, where ag : X — [0,1] is a membership degree while Bg : X — [0, 1] represents a non-
membership degree of x € X, also for each x € X, 0 < ag(x) + Bs(x) < 1.

Definition 10. [35] A bipolar intuitionistic fuzzy set (BPIFS) can be described as
S = {x,al(x),aN(x), B (x),BN(x) : x € X}, where a® : X — [0,1], aV : X — [-1,0],
BP: X — [0,1] and BN : X — [—1,0] are the mappings satisfying

0<al(x)+p"(x) <1
—1<aN(x)+pN(x) <0

Definition 11. [9] A picture fuzzy set (PFS) S on X is the collection S = {(x, ag(x), vs(x), Bs(x)) :
x € X}, where ag(x) € [0,1] is the positive membership degree of x in S, yg(x) € [0,1] represents
the neutral membership degree of x in S and Bs(x) € [0,1] the negative membership degree of x in
S, with ag, s and B satisfying ag(x) + vs(x) + Bs(x) < 1, forall x € X.

Definition 12. [20] A BPFG S = {u, " (u), aN(u), B (u), BN (u) : u € U}, where «¥ : U —
[0,1], aV : U — [~1,0], P : U — [0,1] and BN : U — [~1,0] is said to be a bipolar fuzzy
graph on underlying set U if, ¥ (u,v) < min(a (u), & (v)) and BN (u,v) > min(a™ (1), aN(v)),
forallu,vc E=V x V.
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Definition 13. [35] A bipolar intuitionistic fuzzy graph (BPIFG) on V is the pair G = (A, B),
where A = (af (u), a& (u), BY (1), BN (1)) is a BPIFS on V and B = (ak(u), a (u), pE(u),
BY (u))isa BPIFSon E C V x V satisfying

i (u,0) < min(aj (1), wj (v))

ag (u,0) > max(wy (u), ) (v))
Bi(u,0) < min(py (u), iy (u))
B3 (u,0) > max(py(u), B3 (v))

forallu,v € E.

Definition 14. [35] A mapping S = (af,a, B, BN) : X x X — [~1,0] x [0,1] x [-1,0] x
[0,1] isa Zipolar intuitionisticfxzzy relation (BPIFR) on X, where a£ (x,y) € [0,1], a (x,y) €
21,01, B (x,y) € [0,1] and Y (x,) € [~1,0].

Definition 15. [9] A pair G = (A, B) is said to be a picture fuzzy graph (PFG) on G* = (V,E),
where A = (xa, va ,Ba)isa PFSon Vand B = (ap, vg ,Bp)isa PFSon E C'V € V with

ap(u,v) <min(as(u),as(v))
vB(u,v) < min(ya(u),va(v))
Bp(u,v) > max(Ba(u),Ba(v))

—~

3. Bipolar Picture Fuzzy Graphs (BPPFGs)

We begin this section with the definition of a bipolar picture fuzzy set (BPPFS) which
is introduced by the first author (with Faiz and Taouti) in [36].

Definition 16. [36] Let X be a nonempty set. A bipolar picture fuzzy set (BPPFS) on X is the
collection S = {x,a® (x), aN(x), v*(x), YN (x), P (x), BN(x) : x € X}, where a” : X — [0,1],
Vi X —[-1,0,9": X = [0,1], /N : X = [-1,0], B : X — [0,1] and BN : X — [-1,0]
are the mappings with 0 < a’(x) + 9P (x) + P (x) <1, =1 < aN(x) +yN(x) + pN(x) < 0.

Following [36], for each x in X, a’(x) stands for the positive membership degree,
BP (x) for the positive non-membership degree and " (x) for the positive neutral degree.
Alternatively, aV(x) represents the negative membership degree, BN (x) is the negative
non-membership degree and 7V (x) is a negative neutral degree. On the other hand, if
aP(x) # 0 while all other mappings are mapped to zero then it means that x has only a
positive membership property of the bipolar picture fuzzy set. Similarly, if aN(x) # 0
while all other mappings matched to zero (or equal to zero) then it reflects that x has only
the negative membership property of a BPPFS. Additionally, if y”(x) # 0 and remaining
mappings are mapped to zero then it reflects that x has only the positive neutral property
of a BPPFS. By 7V (x) # 0 and the other mapping goes to zero then we mean that x has only
the negative neutral property of a BPPFS. However, if 87 (x) # 0 while all other mapping
matched to zero then it implies that x has only the positive nonmembership property of a
BPPFS. Finally, if N (x) # 0 while remaining are zero then it implies that x has only the
negative nonmembership property in a BPPFES.

Definition 17. Let G* = (V, E) be a graph. A pair G = (C, D) is said to be a bipolar picture
fuzzy graph (BPPFG) on G*, where C = {al(u), al¥(u), v2(u), v (u), BE(u), BN (u)} is
a bipolar picture fuzzy set on V and D = {af (u,v), a¥(u,v), v (u,0), ¥§(u,0), B (u,v),
BN (u,v)} is a bipolar picture fuzzy set on E C V x V such that for every edge uv € E,
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wb (1w0) < min(al(u),al(0)),  aN(u0) > max(aX (u),a¥(0))
VB (o) < min(y2(u),7R(W), AN (wo) > max(r¥ (), 7¥ (v))
Bh(u0) = max(BP(u), BR(0)), BN (uo) < min(BY(w), BY (0))

satisfying
0 < ap (u0) + yp (u0) + p(uv) <1

1 < aB(u0) + 75 (u0) + Bh(u0) <0
Example 1. One can easily verify that the graphs shown in Figure 1a,b are BPPFGs.

(1, {0.3,-04}, {0.1,-0.3}, {0.2, =02} (v {03, 03}, {02, -03}, {0.1, 0.2})

(u, {03,-02}. {0.5.-02}, {02,-03})  (x {02.—04}, {0.5,-0.1}, {03, 0.2}
({0.3,-0.3}, {0.1,-0.3}, {0.2, 0.2}

({04, -04}, {0.1, -0.3}, {0.2, -0.2])

{zo-wol soo-srol fsoo- rol

{0.3,-0.1}, {0.1, 0.2}, {0.4,-0.2}

L ({03, -03}, {02, ~03}, {02, -03}

({0.4,-043, {0.2,-03}, {0.2, —0.3})

(v, {0.5,-0.2}, {02, 0.3}, {0.3,-0.2}) (w, {04, =0.1}, {0.2, -0.3}, {0.3,-0.3])
(w, {0.4,-0.5}, {0.2, -0.3}, {0.1,-0.2}) (. {0.5,-0.4}, {0.2,-03}, {0.2,-03})

(a) Complete bipolar picture furzy graph (b) (Simple) Bipolar picture fuzzy graph

Figure 1. Bipolar picture fuzzy graph.

Definition 18. The order O(G) of a BPPFG G = (C, D) is defined by O(G) = (Ox(G), O, (G),
Op(G)), where

= (). 0w (G), } O (G))

u;eVv u; eV

= (Y 0,(G), Y Ow(G)) and

u;eVv u;eVv

= Z OBP(G), Z O‘BN(G

u;eVv u; eV

Definition 19. The size S(G) of a BPPFG G = (C, D) is denoted and defined by S(G) =
(54(G),5¢(G), Sg(G)), where

= () Sur(G), ) San(G))

u;eV u;ev

=(). S,»(G), ) Sn(G)) and

u;eV u;evV

=() Sgr(G), ) Spn (G
u;eV u;ev
Definition 20. Let [* = (V4,Eq) and K* = (V;,Ey) be two graphs. Let ] = (C1,D1) be a
BPPFGon J* = (Vj,Eq), where C; = {ocgl( ), “Cl( ), 7C1< u), 'ygl(u), lél(u), ,Blgl(u)} isa
BPPFS on Vy and Dy = {ocp (u) chl( u), 'yDl( u), 'yDl( u), [SDl( u), N( )} is a BPPFS on Eq,
respectively. Let K = (CZ,DZ) be a BPPFG on K* = (V;, Ep), where C; = {(xcz( u), oclc\lz(u),
v, (), 8, (w), BE, (), BE, (1)} isa BPPES on Va and Dy = {ap, (u), afs, (u), vp, (u), vp, (1),
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,B%z (u), ﬁll\)Iz (u)} is a BPPFS on E; be the two BPPFGs. Then the operations union and intersection
between | and K can be defined as

]UKI(C1UC2,D1UD2) (1)
For any vertex u:
Case (i):
CGGUC ={uy, max(ocgl (u), agz(u)), max(yE (1), ')/CZ( u)), min(ﬁlc)1 (u), ﬁgz(u)), max(legl (u),
ag, (u)), min(y¢ (u), 7, (u)), max(BE, (u ) ﬁé’( ) iu€Vi—Va}
Case (ii):
C1 U Co = {u, max(ag, (u), ag, (u)), max(¢, (u ) 16, (), min(Be, (u), BE, (u)), max(ag (u),
o)), iy (), 78 (), max(BY (), B (1)) 0 € Va — 2)
Case (iii):
C1UCp = {u, max(ag, (u), ag, (u)), max(v¢ (), v¢, (), min(Be, (u), B, (u)), max(ag (u),
ag, (u)), min(y¢ (), 7¢, (u)), max(BE, (), BY, (1)) 1 u € Vi N Va}
Similarly, for any edge uv:
Case (i):
Dy UD, = {uo, max(afy (wo), af, (o)), max(yh, (wo), o5, (wo), min(Bh, (wo), B, (0)),

(u

max(afy (uo), ey (u0)), min(yfy, (uv), vy, (u0)), max(By, (wo), By, (uv)) : uv € Ey — Ex}
Case (ii):

Dy UD; = {uv, max(ah (o), aby (u0)), max(y8, (w0), 15, (o)), min(} (o), B, (o)),
max(agl(uv),oagz(uv)),min('ygl(uv),715]2(uv)),mux( Dl(uv) ,Bg (uv)) :uv € E; — Eq}

Case (iii):
Dy UD, = {uo, max(afy (wo), ab, (u0)), max(yh, (wo), o5, (wo), min(Bh, (wo), B, (o)),
max(txgl (uv), zxgz(uv)), min(’ygl (uv), 'ygz(uv)), max(ﬁgl (uv), ‘B%Z(uv)) cuv € EyNEy}

JNK=(CiNCy, D1 NDy) 2)
For any vertex u:
Case (i):
C1NCy = {u, min(a g

(u )
o, (), max(v& (), v¢,

cag, (u)), min(yg (1), 7¢, (u)), max(Be, (u), BE, (u)), min(ag, (u),
(1)), min(BE (u), BE, (1)) : u € V1 = Va}
Case (ii):

C1 N Co = {u, min(ag, (u ), ag, (), min(y¢, (u), ¢, (), max(BE, (u), Be, (u)), min(ag (u),
ag, (u)), max(yg, (u), 7¢, (w), min(BY, (u), BE, (u)) : u € Vo — V1 }

Case (iii):

CiNG = {u,min(zxgl(u), txgz(u)),min('ygl u) 'ygz(u)),max(,Bgl(u),ﬁgz(u)),min(alc\’l(u),

(u),
o (), max(y (), 7N, (), min(BY, (u), BY, () : u € Vi 1 V2}
Similarly, for any edge uv:

Case (i):

D1 1D, = {uo,min(u, (40), &, (), min(, (), 7B, (), max( B, (), B, (v0)),
min(al, (1), o, (o)), max(y}, (1), 71, (1)), min(BY, (o), Y, (uw0)) : wv € Ey - Ep).
Case (if):

Dy N Dy = {uv, min(ap, (uv), ap, (uv)), min(yp, (uv), vp, (uo)), max(Bp (wv), Bp, (uv)),
min(zxgl(uv), a%’z(uv)), max(’ygl(uv), 'ylgz(uv)), min(ﬁg (uv), ,Bg (uv)) : uv € Ep — Eq }.
Case (iii):

Dy Dy = {uv, min(wh (u0), &b, (w0)), min(y}, (w0), v, (w0)), max(Bh (o), B, (o)),
min(zxgl (uv), ucll\)fz(uv)), max(’yg’1 (uv), 'ygz(uv)), min(ﬁll\)’1 (uv), ﬁgz(uv)) cuv € EyNEy}.

Definition 21. Let Gy = (Cy, D1) and Gy = (Cy, D;) be the two BPPFGs on G* = (V4,Eq) and
G** = (V,, Ep), respectively. Then the ring sum G1 @ G, = (V1 U Vz ,(E1 U Ez) — (E1NEy)) of
BPPFGs of Gy and Gy is the graph G = (C, D), where C (zxc, al, 7(:/ N, BE, BN is bipolar
picture fuzzy seton V.=V, UV, and D = (sz, aN, vB, AN, B, BN) is a bipolar picture fuzzy
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set on E = E1 U Ey — (Eq N Ey) satisfying the following conditions.

(A)

(B)

©

(D)

(E)

(F)

(G)

(H)

)

9),

uca(u) if ueVv

ac(u) = al (u) if uev,
ocgl(u) Aalgz(u) if ueVinw,
txgl(u,v) if uveE —E
ag(u,0) = lxgz(u,v) if uveE—E

txé’l(u) if uew
al (u) =< aN (u) if uew,
ucgl(u)\/ocgz(u) if uevinW,

ocgl(u,v) if uvekE —E
gz(u,v) if u,veE —E
agl(u,v)\/zxgz(u,v) if uveENE

ve, () if wev
ve(u) =S8 (u) if uev,

ve,(wo) if w,v€E —E
1e(1,0) = $9¢, (w,0) if wveE—E
)/\"ygz(u,v) if wveENE

Su) if uew
vo(u) =S e,W) ifu €V
78, W) Vg, (u) if ueVinv

’Yg (M, Z)) Zf u,v e El - EZ
7@’(%0): 718’2(u,v) if uveE—E
)VAN (w,0) if woveENE

&
S|

Be,(u) if ueW
pelu) = pe,(u) if uevs
Be, (u)V Be,(u) if uevinvs

lél(u,v) if uvekE —E

Be(u,v) = { BL (w,0) if uoeE—E
181C31 (ur U) N 13152 (1/[, U) Zf u,v € El n EZ
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(K)
,Bl(\j’l(u) if ueW
B (u) =L B, (w) if uev
BE () ABE, (1) ifucVinVy
(L)

N ,Blgl(u,v) if uvekE —E
ve (u,0) = ,Blgz(u,v) if uvekE—FE
ﬁa(u/v) A ﬁl(};(urv) lf u,v e El N EZ

where uv represents an edge between the two vertices u, v while E1, Ep represent edges sets in Gy
and Gy, respectively.

Theorem 1. Ring sum of two BPPFGs is a BPPFG.

Proof. Let us consider two BPPFGs G; = (Cy,D;) and G, = (Cp, D;) defined on crisp
graphs G = (V4,E;) and G5 = (Vz, E;). Then, their ring sum G1 ® G, =G = (C,D)
is BPPFG. Where C = (aZ(u ) N(u), g(u), N(u), B2(u), BN (u)) and D = (ab(u,v),
al(u,0), v5(u,0), yN(u,0), ,BD(u v), BN (u,0)). Then we have the following cases.

Case 1:

Ifu € V4, then ocg( )= ac (u) € V1, which is a BPPFS on V;. Additionally, if u,v € V4, then
al(u,v) = ocgl (u,v) € E1, which is a BPPFS on E;.

Case 2:

If u € V,, thenal(u) = ucgz (u) € V,, which is a BPPFS on V,. Additionally, if u, v € V;, then
aé(u,v) = ag, (u,0) € Ez, which is a BPPFS on Ey.

Case 3:

If u € V4 N Vo, then af(u) = af, ( ) Aag, (u) € V1N Va, which is a BPPFS. Additionally, if
u,0 € V4N Vy, thenal(u,0) = occ (u,v) A Dagz(u, v) € E1 N Ep, which is BPPFR on V; N V; %
Vi NV

Similarly, we can show for all a¥(u), v2(u), v¥(u), E(u), BY(u) € C and al(u,v),
'yg(u, ), 'yg(u,v), ‘B%(u,v), ﬁg(u, v) € D. Since, V4, E1 € Gy, V3, Ez € Gy and Gy, G, are
BPPFGs. Hence G; @ G, = G is a BPPFG. O

Proposition 1. Let H = (C,D) be a BPPFGon G = (V,E). Then HUH = HN H = H and
H ® H = @ are BPPFGs.

Proof. Let H = (C,D) be a BPPFG on H* = (V,E), where C = {aZ(u), a¥(u), vE(u),
7N(w), BE(u), BY(u)} is a BPPFS on V and D = {ah(u), aX(u), 15( w), AN (u), Bl (u),
B (1)} is a BPPFS on E, respectively. For HUH = (CUC, D U D), by Definition 20(1), we
have

CucCs= {u max(al(u), a2 (u)), max(v2(u

min(32(u), v (1)), max(BY (), 63 (1)) :u € V} and

DUD = {uv max(ab (uv), af (uv)), max(’yD(uv) 7P (uv)), min(BY (uv), BL(uv)),
max(al (uv), al¥ (uv)), min(’yg(uv), N (uv)), max(BY (uv), BN (uv)) : u,v € E}.

Thus, wehave CUC =Cand DUD = D. Hence HUH = H.

Similarly, for HN H = (C N C, D N D), by Definition 20(2), we have

C1C = {1, min(w® (), a8 (u)), min(y2 (1), £ (u)), max(BE (), BE.(u)), min (a(u), X (u)),
max(1 (1), v (1)), min(BY (), BY (1)) : u € V] and
DN D = {uv,min(ab(uv), ab(uv)), min(y5(uv), 72 (uv)), max(pE(uv), BY(uv)),
min(aN (uv), al (uv)), max(yN (uv), ¥ (uv)), min(BY (uv), BN (uv)) : uv € E}.

Thus, CNC=Cand DN D = D implies HN H = H.

), vE(w)), min(BE (u), BE(u)), max(ag (u), af (u)),

dl
u)
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Finally, to prove H ® H = @. Let u € V be any vertex, then by Definition (21) we have

al(u) if uev
P(”) = C .

Qe ar(u) if ueVv
al(u)nal(u) if uevnv

Hence, a2 (u) = aZ(u), V u € V. Similarly, for any edge (u,v) € E. Following Definition 21,

we have
al(u,v) if uve E—E
ao(u,v) =S al(u,0) if uv€E—E
al(u,0) Nal(u,v) if u,ve ENE
It implies a2 (1,0) =@,V uv € E — E. Thus, H @ H = @, which completes the proof. [
Definition 22. The open neighbourhood degree of a vertex m of a BPPFG H = (C, D) is deg(m)

= (d(ag(u)), d(ag (u)), d(ve (), d(r¢ (u), d(BE(u)), d(BE (u))), where

d(wg(m))= Y. ag(n), d(ﬂ?;](m))= Y ad(n)

neN(x) neN(x)
2 e 2 e
Z ﬁP d Z ﬁN
neN(x) neN(x)

Definition 23. A vertex u in a BPPFG H = (C, D) is said to be a busy vertex, if

ad(u) < d(ag(u)), ol (u) > d(ag (u))
Ye(u) < d(v&(u)), W) >dyNwu)) and
Be(u) > d(Be(u)) B (u) < d(BY(u))

Otherwise, it is a free vertex.

Definition 24. The busy value of a vertex u of a BPPFG H = (C,D) is defined by J(u) =
(J(ag) (), (o) (), J(re) (), J(r&) (w), T(BE) (w), J(BE) (u)), where

Ja@)(w) =Y a(u) Aal(u),  J(ad)(w) =Y a¥u)vad(u)
I(v@ () = Y ) Ave(u),  T(&) (w) = o€ () V g (i)
J(Be) () =Y Be(u) v Be(u), — J(BE)(u) = Y BE (u) ABE ()

u; s represent the neighbors of u, the sum of the busy values of all vertices of H i.e., J(H) = ¥_ J(u;)
is said to be a busy value of a BPPFG H.

Definition 25. The busy value of an edge uv of a BPPFG H = (C, D) is defined by J(uv) =
(J(ap) (o), J(a3) (uo), J(vp) (o), J(vB) (uv), J(BD) (uv), J(B) (uv)) such that

J(ap(uo)) < min(J(ag(u)), J(ag(0))),  J(af(uv)) = m
J(vD (o)) < min(J(v¢ (), vé(w))),  J(yp (o)) = max(J(+¢ (1)), J(1€ (v)))
J(BD (uv)) > max(J(B¢(u)), J(BE(0))),  J(BD(uv)) < mi

Definition 26. The set of sequence of different vertices vy, v1,v2, ... U is the path p in a
BPPFG H = (C, D) such that («(v;_1,v;), v* (v;_1,v:), BP (vi_1,0;)) > 0 and (&N (v;_1,v;),
ryN(vifl/Ui)/ ,BN(Ul‘,l,Ui)) <0;i=123, .., k.
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Definition 27. Two vertices u and v are connected by a path p i.e., p : ug, uy, U, ... ux_1, Uy of
length | in a BPPFG H = (C, D). Then, a®(u,v),v" (u,0), B (u,), a™(u,v), ¥N(u,v) and
BN (u,v) are illustrated as follows.

o (u,v) =al (u, uy) A al (ug, up) Aol (ug, uz) Ao Aal (up_q,0)

o (u,0) =" (u,ur) Ay (g, u2) AP (g, uz) Ao Ay (151, 0)

BY (u,0) =B" (w,ur) v B7 (w1, u2) v B7 (2, u3) V .. V B (g1, 0)

aN (u,0) =aN (u,u1) vV aN (ug,u2) V a (ug, uz) V... vV aN (ug_q, v)
PN, 0) =N (u, 1) VN (g, u2) VAN (g, uz) VooV AN (g, 0) and
BN (u,0) =BN (u,ur) A BN (ug, u) A BN (2, uz) A oo A BN (41, )

Theorem 2. Let H = (C, D) be a BPPFG. If H contains a ”x — y” walk of length k, then H
contains a "x — y” path of length k.

3.1. Different Types of Products of Bipolar Picture Fuzzy Graphs

Definition 28. The strong product of two BPPFGs H; = (Cy1, D1), where C1 = (ocgl, ocgl, 'ygl,
'ygl, ﬁgl, ,Byl), D, = (ocgl, vcgl, fygl, 'ygl, ,8151, ,811\3]1) and Hy = (Cy, Dy), where Cy = (zxgz,
ucé’z, 'ygz, 'yé’z, ‘Bléz, [SI(‘:]Q), Dy = (ucgz, ucll\)lz, 'ygz, 'yll\)]z, ,3152, ,Bll\)fz), where we take Vi NV, =@, is
defined as

_ (P P P P gP P N N N N gN N P P

Hy ® Hy = (ac, @ &g, 7o, @ Ve, Be, ® Beyr de, @ &, ve, @ ¢, Be, ® Be,, &p, © &p,,
’ygl ® 752, ,3151 ® [3%2, vcgl ® “115[2' 'ygl ® ’)/1512, 1511 ® ,BZL\)]Z) of H* = (V4 x V,,E). Where E
={(m,x1)(m,x2) : m € Vi,(x1,x2) € Ep} U{(my,2)(mp,z) : z € Vp,(my,my) € E;} U

{(m1,y1)(ma,y2) : (my,my) € Eq, (y1,42) € Ep}
and

ol @ag (m,n) = al (m)Vag, (n), &, @¢,(m,n) =g, (m) Vg, (n), &, @ BE, (m,n) =

13151( )/\ﬁlé (n),

acl @ ag, (m,n) = af (m) v ag,(n), 78, @, (m,n) =& (m) Vg, (n), B, @ BE, (m,n) =
2 m) A BY, (),

for all (m,my,my, x1,%2,Y1,Y2) € Vi X V,. Similarly,

wb, @ by (m,m) = by (m) Vb (n), v, ® vD, (m,n) = ob, () V4D, (n), BB, @ B, (m,n)

= Bp, (m) A B, (1)

"‘151 ® ap, (my,x1)(ma, x2) = ap (my,my) Vap (x1,%2), vp, @ vp,(m1,x1)(ma, x2) =
T, (m1,ma) V vp, (x1,%2),
ﬁpl ® Bp,(m1,x1)(mo, x2) = Bpy, (m1,ma) A Bp,(x1,%2), apy ® apy, (m1,x1)(ma, x2) =
(ml,m2) vV ocD (x1,%2),
x1)

701 ® o, (m1,x1)(mz, x2) =y (m1,mz) V oy, (x1,%2), By, @ Bp,(m1,x1)(m2, x2) =
ﬁD (m1/m2) /\ﬁD (xllxz)'

Remark 1. The strong product of two BPPFGs is always a BPPFG.

Definition 29. The semi-strong product of two BPPFGs Gy = (Cq, Dy), where C; = (ocgl, zxgl ,
'ygl, 'ygl, ,Blél, ﬁlc\ll), D; = (zxgl, 041[‘)]1, 'ygl, ’7115[1’ [3151, [3][‘)]1) with crisp graphs G = (V1, Eq)
and Gy = (Cy, D7), where C; = (aléz, txlgz, fygz, 'ygz, ‘Bléz, ,8%’2), Dy, = (txgz, agz, ’ygz, 'ygz,
Bh,, BD,) with crisp graph G5 = (Va, Ey), where we assume that Vi U Va = @, is defined to be
the BPPFG Gy 0 Gy = (a1 o g, B1 © B2, 71 © 72) with crisp graph G* = (Vy x V;, E) such that
E={(x,y1)(xy2) : x € V1, (y1,¥2) € E2} U{(x1,51)(x2,52) : (x1,x2) € Ex, (y1,42) € E2}.
Then

(i)r’ (P P N N N

(el 00, (x,) = min(af. (x), a2, (1)), (@ o) (x,) = max(e (x), a, (v)) forall (x, ) €
V1 X Vz
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(i)

(ve, ©78,) (x,y) = min(v¢, (x), v, (W), (v& o v ) (x,y) = max(v¥, (x),v&, (v)) for all (x,y)
eVixW

(i)

(BE, © BE,) (x,y) = max(BE. (x), BL, (v)), (BY, © BE,) (x,y) = min(BE, (x), BY, (v)) for all (x,y)
S Vl XV

iv
ap, © ap,)((x,y1)(x,y2)) = min(a, (x),ap, (y1,y2)) and (ap, o ap,)((x1,y1)(x2,2)) =

min(ap, (x1,%2),ap, (y1,42))

(ap, o ap, ) (%, y1)(x,y2)) = max(ag (x), a5, (y1,y2)) and (a o apy
mﬁx(“gl(xlfxz)r%z (vy1,92))

(v)

(1D, © 1D, (x,y1)(x,y2)) = min(ye, (x),vp, (y1,y2)) and (vp, © 1p,) ((x1,y1)(x2,42)) =
min(yp, (x1,%2),vp, (V1,Y2))

(7B, © 1D ) (0 y1) (x,2)) = max(v¢ (x), 1, (y1,¥2)) and (v, o vp,) ((x1,41)(x2,42)) =
max(yp, (x1,%2), 75, (¥1,2))

(i)

(BD, © Bp,) ((x,y1)(x,y2)) = max(BE, (x), Bp, (y1,y2)) and (Bp, © Bp,)(x1,y1)(x2,¥2)) =
max(Bp, (x1,%2), Bp, (V1,v2))

(B, © BD,) (X, 1) (x,y2)) = min(BE, (x), By, (y1,¥2)) and (B, © By,)((x1,y1)(x2,42)) =
min(By, (¥1,%2), By, (¥1,¥2))-

P,

)((x1,y1)(x2,2)) =

Example 2. Let us consider two BPPFGs graphs given in Figure 1a,b. Then their semi-strong
product is as follows.

(i) (ag, o ag,)(x,y) = min(ag, (x),a¢,(y)), (ag, oag)(x,y) = max(ag (x),ag,(y)) for all
(x ]/) eVixW

(it) (ve, ©18,) (x,y) = min(y¢, (%), 78, W), (08, 0 v ) (x,y) = max (v (), ¥ (v)) for all
(v,y) eV xV,

(iii) (B, © BE,) (x,y) = max(BE, (x), B, (v)), (BE, © BE,) (x,y) = min(BE, (x), BE, (y)) for all
(x,y) € Vi x Va.

Consequently, for vertex u:

(agl oaf )(x1,y2) = min(0.6,0.3)= 0.3, (af oal)(x1,y2) = max(—0.4, —0.5) = —0.4

('ycl 0 9¢E,) (x1,y2) = min(0.1,0.5) = 0.1, (v, 0 ¢, ) (x1, y2) = max(—0.3, —0.2) = 0.2

(ﬁcl o Be,) (x1,y2) = max(0.2,0.2) = 0.2, (B, © BY)(x1,y2) = min(—0.2, =0.3) = —0.3
(u,0.3,-0.4,0.1, —0.2,0.2, —0.3)

Similarly, for vertex v, w and x:

(v,03,-02,02,-0.3,03,-03), (w, 02, -0.1,0.2,-0.3,0.3, —0.2), (x,0.2,—04,04,
—-0.1,0.3, —0.3)

Now edges of the semi—strong product of two graphs can be obtained by using (iv), (v) and (vi) of
Definition 28

For an edge uv: (0.2, -0.1,0.1, —0.1, 0.4, —0.2)  For an edge wx: (0.1, —0.01, 0.15,
—0.05, 0.5, —0.3)

For an edge vw: (0.3, —0.01, 0.1, —0.3, 0.4, —0.3)  For an edge vx: (0.1, —0.2, 0.15,
—0.3,0.4, —0.3).

Graph shown in Figure 2 is the semi-strong product of the graphs of Figure 1a,b.
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(u, {0.3, —0.4}, {0.1,-0.2}, {0.2, —0.3}) (v, {0.3. 0.2}, {0.2, 0.3}, {0.3,-03})

({0.2, =013, {0.1,-0.13, {0.4, 0.2})

02}, {0.15, ~0.3}, {04, -03])

({0.1,-0.01}, {0.15, —0.05}, {0.5,-03})

(fod,

(w, {0.2,=0.1}, {0.2, —0.3}, {0.3, -0.2}) (x, {0.2, =04}, {0.4,—0.1}, {0.3,-0.3})

Figure 2. Semi-strong product of bipolar picture fuzzy graphs shown in Figure 1a,b.

Definition 30. The normal product of two BPPFGs Hy = (V1,Cy,Dy) and Hy = (V,,Cy, Ds)
with underlying crisp graphs Hy = (V1, E1) and H; = (Va, Ey), respectively, is defined as a BPPFG
G =Gy 0 Gy = (A1 @ Ay, By @ By) with underline crisp graph H* = (V,E), where V.= Vi X V;
and E = {(u,0)(w,x) : u=w,vx € Eporv=x,uw € E1} UE ={(u,w)(v,x) : uw € Eq, vx

€ EZ} with

(i)

0L, 0c, (11,0) = (g, (1) A ag, (0)), &g o, (1,0) = (ag, (1) V agy, (0))
Yepec, (1,0) = (%l (1) A ’rcz(v)), Tepec, (11:0) = (9 (1) V¢, (0)
B&.cz( v) = (B¢, () V BE, (0)), BE uc, (#,0) = (BE, (u) A BE, (0))
forallu,v eV

(if)

apyap, ((1,0) (,w)) = (g, (1) Aoy, (u,w)), o, (1w, 0) (1, w)) = (ag, (1) V af, (u,w))

7D1,D2((u,v)( w)) = (75 () A vb, (1,w)), 7D, up, (1, 0) () = (7¢ (1) V 7, (1, w))
(u,0) (u,

w)) = (B¢, (1) V B, (), BY up, (1, 0) (u,w)) = (BE (1) A B3, (1, )
forallu € Vy and vw € Ep

(ii)

b op, (1, w)(0,w)) = (ag, (w) Aap, (u,0)), & op, ((1,w)(0,w)) = (ag, (w) V apy, (u,0))
Tbyep, (1, w) (0,0)) = (7¢, (W) A ¥, (11,0)), VD, op, (1, w) (v,w)) = (18, (W) V 3, (1,0))
BDyep, ((1,W0)(v,w)) = (BE, (w) V B, (1,0)), BY, up, (1, w) (v,w)) = (BE, (w) A B, (1,))

forallw € V) and uv € Eq

=

(iv)

apyap, (00)(w,x)) = (af (w,w) A ap (0,%)), af op,(w0)(w,x)) = (af (w,w) V
ap, (0,%))

Tbyen, (0 0) (W, %)) = (¢ (u,w) A D, (v,%)), 7B ep, (1,0)(w,x)) = (v¢ (ww) V

D, (0,%))
Bbyen, () (w,x)) = (B, (w,w) V Bp (v,x), B p,(w,0)(w,x)) = (BE (w,w) A
By, (v.x))

forall uw € Eq and vx € Ej.

Definition 31. Let H = Hy @ Hy with underlying crisp graph G* = (V,E), where V =V} x V,,
E = Eq X E; be the normal product of two BPPFGs Hy = (Cy, D) and H, = (Cy, Dy) with crisp
graphs G} = (V4,E1) and G5 = (Vo Ey), respectively Then the degree of the vertex (uy,up)in'V
is denoted by d(H; @ Hy(u,v)) = (o(H . aH )(u,v), d(sz . "‘H ), d(fyH1 . 'yH )(u,0), d(’yH

. 'yHZ)(u, v), al(ﬁH1 . ,BHZ)(u, v), «Jl(ﬁH1 . ,BHZ)(u v) and is defined by

(1)

d(txﬁ ° aH Yu,0) = ) (agl(v) A algz(u,w)) + Y. (agl(u,w) A chz(v)) =

v=x,(1,w)€E; v=x,(u,w)€Ey
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(u,w)€E,
(if)
d zx%l . tx][\{’z)(u, v) = 2 (uclgl(v) \% all\)lz(u, w)) + 2 (ocgl(u,w) \% oclc\g(v)) =
N vzg(u,w)eEz v=x,(u,w)EE;
(ap. (w,w) Vap (v,x))
(u,w)€Eq
(iif)
Ay, ¢ 1)) = ), (g @ Arp,(ww))+ Y (vp, (mw) A g (v))
v=x,(u,w)€E; v=x,(u,w)EE;
= Y., (vp,(ww) Avp,(v,x))
(u,w)eEy
(iv
Ay, e, = Y, (@ Vvap,ww)+ Y, (vp,(mw) VY (0)
v=x,(u,w)€E v=x,(u,w)€EE
- T b o) o) e
(u,w)€Eq
(v)
d(Br, ¢ Br,)wv) = ), (e, (0) vV Bp,(ww))+ ), (Bp,(ww) Ve, (v)
Z , v:x,l(ju,w)EEz v=x,(u,w)€E;
= (IBD] (u’ w) \ IBDZ (U’ x))
(u,w)€Ey
(vi)
Ay, e By, wv) =), (B @) ABE,(ww) + Y, (B, (ww) ABY,(v))
Z N v:x,l(\?,w)eEz v=x,(1,w)€Ey
= (,Bpl(”/ w) A Bp, (v, x)).
(u,w)€Eq

Theorem 3. Let Hy = (Vy,Cy, D1) and Hy = (V», Cy, D5) be two BPPFGs. Ifagl > agz, zxyl <

N P P N N P P N N P P N N P P N
rxll)\[z, 7%1 > 7%2, 7(1;\1[ < 7%, Be, SP[SDZ, icl ZN/%DZ a% > ﬁDv {XCI% < al\ll)ll vczNz 751, WCZPS
Dy ‘BCZ < ‘BDl’ ﬁcz 2 ‘BDl and 2D, 2 XD, *D, < AD, YD, =z 1Dy 1D, S TDy IBDz = :BDl’
IBZI\DIZ > ‘811\3]1' then dHl.Hz(u1,u2) = |V2| dHl (1/[1) + de(uz).

3.2. Homomorphism of Bipolar Picture Fuzzy Graphs

Definition 32. Let Hy and Hp be the two BPPFGs. A homomorphism f : Hy — Hp is the map f :
Vi — V, satisfying

(@ af () <ag (f(u)), al (1) > a (f(u))

® ¢ () <A (fF(w)), v (u) > oY (F(w))

(© B, (u) = BE,(f(u), BE (1) < B (f(u))

(@ ap (o) <ap (f(u)f(v), ap (w0) >ap (f(u)f(0)
(€ p, (o) <p,(f()f(v), p, (uv) >p, (f(u)f(v)
() Bp,(wv) > BD (fF(u)f(v),  BY, (uv) < BY, (f(u)f(v))

forallu € Vi, uv € Eq.

Definition 33. Let Hy and H; be the two BPPFGs. An isomorphism f : Hy — Hj is a bijective
mapping f : V1 — V, which satisfies

(@ ag (u)=ag,f(u), ad (u) = af f(u)

®) g, () =E f(u), v, (1) = ¢, f(u)

(©  BE (u)=p¢,f(u), Be, (1) = B, f(u)

@ ap (wo)=ap (f(u)f(v)), ap (u,0)=af, (f(u)f())
@  p, (w,0)=9p,(f)f(v), D, (w,v) =D, (f(u)f(v))

 pp,(w0)=pp,(fW)f(0),  BY,(u,0) =B, (f(u)f(0))
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Proposition 2. The isomorphism between BPPFGs is an equivalence relation.

Definition 34. Let Hy and H; be the two BPPFGs. Then a weak isomorphism h : G — Gy isa
bijective map h : V1 — V, satifying

(a)  hisa homomorphism.
®) af (w)=af,f(w),

(€ g, (w)=9¢,f(u), ve, () = &, f (u)

@ Be,(u)=BC,f(u),  BY(w) =B, f(n)
forall u € V. Evidently, the co-weak isomorphism fixes only the weights of the vertices.

ag (u) =g f(u)

Definition 35. Let G, Gy be the two BPPFGs. The co-weak isomorphism h : Gy — Gy is the
bijective map h : Vi — V, which satisfies

(a)  his a homomorphism

®  ap (wo)=ap (f)f(0),  af (w,0)=af (f(u)f(0))

(© b, (w,v) =7p,(fW)f(v)), b, (0,0) =75, (f(u)f(0))

) Bp,(w,0)=Bp,(fW)f(0),  BY, (10) =By (f()f(0))

forall uv € E;. Evidently, the co-weak isomorphism fixes only the weights of the edges.

Proposition 3. Weak isomorphism between BPPFGs always induces a partial order relation.

Theorem 4. Let G = (A, B) be a BPPFG and Aut(G) be the set of all automorphisms of G. Then
(Aut(G), o) forms a group.

Proof. Letp, 7, 0 € Aut(G) and letu,v € V. Then

al((pot)(u) = ac(p(t(u))) > ag(p(u)) > ag(u)

ad ((pom)(u) = a (p(r(u)) < af (p(u)) < agf (u)

ve(pom)(w) = velp(t(u))) = vE(p(u)) > ¥ (u)

& ((po1) () = 1¢ (p(r(1))) <€ (p(w) < 9¢ (u)

Be((pot)(u)) = Belp(t(u))) < Blp(u)) < Be(u)

B ((pot) (1)) = BE (p(t(u))) = & (p(u)) > BE (1)
ap((po7)(u)(po7)(v) = ap(p(t(u)))(p(1(v))) = ap((p(w))(p(v))) > ap(uv)
1 ((poT)(u)(p o )(v)) = 1b((p(T(1))) (p(1(0)))) = 15 ((p(1))(p(2))) = v (uv)
B ((poT)(u)(poT)(v)) = Bp((p(T(1)))(p(T(0)))) < Bp((p(1))(p(2))) < P (uv)
ap((poT)(u)(po1)(0)) = ap((p(t(u)))(p(t(2)))) < ap((0(1))(p(0))) < afy(uv)
11 ((p o T) (1) (p o T)(v)) = 7 ((p(T () (p(x(2)))) < 75 ((p(1))(p(v))) < 1 (uv)
BB ((poT)(u)(poT)(v)) = B5((p(T(1))(p(T(2)))) = BB ((p(1)(p(v))) = B3 (uv)

Thus, p o T € Aut(G). Similarly, one can easily prove that (p o T)o ¢ = p o (T 0 0), where p,
7, 0 € Aut(G). Additionally, we have the inverses for each p € Aut(G) defined as a’(p~?)
=ag (), ad (0 1) = af (), e (0™ 1) =€), 7 (0™ =& (0), BE(0 1) = BE(p), B (0™ )
= B¢ (p). Similarly, there exists e € Aut(G). Letpoe=p=eop. a2((poe)(u)) =al(o(u))
Ve, p € Aut(G) is the identity element. Hence (Aut(G), o) forms a group. 0O
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Proposition 4. Let H = (C, D) be a BPPFG and Aut(H) be the set of all automorphisms of H.
Let h = (ocf, 75, ,BE, zxfl\], ’y{l\], ,B{l\]) be a BPPFS in Aut(H) defined by

(@)}, ay (p) = inf{a(o(u),p(0))}

71 (p) = sup{vp(p(u),p(v))}, M (p) = inf{yB(p(u),p(v))}
Bi(p) = inf{Bn(p(u),p(v))}, Bi (p) = sup{BB(p(u),p(v))}

or all (u,0) € VxV,p € Aut(H). Then, h = (af, WP/ P aN, ’)’N, N) is a bipolar picture
P he Vs Prs & Vs Py potar p
fuzzy group on Aut(H).

Proof. Follows from Theorem 3. [

3.3. Complete and Strong Bipolar Picture Fuzzy Graphs
Definition 36. A BPPFG G = (C, D) of a graph G* = (V,E), where C

(), 7 (), BE(w), BE ()} and D = {ay(u), ay (), vh(w), v (), Bp(u), pR(u)} is
called a complete bipolar picture fuzzy graph (complete BPPFG) if

ap(uv) = min(ag(u), ag(v)),  ap(uv) = max(ag (u),ag (v)
1D (o) = min(ye(u), v¢(0)), B (o) = max(y (u), v (v)
B (uv) = max(BE(u), BE(v)), PP (uv) = min(BE (u), B (v))

forallu,v e V.
Example 3. One can easily verify that the graph shown in Figure 1a is a complete BPPFG.

Theorem 5. Let Hy = (Cy,D1) and Hy = (Cy, Dy) be two complete BPPFGs. Then their direct
product Hy ® Hj is also a complete BPPFG.

Proof. As we know that the strong product of BPPFGs is a BPPFG and each pair of vertices

are adjacent, E C V; x V,. Now, for all (u,v1)(u,v;) € E, since Hp is complete

(ucgl ® zxgz)((u, v1), (1, v2)) = ucgl(u) A ocgz(vﬂ)z) = ucgl(u) A ucgz(vl) A zxgz(vz) = (lkgl ®

al)) () A (ag, @ ag,)((01,02))

(ap, @ ap )(u,01), (1,02)) = af (1) V apy (v102) = af (u) V a (01) V af (v2) = (af @

A () V (@ @ ) ((01,2))

(7D, ® 1D, (1, 01), (u,02)) = €, (1) A vp, (0102) = 7, (1) A g, (01) A g, (02) = (9, @

78,) () A (78, @ 1E,) ((01,02))

(D, @ 1D,)((1,01), (,02)) = o (u) VD, (0102) =& () V ¢, (01) V 9, (v2) = (v, @

1) (W) V (78, @ 1E,) ((v1,02))

(Bb, ® Bp,)((n,01), (u,02)) = B, (1) V Bp, (v102) = B, (1) V BE, (01) V BE, (02) = (B, ®
&) (W) v (BE, ® BE,)((v1,02))

(BD, @ BD,)(u,v1), (1,v2)) = BE (1) A PP, (0102) = B (u) A BE, (01) A BE, (02) = (BE, ®

BE,) (1)) A (BE, @ BE,) ((v1,02))

If ((u1, w)(up, w)) € E, then

(ap, @ ap, )((u1,w), (uz,w)) = afy (wyuz) A af (w) = al (ur) Aag (u2) Aaf (w) = (al ®
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ag,) (uru2)) A (ag, ® ag, ) (w).
Similarly, one can easily verify that

(@), @ apy,) ((u1,0) (uz,w)) = (af, @ ag) (u1,w) V (af; @ ag)) (12, w)
(7D, © 1Dy (11, W) (2, w)) = (¢, @ ¥E,) (1, w) A (¢, @ &) (12, w)
(7D, ® B, (11, w) (2, w)) = (v& @) (w1, w) V (v& @) (2, w)
(Bb, © BD,) ((u1,w) (uz,w)) = (BE, © Be,) (11, w) V (BE, @ BE, ) (2, w)
(BD, @ BD,) ((u1,w) (uz,w)) = (BE, @ BE,) (11, w) A (BE, @ B, ) (2, w)

If (u1,v1)(up,v2) € E, then as Hy and H; are complete
(ap,® ap,)((u1,01) (12, 02)) = apy, (1u2) A apy, (v1,02) = ag, (1) A ag, (01) A ag, (u1) A

’ng (v2).
Similarly, we can show that

(a, @ apy, ) ((u1,01) (2, 02)) = a¢, (u1) V &g (v1) V ag, (1) V ag, (02)

(7D, ® vD,) ((u1,01) (u2,02)) = &, (u1) A 751 (v1) A e, (ur) A, (02)
(7D, ® 1D, ((u1,01) (u2,02)) = 9 (u1) V& (01) VA&, (1) V A, (v2)
(Bb, ® Bp,) (11, 01) (42, 02)) = Be, (1) V Be, (01) V B, (u1) V BE, (v2)
(B, © BD,) ((u1,01) (112, 02)) = B, (1) A &, (01) A BE, (1) A BE, (02)-

Hence, H; ® Hj is a complete BPPFG. [
Definition 37. A BPPFG G = (C,D) on a graph G* = (V,E), where C = {al(u), al¥(u),

ve(w), v¢ (), BE(w), PR ()} and D = {afy (), ay (), vh (1), vp (u), B (u), B (u)} is
said to be a strong bipolar picture fuzzy graph (in short, BPPFG) if

forallu,v € E.
Example 4. The graph shown in Figure 3 is a strong BPPFG.

(u. {0.6.-0.4}, {0.1,-0.3}, {0.2, -0.2}) (v, {0.5, -0.3}, {02, 03}, {0.1, -0.2})

({0.5. 03}, {0.1, —0.3}, {0.2, ~0.2}) ,

03.-020%

0. -031

({02, -03}, {02, -0.3}, {0.2, -03])

02, 041

(402, 0.4}, {0.4,-0.3}, {0.3,-0.3}) ‘

L {05, 0.3}, {0.3,-0.2}) (x, {0.2, 0.4}, {0.4, -0.3}, {0.2, ~0.3})

(%, {0.2,-0.5

Figure 3. Strong bipolar picture fuzzy graph.

Remark 2. Every complete BPPFG implies a strong BPPFG but the converse does not exist.
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Definition 38. The complement of a strong BPPFG G = (C,D) of a gmph G* = (V,E), where
—{“c( u), g (u), v¢(u), o¢ (u), Bg(u), e (u) } and D = {afy(u), ay (u), g(u)/vg(u)/

BY (u), BN (u )} is a BPPFG G (C, D) ofG* = (V,V x V), where C = C —7{04 (u), aX (u)

e ), v (u), BE(u), B (u)} and D = D = {af(uo), a (u0), 7} (u0), v} (u0), B} (uv),
(u

@ v)} is defined by

~

@(uv) = min(rxg(u),rxg(v)) — a%(uv), @(uv) = max(ocl(}](u),uclg(v)) — ag(uv)
7p (o) = min(v€(u), 7 (v)) — vp(uv), N (o) = max(yN (), vN (v)) — N (uv)
BD (u) = max(BE (1), BE(v)) — B (uv), BY (uv) = min(BY (u), B (v)) — S (1)

forallu,v e V,uv € V2,
Example 5. Graph in Figure 4 is the complement of a strong BPPFG shown in Figure 3.

(u, {0.3, 0.4}, {0.1,-02}, {0.2, -0.3}) (w, {02, -0.1}, {0.2, -0.3}, {0.3, -0.2})

(v, {03, 0.2}, {0.2, 0.3}, {0.3, -03}) (x. {0.2,-0.4}, {04, 0.1}, {0.3.-0.3})
Figure 4. Complement of a strong bipolar picture fuzzy graph given in Figure 3.

Theorem 6. Let Gy = (Cy,Dq) and Gy = (Cy, Dy) be the two strong BPPFGs. Then G1 M Gy is
strong BPPFG.

Proof. Let (u1,v1)(up, v2) € E. Since G and G, are strong BPPFGs, we have

(ap,M &b, )((u1,01) (12, 02) = &y (u1,01) A apy (u2,02) = o (1) A ag (u2) A ag (v1) A
ag,(02) = (ag, T ag,)(ur, v1) A (&g, M ag))uz,v2)

(ap, Mapy,)(u1,01) (42, 02)) = &y (u1,01) V &, (2,02) = af (1) V ag, (uz) V af (01) v
ol (v2) = (e M al)ur, 01) A @ 1)) (s, 02)

(7D, D, ) (1, 01) (u2,02)) = vy (u1,01) A ¥p, (U2, 02) = & (1) A &, (u2) A yg, (1) A
76, (v2) = (08, M e, 01) A (V8 MVYE (w2, v2)

(’)/IBIl M 715]2)((”11'01)(“2/ 0)) = ng(ul,zq) \Y vgz(uz, ) = 'yfc\]l(ul) v 'yé\:’z(uz) V 71(}’1(01) v
78, (02) = (08, Mg, 01) A (E Mg )(ua, v2)

(/5151” ,51132)((1!1,01)(1/!2, v2)) = Bp, (u1,01) V Bp, (u2,02) = Be. (u1) A BE, (u2) A BE (v1) A
.BCZ (02) = (.Bcll—] ABCZ (uy,01) V (ﬁcl r ,BCZ (u2,02)

(B, M BD,)(u1,v1)(12,02)) = B, (u1,01) A B, (12, 02) = B, (ur) A BE, (u2) A BE, (01) A

& (02) = (B, 1B )1, v1) A (BE, 1 B, )12, v2).
O

4. Application

Modelling by using graphs has vast applications in various fields of computer science,
mathematics, chemistry, physics, social sciences etc. Usually such types of models require
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more arrangements than merely the adjacencies among the vertices. In the study of social
circuits, it is found that two people know each other i.e., if they are familiar (acquainted),
or whether they are friends of each others (in the real world or in the virtual world such as
Instagram) and so on. We can label each person in a particular group of people by a vertex
u. There is an undirected edge between a vertex u and v if two people has a relationship
with each other. In such type of graphs no multiple edges and usually no loops are
needed. There is an edge between the vertices u and v when there is any acquaintanceship
exists between them. In such graphs there does not exist any loop or multiple edges. In
acquaintanceship graphs, the vertex (node) represents the level of acquaintanceship (how
much a person is socialized or familiar/friendly) of a person while the the edge is the
acquaintanceship between two persons in the social network. Since each vertex has equal
importance in the classical graphs, it is not possible to graph the social networks model
properly through them. In addition, all social units (individual or organization) present
in social groups must be considered with equal importance in the classical graph theory.
However, in the real life, the situation is different. Similarly, every edge (relationship) has
an equal strength in the classical graphs. Moreover, in classical graphs it is assumed that
the relationship between two social units are of equal strength, however, in real life it is
not possible. Thus the acquaintance of the person has fuzzy boundary and hence can be
better represented through the fuzzy graphs. In fuzzy acquaintanceship graph, each vertex
represents the person and its membership value which reflects the strength of acquaintance
of the person within the social group. Hence we present a fuzzy acquaintanceship graph, a
bipolar fuzzy acquaintanceship and consequently a bipolar picture fuzzy acquaintanceship
graph models to find out that how much the person is acquainted (social) within a group.
Bipolar picture fuzzy acquaintanceship graph models would be more efficient to detect the
symmetry or asymmetry existing between entities through the levels of acquaintanceships
in social networks, computer networks etc.

4.1. Fuzzy Acquaintanceship Graph

We take a fuzzy acquaintanceship graph of a social network which is shown in Figure 5.
In which the nodes represent the degree of the level of acquaintance of a person within
the social group. The degree of the level of acquaintance is expressed in its membership
value. Degree of membership states that how much a person is acquainted e.g., X is 60%
acquainted within the group. The edges of a graph describe the acquaintanceship level of
one person with the other person. The membership degree of edges can be considered in
terms of positive percentage e.g., Y has 40% acquaintanceship level with X and so.

U, 0.4} {F, 0.6}
» -
S
- Peur
S

(0.1]
@ o

(¥, 0.3} (X, 0.5}

Figure 5. Fuzzy acquaintanceship graph.
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4.2. Bipolar Fuzzy Acquaintanceship Graph

The acquaintanceship of a person may be positive or negative. Suppose if a person A
and B belong to a social network but having not a good relationships between them then
the acquaintanceship between them is negative. We can depict such circumstances through
the bipolar fuzzy acquaintanceship graph. Consider a bipolar fuzzy acquaintanceship
graph of a social group shown in Figure 6. In which the nodes are reflecting the degree of
the level of acquaintanceship of a person belongs to a social group and the edges represent
the degree of acquaintanceship levels among the persons. Degree of positive membership
can be interpreted as how much a person acquainted and negative membership tells us that
how much a person losses the the level of acquaintance, X has 50% level of acquaintance
within the group but it loses 20% level in the same group. Edges of the graph reflect
the acquaintance of one person with the other persons in the group. The positive and
negative memberships degrees of edges describes the percentage of positive and negative
acquaintance,for instance e.g., X is acquainted 10% with W and W is not acquainted 10%
with X.

U, (0.4, -0.2)} {V. (0.6, -0.3)}

. (0.2,-0.1) ’

N )
o =
oef o
23 i)
(0.1, -0.1)
i, (0.5, -0.3)} X, (0.5, 0.2)}

Figure 6. Bipolar fuzzy acquaintanceship graph.
4.3. Bipolar Picture Fuzzy Acquaintanceship Graph

The degree of the acquaintanceship of a person is defined in terms of its member-
ship (positive, negative), non-membership (positive, negative) and neutral membership
(positive, negative) values. The degree of the membership (positive, negative) can be
interpreted as a good acquaintanceship (gaining, losing). By a good acquaintanceship, we
mean the acquaintance with intimacy. The degree of non-membership (positive, negative)
can be interpreted as a bad acquaintanceship (gaining, losing). Bad acquaintanceship
means acquaintance with ill-famed. The degree of neutral membership (positive, negative)
represents that the person having a loose acquaintanceship (gaining, losing). By a loose
acquaintanceship, we mean someone we do not know well enough but we probably see
them around occasionally. In Figure 7, X gains (resp., loses) 30% (resp., 50%) good acquain-
tanceship, he gains 20% (resp., loses 10%) bad acquaintanceship but he gains (resp., loses)
30% (resp., loses 20%) loose acquaintanceship within the social group. On the other hands,
the edges of a graph (Figure 7) reflect the acquaintanceship of one person with another
person. The degree of a membership (positive and negative), non-membership (positive
and negative) and neutral membership(positive and negative) of the edges can be inter-
preted as the percentage of good acquaintanceship (gaining, losing), bad acquaintanceship
(gaining, losing) and non-acquaintanceships (gaining, losing). Furthermore, it is easy to
verify that the values of the edges of a graph in Figure 7 are satisfying the below conditions.

(0),  ap(uo) > max(ag (u),af (v))

P
C
cw), b () > max(yg (u), ¢ (v))
P
C

(0),  BD(uv) < min(Be (u), & (v)).

b (uv) < min(al(u),a
1D (o) < min(yg(u),y
B (uv) > max(BE(u), B

§
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Refer to the graph shown in Figure 7, we have
aP (UV) <min (a2(U),a2(V)) = af(UV) <min(04,02) = 01<02

aN(UV) > max (zxg(u),alg(V)) = aN(UV)>max(-02,-01) = —0.05>—0.1
vp(UV) <min (v2(U),7E(V)) = +5(UV) <min(0.1,03) = 01<0.1

YR (UV) > max (vY(U),¥Y(V)) =8 UV)>max(-03,-03) = -02>-03
Bp(UV) >max (BE(U), BE(V)) = BL(UV) > max (02,05) = 0.6>05

By (UV) <min (BY(U), BY(V)) = BR(UV) < min (—0.4, —04) = —05< —04.

Hence by doing same calculations for the other vertices and edges of the graph shown
in Figure 7, it is easy to verify that the graph given in Figure 7 is a bipolar picture fuzzy
acquaintanceship graph. Similarly, by the values of vertices and edges, one can easily
deduce that the graph in Figure 7 is asymmetric.

{T, (0.4,-0.2), (0.1, -0.3), (0.5, -0.4)} {7, (0.2, -0.1), (0.3, -0.3), (0.2, -0.4)}

(0.1, -0.05), (0.1, -0.2), (0.6, -0.5)

{0.1,-0.15), (0.1, -0.25), (0.6, -0.5)
tso-'vo) 'lzo- g0l fzo-"20)

(0.1,-0.4), (0.15.-0.2), (0.4, -0.3)

{F¥, (0.2, -0.3), (0.2, -0.4), (0.1,-0.3]} {X, (0.3, —0.5), (0.4, -0.1), (0.3, -0.2)}

Figure 7. Bipolar picture fuzzy acquaintanceship graph.

5. Conclusions

Fuzzy graphs theory plays a significant role in modeling many real world problems
containing uncertainties in different fields such as decision making theory, computer sci-
ence, optimization problems, data analysis, networking etc. In this perspective, a number
of generalizations of fuzzy graph have been introduced to deal with the difficult and
complex real life problems. The picture fuzzy set is a direct extension of both the fuzzy
sets and intuitonistic fuzzy sets. Bipolar fuzzy set is another generalized form of fuzzy
set which is also an effective tool for the multiagent decision analysis. The main goal of
this manuscript is to initiate the concepts of bipolar picture fuzzy graph and its different
characterizations. In this article, first we propose the definition of bipolar picture fuzzy
graphs based on the bipolar picture fuzzy relation. In this article, we have introduced
the terms bipolar picture fuzzy graphs, complete bipolar picture fuzzy graphs and strong
bipolar picture fuzzy graphs along with their several fundamental properties. For the
sake of investigations, we have introduced and applied numerous operations like union,
intersection, complement, ring sum etc. on bipolar picture fuzzy graphs. We also introduce
different types of products of bipolar picture fuzzy graphs like semi-strong product, direct
product, normal products etc. Several other terms such as order and size, path neighbor-
hood degrees, busy values of vertices and edges of bipolar picture fuzzy graphs are also
studied. These terminologies also laid the foundation for the discussion of regular bipolar
picture fuzzy graphs. Furthermore, we also discuss isomorphisms, weak and co-weak
isomorphisms and automorphisms of bipolar picture fuzzy graphs. During this, we have
proved that the set of all automorphisms of a bipolar picture fuzzy graph forms a group.
Finally, we construct a bipolar picture fuzzy acquaintanceship graph which reflects the
importance of our theoretical results produced in this article. Evidently, the network mod-
elled through a bipolar picture fuzzy acquaintanceship graph shown in Figure 7 has no any
symmetry. However, we can also model a symmetric relation through the bipolar picture
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fuzzy acquaintanceship graph. On the same patterns, one could express collaboration
graph, computer networking, social networking, web graphs in the frame of bipolar picture
fuzzy graphs. In general, numbers of applications of bipolar fuzzy graphs and picture
fuzzy graphs have been explored in different fields of social, natural and computer sciences.
Evidently, bipolar picture fuzzy graphs would be an important tool to deal with real world
problems containing uncertainties. Finally, one can extend this work by introducing bipolar
interval-valued picture fuzzy graphs.
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Abstract: Branded apps are not only an important platform for enterprises and customers to have
real-time interactions and communicate marketing messages, but also a new business model that
encourages value co-creation between the two. In order to explore the impact of branded apps on
customers, this study constructs a fuzzy multi-criteria decision making (FMCDM) analysis model,
and it uses consistent fuzzy linguistic preference relations (CFLPR) to set up a symmetric pairwise
comparison matrix, which greatly reduces the complexity and error rate of calculations. Empirical
research findings show that brand experience attributes and the influence of brand experience on
customer loyalty and satisfaction can be more accurately measured. As a consequence of this study,
we show that, among the brand experience facets of two retail chain branded apps, behavioral
experience is the most favored, while affective experience is the least favored. Furthermore, brand
attachment and active participation should be strengthened to enhance customer loyalty. Through
the analytical model employed in this study, enterprises can regularly monitor changes in the brand
experience preferences of branded app users and evaluate app performance to flexibly adjust mobile
device-based marketing campaigns and strategies. It can also aid enterprises in using mobile devices
effectively to improve customer loyalty and address the issue of diminishing brand loyalty.

Keywords: FMCDM; CFLPR; branded app; brand experience; loyalty

1. Introduction

The rapid development of the internet has made mobile applications (“apps”) an
important platform for real-time interactions between enterprises and customers [1]. As
part of consumers’ daily life, mobile apps represent the latest trend of branding. They help
build brand identity, create brand experience, and encourage brand-consumer interactions,
thus generating both opportunities and challenges for enterprises [2]. According to Stoc-
chi et al. [3], with consumers worldwide using mobile apps extensively, a growing number
of enterprises have realized the importance of app-based marketing. Well-known major
brands, including Apple, Google, and Amazon, have already established their presence
in the app market. Furthermore, marketers in big companies are trying to make mobile
apps an integral part of their marketing strategies for consumer participation [4]. Mobile
apps have, thus, opened a new area of research. In Taiwan, two well-known retailers,
7-ELEVEn and FamilyMart, have long been actively investing in developing their branded
apps in the hope of preemptively building a new business model featuring brand—customer
interactions based on mobile devices, thus enhancing brand experience and boosting cus-
tomer brand loyalty. Kim and Yu [5] reported that consumers” holistic brand experience of
branded apps is positively correlated with brand loyalty. Compared to other marketing
instruments, branded apps are the most popular among enterprises. Apps have built a
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platform for the consumption activities of a new generation of consumers and for enter-
prises to interact with customers and assess the effectiveness of their marketing strategies.
This makes the use of branded apps an important research area. While much of the past
literature on branded apps focused on the causal relationships among brand image, cus-
tomer loyalty, satisfaction, purchase intention, and performance [1,3,6,7], limited studies
used fuzzy decision analysis to identify differences between major facets of consumers’
holistic brand experience of branded apps. Furthermore, the impact of branded apps on
customer loyalty and satisfaction has not received much attention. To make contributions
in this regard, building on the fuzzy set theory and consistent fuzzy linguistic preference
relations (CFLPR), this study employs fuzzy linguistic variables and fuzzy interval data [8]
to build a symmetric pairwise comparison matrix for accurately measuring the linguistic
ambiguity of consumers’ branded app-based brand experience [9-14]. As noted by Khan
and Rahman [15], although brand experience has been a focus area for years, there are
few studies on the retail industry. Therefore, with two well-known retail chain stores
in Taiwan—7-ELEVEn and FamilyMart—as the empirical objects, this study identifies
differences in the holistic branded app-based experience provided by business competitors,
gauges the performance of brand experience attributes, and analyzes the impact of brand
experience on customer loyalty and satisfaction. In doing so, we hope to provide insights
for the retail industry into the making of interactive marketing strategies and to promote
value co-creation between enterprises and customers in an era where the service-dominant
logic prevails.

2. Literature Review
2.1. Mobile App and Branded App

A mobile app can be downloaded free of charge on mobile devices. Unlike traditional
marketing tools, the mobile app integrates diverse innovative contents and functions and
extends enterprises’ customer service. It encourages value co-creation between brands
and customers through real-time online interaction and acts as a platform for communi-
cating marketing messages. Newman et al. [16] noted that using apps to provide value
to customers generates an opportunity for many retailers to regain or reinforce their com-
petitiveness. Meanwhile, branded apps on mobile devices can help build a unique brand
identity through the brand’s name, logo, or totem [17]. As a new marketing instrument,
mobile apps may go some way toward boosting brand loyalty and purchase intention,
strengthening the customer-brand bond and pushing up overall sales through enhanced
brand satisfaction [18]. An increasing number of enterprises today use branded apps as a
tool to communicate with their consumers. This shift in communication strategy, according
to Stocchi et al. [19], is partially attributable to the significant impact of good user experience
through branded apps on brand loyalty and purchase intention. These apps, therefore, have
an advantage over traditional marketing tools in promoting brand-consumer interactions.

2.2. Brand Experience of Branded App

Schmitt put forward the holistic brand experience theory in 1999. He viewed experi-
ences as “private events that occur in response to some stimulation”. They normally result
from direct observation of or participation in events—real, illusionary, or constructed—and
are, therefore, induced rather than self-generated. Brand experience is defined as cus-
tomers’ sensations, feelings, cognition, and behavioral responses triggered by brand-related
stimuli—all of which are part of a brand’s design, identity, packaging, communication, and
environment [20]. Lee and Kang [21] noted that different dimensions of brand experience
coordinate with each other to generate a holistic brand experience and help brands build
customer rapport. Ambler et al. [22] posited that brand experience develops through
customers using the brand, as well as discussing and collecting brand-related information
or promotions. Nadzri et al. [23] argued that customers have brand experiences even before
they encounter brands. While searching for products in the market, customers are exposed
to stimuli from all kinds of brands. Therefore, marketing professionals should not only
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focus on the functional attributes and efficacy of products but also understand consumers’
feelings from the perspective of holistic brand experience. Kim and Yu [5] proposed that
customers’ holistic brand experience generated by their interactions with a brand through
its branded app includes four major facets, namely, affective, cognitive, behavioral, and
relational experiences. The definition of each facet is given in Table 1.

Table 1. Brand experience facets of branded apps.

Facet Definition Reference

Affective Inner feeh.ngs.toward a brand; views and attitude towards an [24]
event; subjective emotional experience

Cognitive Procgss qf using Conicepts, perceptions, judgment, and [24]
imagination to acquire brand-related knowledge

Behavioral Behavioral response promp’Fed bya bran'd' that 1nv'1gorates [24]
customers or makes them display a specific behavioral pattern

Relational Formation of a certain relationship or connection with a brand [25]

Table 2 contains the attributes of the major facets of branded app-based brand experience.

Table 2. Brand experience attributes of branded apps.

Facet Attribute Attribute Description Reference
Emotions Using this app makes me feel happy, excited, pleasant, etc. [24]
. Feelings The app builds an emotional bond between me and the brand. [24]
Affective . . .
Motivation to participate The app often makes me want to participate in buying, [25]
p P information-collecting, and credit-accumulating activities.
Knowledge The app makes me want to know more about the brand. [24]
Cognitive Curiosity This app arouses my curiosity. . . . [24]
o . The app prompts me to actively search for information regarding
Finding information . [24]
promotions and new products.
Functional experience I want to use the functions (e.g., moblle shopping and information [24]
on new products) of the app again.
Behavioral Passive participation When receiving coupons or updated information on products [25]
P p through the app, I will spend on the brand.
Active participation I actively participate in in-app events (e.g., limited-time offers). [24]
Brand personality The app displays a brand personality that is compatible with mine. [26]
I believe that using this app will lead me to develop a strong
Relational Brand attachment affection and psychological attachment toward the brand. 71
Self-identification When using the app, I identify myself as a member of the [25]

brand community.

2.3. Loyalty and Satisfaction of Brand Experience

Brakus et al. [24] defined brand experience as an information-collecting behavior that
helps customers understand brand personality and choose brands that suit them better. In
this process, brand loyalty and satisfaction are enhanced, and stronger brand—customer
ties are built. Huang [27] and van der Westhuizen [28] noted that many previous studies
have found that brand experience preludes and is positively related to customer loyalty.
Research on consumers’ brand experience has shown that it can positively affect customer
loyalty and satisfaction [6]. Furthering previous academic works, this paper places detailed
focus on different attributes of customers” brand experience of branded apps and the
influence of each attribute on customer loyalty and satisfaction.
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2.4. Consistency Fuzzy Linguistic Preference Relations

FMCDM is a powerful decision analysis tool that has been widely applied in situations
where decision-makers have to choose from several alternatives of actions [29]. In more
recent times, the ambiguous information environment has prompted scholars to develop
many FMCDM tools based on the fuzzy set theory to assist decision-makers in tackling the
issue of ambiguity when comparing alternative pairs [30]. Among these tools, the most
commonly used include fuzzy analytic hierarchy process (FAHP) [31] and fuzzy analytic
network process (FANP) [13,32]. In FAHP, for a pairwise comparison matrix that includes
n alternatives, as many as n(n — 1)/2 comparisons are requested. Keeping aside the
complexity of the entire process, the evaluation results produced by different experts could
also be inconsistent. Therefore, scholars developed CFLPR, through a symmetric matrix
that only requires n — 1 pairwise comparisons from the given n alternatives. Compared
with FAHP, CFLPR is simpler, requires fewer comparisons, and can avoid the problem
of inconsistent evaluation outcomes. It is a new FMCDM tool that has emerged in recent
years [33,34]. As noted by Pandey and Kumar [35], although CFLPR can greatly reduce
the likeliness of inconsistent expert opinions, the method has some logical flaws in the
derivation of its formula. This issue was addressed by Wang [36]. CFLPR, in recent years,
has been applied for selecting excellent suppliers in the TFT-LCD TV-panel manufacturing
industry [37] and choosing marketing strategic alliances in the mobile telecommunication
industry [13]. For efficiency and accuracy, this study uses CFLPR in lieu of FAHP to
evaluate aspects of customers’ brand experience generated by branded apps and their
relative importance.

3. Decision Analysis Model Building
3.1. Model Building Concept

This research explored the brand experience hierarchy of the development of branded
apps in the retail industry through the literature and determined the fitness of the hierarchy
through six expert interviews. CFLPR was used to evaluate the weights of brand experience
facets and attributes, so that customers’ feelings of using branded app brand experience
could be appropriately measured. After obtaining the weights of various facets and
attributes, a performance evaluation was performed for each attribute of the enterprise,
and then the influence of each attribute on customer loyalty and satisfaction was analyzed
and discussed. Lastly, specific management suggestions were put forward for the company.

3.2. Steps to Create an Analytic Model

Step 1: Establish brand experience hierarchical structure

This research was based on the four major facets of branded app brand experience
developed by Kim and Yu [5] (see Table 1). Through literature discussion and integration
of other scholars’ research results, 12 brand experience attributes were constructed (see
Table 2). Combining Tables 1 and 2, and then confirming that the content was suitable
for the characteristics of the retail industry through expert interviews, the hierarchical
structure of this research was eventually established (see Figure 1).
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Self-identification (R3)

Figure 1. Hierarchical architecture diagram of this research.

Step 2: Calculate relative weights

(A) Use triangular fuzzy number and fuzzy linguistic scale

A fuzzy number Z is a triangular fuzzy number when its membership function is
expressed by Equation (1) [38].

(x—L)/(M—L) , L<x<M
i) ={ (R-x)/(R-M) , M<x<R. M)
0 , otherwise

L and R in Equation (1) represent the left and right values of the fuzzy number Z, respec-
tively, and M is the middle value (see Figure 2).

[}
LN
[P,

UL M R

Figure 2. Triangular fuzzy number membership functions.

In this study, the nine-point fuzzy linguistic scale (as shown in Figure 3 and Table 3)
developed by Biiyiikozkan [39] was used in the questionnaires distributed selectively
to respondents.
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Figure 3. Membership functions of fuzzy linguistic scale.

Table 3. Fuzzy linguistic scale.

Triangular

Linguistic Variable Fuzzy Number Code
Demonstrated importance (DI) (2,5/2,3) 9
Very strong importance (VSI) (3/2,2,5/2) 7
Strong importance (SI) (1,3/2,2) 5
Moderate importance (MI) (1/2,1,3/2) 3
Equal importance (EI) (1,1,1) 1
Moderate unimportance (MUI) (2/3,1,2) 3-1
Strong unimportance (SUI) (1/2,2/3,1) 5-1
Very strong unimportance (VSUI) (2/5,1/2,2/3) 7-1
Demonstrated unimportance (DUI) (1/3,2/5,1/2) 9-1

(B) Establish symmetric pairwise comparison matrix

When a questionnaire was confirmed to be valid, the triangular fuzzy number given
by the interviewee was filled in a pairwise comparison fuzzy linguistic preference relation
symmetry matrix gij through Equation (2). Aij = (a;),a;; € [(1/3,2/5,1/2),(2,5/2,3)].

~I G ... G El i ... @y
Ajj = a%1 1 o a%n = al.z ! o )
Gyl An o q afnl a;nl o 1
1,5,5,7,5, i is relatively more important compared to j
aj=9q Li=j i andj are equally important (i = )

1’1,§’1,§’1,7’1,§’1, i is relatively unimportant compared to j

(C) Matrix translation

According to the CFLPR equations deduced by Wang and Chen [34], the recipro-
cal fuzzy linguistic preference relation matrix ﬁj was translated from matrix Aij, using
Equation (3).

N _
Pj = g(@j) = 5 - (1+logy ). 3

Then, using Equations (4)—(9), a complete reciprocal fuzzy linguistic preference relation
matrix was completed.

Pi+ PR =1Vijke{1,...,n}, 4
pl?]W + pj!}A =1Vi,jke{1,...,n}, ©)
pll]? +pﬁ =1Vijke{1,...,n}, (6)
L j—i+l R R R
Biit = =5 = By ~ Pirnyiv) -~ iy @)
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M_J—i+1l oy M M
Pit = =% =Bt ~ Pnyara) -~ Py ®)
j—i+1
Pff - P1%i+1) - P(Li+1)(i+2) e P(Lj—l)f' ©)

Here, L is the left number of the triangular fuzzy number, M is the middle number of
the triangular fuzzy number, and R is the right number of the triangular fuzzy number.
Lastly, we obtained a relatively complete fuzzy linguistic preference relation matrix

%ﬂ@mum:(%,$,%)

(D) Coordinate panning

Through the conversion function of Equations (10)—(12), to ensure that each fuzzy
linguistic preference relation value 131-]- was within the interval value [0,1], it could be
obtained that the fuzzy linguistic preference relation matrix was all within a certain range
to maintain the positive and reciprocal of addition consistent characteristics (c is the

minimum value in the consistent fuzzy linguistic preference matrix).

L
L\ x"+c B
() =i e e v o
M
M) _ X'+ B
f(x >_ o CE e Tt (11)
R
R\ _ X" +c _
() = e era o
(E) Weight calculation

Then, the proposition raised by Wang [36] regarding CFLPR was adopted to examine
the consistency between the data and content of matrix ﬁij ; using Equations (13)—(16),
weights of branded app brand experience facets and attributes given by respondents
were calculated.

Equation (13) allowed calculating the average value of all the brand experience facets
or attributes, which is then averaged through the judgments of multiple respondents.

o
Py == ¥i,j, (13)

where k stands for the m-th respondent, and m stands for the number of respondents.

Then, Equation (14) was used to calculate the average of ﬁ-, which is the average
value of evaluation of the fuzzy linguistic preference of the i-th facet or attribute for
brand experience.

p="vi (14)

where, using the average value of ﬁ, Equation (15) allowed calculating the weights of
fuzzy preference of the i-th facet or attribute for brand experience.

—, (15)
Z(ﬁi)

j=1

where W; is the weight of fuzzy preference at the facet level, and Wij is the weight of fuzzy
preference at the attribute level.
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Lastly, Equation (16) was used for defuzzification to gain the precise weight value.

D; = %(w{“ +wM + wlR), (16)
where D; is the definite weight of the i-th brand experience facet which is defuzzified, and
Dj; is the definite weight of the brand experience attribute which is defuzzified.

Step 3: Brand experience performance evaluation

Attributes in the branded app brand experience were employed as items for per-
formance evaluation (see Table 2), using a five-point scale. Respondents were asked to
score the actual and expected branded app brand experience performance of the firm,
respectively, whereby a higher score denoted a better evaluation. Dj; is the weight of
branded app brand experience attributes, ¢; is the actual performance of each attribute, g;
is their expected performance for each attribute, and p; is the performance value of each
attribute, obtained using Equation (17). In addition, dividing the g; by ¢; provides the rate of
improvement for the performance of each attribute u; (see Equation (18)).

pi:DinEii=1,2,3,...,7’l. (17)

ui:gi+€ii:1,2,3,...,7’l. (18)

Step 4: Influence Degree Analysis for Loyalty and Satisfaction

According to the calculation equations proposed by Wang and Chen [40], the degree of
influence of brand experience attributes of a branded app on loyalty relative to satisfaction
was evaluated. The analysis mode establishment process is described below.

(A) Create a form

Using a nine-point fuzzy linguistic scale (see Table 3), the respondent was asked to
subjectively evaluate the influence degree of each attribute on loyalty and satisfaction, and
the evaluation preference value ,E’i ¢ was obtained, where k represents the k-th respondent,
and i is the i-th attribute of the brand experience of the branded app. E is the respondent,
E € {1,...,m}, and F is an brand experience attribute (see Figure 1), F € {1,...,n}. Lis
loyalty and S is satisfaction (see Tables 4 and 5).

Table 4. Influence degree evaluation form (L relative to S).

Ey En

S S
2] L 1D g 10
Fy L nbls nbls

Table 5. Influence degree evaluation form (S relative to L).

Ey Em
L L

F S 1blg 167

Fy S nbls nbls

In this study n = 12, while m = 55 (7-ELEVEn) and 56 (FamilyMark).
(B) Form translation
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Equation (19) was used to convert the interviewee’s fuzzy linguistic evaluation pref-
erence value from the interval value [(1/3,2/5,1/2),(2,5/2,3)] to [0,1]. Then, the fuzzy
linguistic preference value Z-Pfs of each respondent could be obtained.

- (1+logy ibfs). (19)

N —

iﬁ]ﬁs = 8(1‘5125) =

(C) Coordinate panning

Through the transfer function of Equations (20)—(22), it was ensured that the preference
values of the fuzzy linguistic preference matrix fell within the interval [0,1] to maintain a
positive value and the reciprocal of addition consistent characteristics (c is the minimum
value in the consistent fuzzy linguistic preference matrix).

~kL 15‘%
f( Ls) = el ltd. (20)
~kM
~M\ _ i¥Ls _
f(le5>—1+2C,c€[ c,1+c]. (21)
R
R iXrs _
(%) = {35 e a1+l (22)

(D) Get the average value

Equation (23) was used to integrate the average value of fuzzy linguistic preference of
m respondents for each attribute i. We could obtain the total average value of the fuzzy
linguistic preference for L relative to S. Here, the total average value was represented by X.

= 1
idLs = (i‘ﬁs +ifis+ -+ MTS) (23)

(E) Create another form

With the data generated by Equation (19), we used Equations (24)—(26) to obtain
another relative fuzzy linguistic preference value of S relative to L for each brand experience
attribute (as in Table 5).

PEL PR — e {1,...,n}, ke {1,...,m}. (24)
PEM P — e {1,...,n} ke {1,...,m}. (25)
PER L PEL —1ie {1,...,n}, ke {1,...,m}. (26)

(F) Coordinate panning

Equations (20)—(23) were again used to additionally obtain the total average value
of the fuzzy linguistic preference for S relative to L. Here, the total average value was
represented by Y.

(G) Standardization

Next, X and Y were integrated to build a complete L and S pairwise comparison
matrix. Equation (27) was used to standardize the average fuzzy linguistic preference
rating of the two possible outcome in each attribute for L and S, and i7\ Ls was taken to
represent the rating ranking of the two possible outcomes after standardization for L and S.

iALs = tiqLS L,S=12,... ¢t (27)
Y iqLs

(H) Get the weights of loyalty and satisfaction
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Using ;¢ ¢ to represent the average weights of the possible influence of each attribute,
we could then get the result weights of L and S in each brand experience attribute, as
detailed in Equation (28).

_ 1 t Y
iPrs = n Z iALs, (28)
S=1

where t represents the number of evaluation objects, t = 2 in this study.
Equation (29) was used to defuzzify ;¢; ¢, and the weights of L and S could be obtained
for the i-th brand experience attribute.

w; = (wlL +wM + wZR) (29)

Q=

(I) Obtain influence degree value

Equation (30) was used to multiply the average weights of each brand experience
attribute by the average weights of the two possible influence levels; we could get the
influence degree value Z, of the branded app’s brand experience of the interviewee on
loyalty and satisfaction.

n
Zy =Y Dj-w, (30)
i=1
where Dj; is the weight of the brand experience attribute, as detailed in Equation (16).

4. Empirical Analysis
4.1. Overview of Retailers’ Brands

Originally founded in the United States, 7-ELEVEn was first introduced to Taiwan
in 1978 and ignited a revolution in Taiwan’s retail industry. By July 2020, the retail chain
had a market share of 59.15% with 5915 stores across Taiwan. The convenience store’s
app “OPENPOINT” is widely used among its membership customers; it allows them
to accumulate and redeem membership points, top up their accounts, access discounted
products, make mobile payments, and learn about events jointly hosted with cross-industry
partners, among other functions. The other empirical object of this study, FamilyMart, is a
Japanese retail chain brand. Following the business principle of “where you are part of the
family” and embracing a technology-powered smart retail strategy, by July 2020, it became
the second largest convenience store chain in Taiwan with 3671 stores, which equates to a
market share of 36.71%. Its branded app “FamilyMart” allows users to accumulate credit
points, redeem products, and make mobile payments through My FamiPay for products
on discount.

4.2. Survey and Analysis Results

For our empirical study, we first consulted three senior store managers from the
aforementioned retail stores to pin down a hierarchical structure (see Figure 1), which, along
with Tables 1 and 2, formed the basis on which a questionnaire was developed. We selected
active members of the two chain stores who used their branded apps 6-10 times every
month and conducted 20-30 min in-depth interviews along with prompted questions and
answers. The interviewees were asked to evaluate the relative importance and performance
of each brand experience facet and attribute and rate the influence of each attribute in
terms of customer loyalty and satisfaction according to their subjective judgment. A total
of 60 questionnaires were handed out to the 7-ELEVEn respondents, among which 55 were
valid and five were invalid; among the 60 questionnaires distributed to the FamilyMart
respondents, 56 were valid and four were invalid. This study’s analysis was based on valid
questionnaires. The weights of facets and attributes, which were calculated according to
steps 1 and 2, are shown in Figures 4-6. Table 6 displays the results of the performance
evaluation of each branded app with regard to brand experience, measured against the
formula provided in Step 3. Table 7 lays out the degrees, calculated according to Step 4,
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to which branded app-based brand experience attributes influenced customer loyalty
and satisfaction.

0.28
0.26
0.257
0.24 0.247
0.22
Affective Cognitive Behavioral Relational
@ 7-ELEVEn == 4= FamilyMart

Figure 4. Branded app brand experience facet weights (D;).
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0
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Figure 5. (a) 7-ELEVEn branded app brand experience facet triangular fuzzy number. (b) FamilyMart
branded app brand experience facet triangular fuzzy number.
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Figure 6. Branded app brand experience attribute weights (D;;).
Table 6. Performance of branded app brand experience.
7-ELEVEn FamilyMart
Attribute
Ui pi Ui pi
Emotions (A1) 1.279 0.343 1.106 0.385
Feelings (A2) 1.358 0.348 1.108 0.402
Motivation to participate (A3) 1.216 0.450 0.989 0.563
Knowledge (C1) 1.369 0.374 1.091 0.492
Curiosity (C2) 1.326 0.375 1.094 0.437
Finding information (C3) 1.142 0.518 1.058 0.568
Functional experience (B1) 1.195 0.495 1.010 0.648
Passive participation (B2) 1.145 0.496 1.054 0.546
Active participation (B3) 1.220 0.438 1.114 0.523
Brand personality (R1) 1.114 0.447 1.107 0.499
Brand attachment (R2) 1.166 0.428 1.123 0.476
Self-identification (R3) 1.182 0.447 1.081 0.429
Sum p; 5.159 5.968
Table 7. Influence degree for loyalty and satisfaction.
7-ELEVEn FamilyMart
Attribute
L S L S
Emotions (A1) 0.482 0.518 0.476 0.524
Feelings (A2) 0.486 0.514 0.491 0.509
Motivation to participate (A3) 0.491 0.509 0.490 0.510
Knowledge (C1) 0.483 0.517 0.486 0.514
Curiosity (C2) 0.485 0.515 0.480 0.520
Finding information (C3) 0.491 0.509 0.488 0.512
Functional experience (B1) 0.478 0.522 0.486 0.514
Passive participation (B2) 0.481 0.519 0.488 0.512
Active participation(B3) 0.510 0.490 0.498 0.501
Brand personality (R1) 0.517 0.483 0.489 0.511
Brand attachment (R2) 0.517 0.483 0.499 0.502
Self-identification (R3) 0.503 0.497 0.495 0.505
Influence degree value Z,: 0.494 0.506 0.489 0.511

Note: L represents loyalty and S represents satisfaction.
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As shown in Figure 4, for both stores, the weight of behavioral experience was the
highest among all facets with values of 0.262 and 0.266 for 7-ELEVEn and FamilyMart,
respectively. The affective experience had relatively low weights of 0.235 and 0.236 for
7-ELEVEn and FamilyMart, respectively. This indicates that, for respondents of both stores,
using the branded app was more likely to encourage purchases or interactions with the
brand but less likely to generate positive emotions and feelings toward the brand.

Figure 5a,b show the triangular fuzzy numbers of branded app-related brand experi-
ence facets, where a smaller area of the triangle denotes a higher consistency of respondents’
opinions. Although, for both retailers, the behavioral experience of the branded app was
rated most favorably by respondents, the relatively large area of each triangle indicates
that there is still room for improvement for the two stores when it comes to using branded
apps to bolster consumers’ behavioral experience. Additionally, the partially overlapping
behavioral and relational triangles of 7-ELEVEn suggest that, although its respondents gave
the greatest prominence to behavioral experience, they did not view relational experience
as a facet that could be overlooked. FamilyMart’s case is different because its behavioral
triangle did not overlap with that of any other facet, indicating that its respondents viewed
behavioral experience as more significant than other brand experience facets.

As shown in Figure 6, in terms of relative importance, the top three brand experience
attributes of 7-ELEVEn’s branded app were “finding information (C3)” (0.0883), “functional
experience (B1)” (0.0878), and “active participation (B3)” (0.0875), while those of Family-
Mart were “functional experience (B1)” (0.0922), “passive participation (B2)” (0.0879), and
“finding information (C3)” (0.0867). This result shows that the respondents of both stores,
after trying the branded app for the first time, were likely to use it again for information
regarding promotions and new products, as well as to spend on the brand or take part in
in-app events.

As displayed in Table 6, for both retail stores, almost all 12 branded app-related
brand experience attributes had a rate of improvement (u;) greater than 1, suggesting
that all respondents expected better branded app experience. Specifically, the u; values of
7-ELEVEn’s “knowledge” (1.369), “feelings” (1.358), and “curiosity” (1.326) attributes and
of FamilyMart’s “brand attachment” (1.123), “active participation” (1.114), and “feelings”
(1.108) attributes were relatively high and, therefore, merit special attention. Furthermore,
the u; value of FamilyMart’s “motivation to participate” (0.989) attribute was less than 1,
meaning that respondents felt that the retailer’s performance in this regard exceeded their
expectations. In terms of performance (p;), FamilyMart (5.968) outshone 7-ELEVEn (5.159)
in the overall branded app performance (sum p;); however, in terms of the performance
of individual attributes, “finding information” (0.518) was the most favorably rated for
7-ELEVEn, while “functional experience” (0.648) was the most favorably rated for Family-
Mart. The performance of the “emotional” attribute (0.343/0.385) was the least desirable
for both brands.

Table 7 shows the weights of the influence of each brand experience attribute on
customer loyalty and satisfaction. The average weights of attribute influence on loy-
alty/satisfaction were 0.494/0.506 for 7-ELEVEn and 0.489/0.511 for FamilyMart; this
suggests that the respondents unanimously agreed that the holistic brand experience de-
rived from the use of branded apps affected customer satisfaction to a greater degree
than it affected customer loyalty. Specifically, in terms of the influence on customer loy-
alty, “brand attachment” was the most weighted attribute for both 7-ELEVEn (0.517) and
FamilyMart (0.499), indicating that all respondents believed that this attribute exerted the
greatest impact on brand loyalty. Additionally, “active participation” was the second most
weighted attribute for both 7-ELEVEn (0.510) and FamilyMart (0.498), suggesting that the
respondents agreed that this attribute also had a significant influence on brand loyalty.
Therefore, to ramp up customer loyalty to branded apps, businesses must work to enhance
“brand attachment” and “active participation”.
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5. Discussion

Figure 4 displays the trend of customers’ branded app-related brand experience prefer-
ence, as well as the differences and similarities in this regard between the two brands in this
study. Interestingly, although the two empirical objects are competitors, their customers’
brand experience brought about by the design and functions of their branded apps was sim-
ilar. A close examination of brand experience attributes (see Figure 6), however, revealed
some differences. Analyzing and comparing Figures 4-6 can help businesses understand
customers’ preferences with regard to their rivals, adjust their own appeal strategy, and
improve their marketing competitiveness. Table 6 shows the improvements expected
by customers in relation to branded apps, thus providing straightforward guidelines for
enterprises to improve their branded app-generated brand experience. In 7-ELEVEn’s
case, the “knowledge” attribute had a high rate of improvement of 1.369 but also had the
least desirable performance among all 12 attributes; this indicates that respondents did
not believe the app could encourage them to learn more about the brand. Table 6 can help
improve the performance of branded apps, optimize customers’ brand experience, and
enable branded apps to play an effective role in the communication of marketing messages.
Strengthening customer loyalty is always a goal of companies. Table 7 sheds some light
in this regard. It shows that, compared with other brand experience attributes, “brand
attachment” enhanced customer loyalty to the greatest extent. This finding, together with
the information shown in Table 6 regarding the rates of improvement and performance of
the “brand attachment” attributes, can serve as a quick guide for enterprises to identify key
aspects for improvement, efficiently allocate resources, and eventually achieve the goal of
enhanced customer loyalty. Coursaris and Sung [41] discussed the relationship between
providers and users of branded apps from the perspective of advertising marketing; they
concluded that increasing the interactiveness of branded apps was an appealing market-
ing strategy for customers, as well as conducive to value cocreation between brands and
their customers. This study’s findings may help enterprises gain insights into customers’
branded app-related brand experience preferences, promote brand—customer interactions,
set up targeted strategic objectives for mobile device-based brand management, elevate
brand value, and create new value for customers. Gill et al. [4] proposed that branded apps
should be convenient, unique, socially valuable, intriguing, and entertaining and that good
customer experience is the prerequisite for customer satisfaction and loyalty. Table 6 shows
the rates of improvement and performance of branded app-generated brand experience
attributes with regard to the empirical objects of this study. With these results and the data
included in Table 7, businesses can upgrade their branded apps to create a user experience
that better meets their customers’ expectations, significantly boosts customer satisfaction,
and encourages customers to continually use their branded apps. Lee and Kang [21] argued
that brand experience preludes and is positively related to customer loyalty. By analyzing
the influence of 12 brand experience attributes on customer loyalty and satisfaction (see
Table 7), this study can help marketers understand connections between brand experience
attributes and customer loyalty, as well as assist businesses in creating effective strategies
to address diminishing brand loyalty.

Several limitations of this study should be considered. First, the methodology of this
research, like FAHP, assumes that brand experience attributes are not dependent on each
other. Second, the statistical sample is limited to southern Taiwan, and future research can
be extended to central and northern Taiwan. Third, branded app-based brand experience in
this study is only limited to the retail industry. In future studies, the scope of research may
be expanded to include other industries (e.g., department stores, fashion, and automobiles).

6. Conclusions
6.1. Academic Implications
Based on the holistic brand experience theory, this research put forward the attributes

of branded app-related brand experience, combined loyalty and satisfaction influence
evaluation, and created a research model with academic value. In addition, this research
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also optimized the methodology, based on fuzzy set theory, and used the symmetry matrix
of CFLPR, in lieu of FAHP, to effectively reduce the number of comparisons and shorten
the time to complete the questionnaire, thereby more accurately relating customers’ brand
experience preference and the influence degree of related brand experience to loyalty
and satisfaction.

6.2. Managerial Implications

This study can assist enterprises in understanding the differences in branded app
experience preferences between consumer groups, gaining insights into the performance
of their branded apps, promoting value co-creation between enterprises and customers
in an era where service-dominant logic prevails, and flexibly adjusting their marketing
campaigns and strategies. In particular, this study put forward the results of brand expe-
rience attributes to loyalty and satisfaction (see Table 7) and determined the key factors
to improve loyalty. The results can assist companies in improving customer relationship
management performance and addressing the issue of diminishing brand loyalty, thus
contributing to the field of marketing science.

6.3. Suggestions

This study found that, to enhance customer loyalty, “brand attachment” must be
strengthened, which conforms to the research findings of Pedeliento et al. [42] and Japu-
tra et al. [43]. Kaufmann et al. [44] reported that hedonic elements have a positive impact
on brand attachment and recommended that businesses integrate hedonic features, such
as interactive games and prize quizzes, into their branded apps. They posited that this
could strengthen brand attachment, encourage customers’ active participation for bolstered
customer loyalty, and make customers willing to build a lasting and diverse relationship
with the brand [45,46]. Furthermore, it is also advisable that enterprises apply the analytical
model used in this study every 6-12 months to understand the changes in customers’ brand
experience and monitor the performance of their branded apps. Doing so will help them
adjust brand management strategies, reallocate resources, and maintain their competitive
edge. It is also recommended that the concept of fuzzy quality function development
be employed to build analytical models. Researchers may also further develop FMCDM
tools for augmented brand experience enhancement strategies and integrate them with the
brand experience attributes model in this study to build an associate matrix. From there,
researchers can explore the connection between attributes and strategies and work out
management strategies for branded app-generated brand experience tailored to the needs
of the retail industry.
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Abstract: The paper studies an extension TOPSIS method with the adjusted probabilistic linguistic
fuzzy set in which the decision maker’s behavior tendency is considered. Firstly, we propose a
concept of probabilistic linguistic q-rung orthopair set (PLQROS) based on the probability linguistic
fuzzy set (PLFS) and linguistic g-rung orthopair set (LQROS). The operational laws are introduced
based on the transformed probabilistic linguistic q-rung orthopair sets (PLQROSs) which have the
same probability. Through this adjustment method, the irrationality of the existing methods in the
aggregation process is avoided. Furthermore, we propose a comparison rule of PLQROS and the
aggregated operators. The distance measure of PLQROS:s is also defined, which can deal with the
symmetric information in multi-attribute decision making problems. Considering that the decision
maker’s behavior has a very important impact on decision-making results, we propose a behavioral
TOPSIS decision making method for PLQROS. Finally, we apply the practical problem of investment
decision to demonstrate the validity of the extension TOPSIS method, and the merits of the behavior
decision method is testified by comparing with the classic TOPSIS method. The sensitivity analysis
results of decision-maker’s behavior are also given.

Keywords: behavioral decision making; risk attitude; adjusted probabilistic fuzzy set

1. Introduction

There is much uncertainty in decision making problems. It is not easy to describe the
evaluation information with accurate numerical value, and they can only be described
with linguistic values. Zadeh [1-3] defined the linguistic term set (LTS) and applied it to
express the qualitative evaluation. For example, the commonly used seven valued LTS
is in the form of S = {s( : great distaste,s; : distaste,s, : a bit distaste,s3 : generally, sy :
a bit favorite,ss : favorite,sq : great favorite}, it can be used to describe how much the
decision maker likes the object. However, when the decision maker hesitates about the
preference of the evaluation object, the single linguistic term is no longer describe such
information. So Rodriguez et al. [4] presented the hesitant fuzzy linguistic term set (HFLTS),
each of elements is a collection of linguistic terms. For example, the decision maker thinks
that the audience’s opinion of the program is “favorite” or “great favorite”, the evaluation
about the opinion of the program can be only expressed in the form of {ss,s¢}. Since
the HFLTS was put forward, some extensions of HFLTS were developed and applied
in many fields [5-11]. Beg and Rashid [5] proposed the TOPSIS method of HFLTS and
applied it to sort the alternative, Liao et al. [6] defined the preference relation of HFLTS,
Liu et al. [7] applied the HFLTSs to the generalized TOPSIS method and presented a new
similarity measure of HFLTS. In these studies however, all the linguistic terms in HFLTS
have the same weights, it rarely happens in reality. In fact, the decision makers may
have different degrees to the possible linguistic evaluations. Therefore, Pang et al. [12]
developed the HFLTS to the PLFS through adding the probabilities to each element. For
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example, the decision maker believes that the possibility of favorite to the program is 0.4
and the possibility of great favorite to the program is 0.6, then the above evaluation can be
represented as {s5(0.4),56(0.6) }.

In the aboved LTS, they only describe the membership degree of elements. To improve
the range of their application, Chen [13] defined the linguistic intuitionistic fuzzy set (LIFS)
LI = {(xi,se, (xi),5¢, (x:))|x; € X}, where sg, (x;),5¢,(x;) € S(S = {silso < si < s27}),
the membership sy, (x;) and the non-membership sy, (x;) satisfy the following condition:
0 < 6 +¢1 < 2t1. Furthermore, Garg [14] defined the linguistic Pythagorean fuzzy
set (LPFS) LP = {(x;,50,(x;),5¢,(x;))|x; € X}, where sg,(x;),54,(x;) € S, the following
condition of the membership sg, (x;) and the non-membership sy, (x;) must be satisfied:
0 < (62)% + (¢2)* < (271)?, its advantage is it has a wider range of uncertainty than LIFS.
Furthermore, in order to better describe the uncertainty in decision making problems,
Liu et al. [7] proposed the LQROS LQ = {(x;,5¢(x;),5¢(x;))|x; € X} based on the q-rung
orthopair fuzzy set (QROFS) [15], where the following condition of the membership sy (x;)
and the non-membership s, (x;) should be met: 0 < (6)7 + (¢)7 < (27)7(g > 1). Obviously,
when g = 1 or 2, the LQROS is reduced to LIFS or LPFS, respectively. Although the LQROS
extends the scope of information representation, it cannot describe the following evaluation
information. For the given LTS S = {s : extreme slowly, s : slowly, s, : slightly slowly, s3 :
generally, sy : slightly high,ss : high,se : extreme high}, one expert believes that 30%
possibility of profit from the investment in the project is high, and 70% possibility of
profit from the investment in the project is extreme high. While the other expert may
believe that 10% possibility of not making a profit is extreme slowly and 90% possibility
of not making a profit is slightly slowly. Up to now, we cannot apply the existing LTS to
describe the above evaluation information. Motivated by this, we introduce the PLQROS
by integrating the LQROS and the probabilistic fuzzy set. Then the above information can
be represented by Qs(p) = ({s5(0.3),56(0.7)}, {s0(0.1),52(0.9) }), the detailed definition is
given in Section 3.1.

On the other side, the TOPSIS is a classical method to handle the multiple criteria
decision making problems. Since it was introduced by Hwang and Yoon [16], there were
many literatures on TOPSIS method, we can refer to [17-22]. The TOPSIS method is a
useful technique for choosing an alternative that is closet to the best alternative and farthest
from the worst alternative simultaneously. Furthermore, Yoon and Kim [23] proposed a
behavioral TOPSIS method that incorporates the gain and loss in behavioral economics,
which makes the decision results more reasonable. As all we know, there is no related
research study the behavioral TOPSIS method in uncertain decision environments problems.
Inspired by this, we study the TOPSIS method which consider the decision maker’s risk
attitude and the adjusted probabilistic fuzzy set, the main contributions of the paper are
given as follows:

(1) The operational laws of PLQROS are given based on the adjusted PLQROS with the
same probability, which can avoid the unreasonable calculation and improve the
adaptability of PLQROS in reality.

(2) The new aggregation operators and distance measures between PLQROSs are pre-
sented, which can represent the differences between PLQROSs and deal with the
symmetry information.

(3) The behavioral TOPSIS method is introduced into the uncertain multi-attribute deci-
sion making process, which changes the behavioral TOPSIS method only used in the
deterministic environment.

The remainder of paper is organized as follows: in the second section, some related
concepts are reviewed. In the third section, we introduce the operational laws of PLQROSs,
the aggregated operators and distance measures of PLQROSs, and we also give their corre-
sponding properties. In Section 4, the process steps of the behavioral decision algorithm are
given. In Section 5, a practical example is utilized to prove the availability of the extension
TOPSIS method. Furthermore, the sensitivity analysis of the behavioral factors of decision
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maker’s risk attitude is provided. Finally, we made a summary of the paper and expanded
the future studies.

2. Preliminaries

In order to define the PLQROS, we introduce some concepts of LTS, PLFS, QROFS
and LQROS. Throughout the paper, assume X = {x1,xp,- -, X} to be a non-empty and
finite set.

In the uncertain decision making environment, the experts applied the LTS to make a
qualitative description, it is defined as follows:

Definition 1 ([1]). Assume S = {so|a =0,1,---,2¢} is a finite set, where s, is a linguistic term
and g is a natural number, the LTS S should satisfy two properties:
(1) ifa < B, then sy < sp;
(2) sy = neg(sp), wherea + p = 2g.

In order to describe the decision information more objective, Xu [24] extended the LTS S toa
continuous LTS S = {sq|a € [0, p]}, where p(p > 2g) is a natural number.

The PLFS is regarded as an extension of HFLTS, which considers the elements of LTSs
with different weights, the PLFS can be denoted as:

Definition 2 ([12]). Assume X = {x1,x2,--+ ,xm} and S = {so, s1,...,52¢} is a LTS, the
PLFS Z(r) in X is defined as:

Zs(r) = {{xj,z5(r) (%)) |x; € X},

where zs(r)(xj) = {sf(”)(r(”))|sj(”) eS,r >0u=1,2---,U; 2521 rl) < 1}, s/() s the
linguistic term and ") is the corresponding probability of s/*), U is the number of linguistic
terms s7(4).

Next, we introduce the concept of QROFS as follows:
Definition 3 ([15]). Assume X = {x1,x2,- -+, xm}, the QROFS Q is represented as:
Q = {(xj, no(xj), vo(xj))|xj € X}, g > 1,

where the membership g (x;)(0 < pg(x;) < 1) and the non-membership vg(x;)(0 < vg(x;) < 1)

satisfy 0 < (ug(xj))7+ (vo(x)))T <1, mo(xj) = {/1 — (1o(x)))1 — (vo(x;))1 is the indeter-
minacy degree of QROFS Q.

. If X = {x}, the QROFS Q is reduced to a g-rung orthopair fuzzy number (QROFN)
Q = (pa,vo)-

Remark 1. If g =1 or 2, the QROFS Q is degenerated to an intuitionistic fuzzy set (IFS) or a
Pythagorean fuzzy set (PFS).

In some realistic decision making problems, the set should be described qualitatively.
So we review the concept of LQROS as follows:

Definition 4 ([25]). Assume X = {x1,x2, -+ ,xm}, S = {s«|a € [0,p0]}(p > 2¢) is a LTS, the
LQROSY is represented as:

Y = {(x,50(xj),5¢(x))|x; € X},
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where the membership sq(x;) and the non-membership sy (x;) satisfy 0 < 9;7 + gb;? <pT(g>1),
the indeterminacy d N = ,
e indeterminacy degree 7y (xj) = s W

If X = {x}, the LQROS Y is degenerated to a linguistic g-rung orthopair number
(LQRON) Y £ (sg,5¢)-

Definition 5 ([25]). Lety; = (sg,,5¢,) and yo = (Sg,,S¢,) be two LQRONS, sg,, s¢, € S_[O/p] (t=
1,2), € > 0, the algorithms of the LQRON s can be expressed as follows:

@ YOV =0, oy S0tz

R L N IS TR

() ey1=(s G

(07—p1(1==4
d yi=_s

)e)%’sp(%)€>;
).

==

e’s q
PRI (o111 B )e)

3. The Proposed Probabilistic Fuzzy Set

Now we propose a new probabilistic fuzzy set—PLQROS, which not only allows the
experts to express evaluation information with multiple linguistic terms but contains the
possibility of each linguistic terms. The difficulty is how to define the operational laws of
PLQROS reasonably when the corresponding probability distributions are different.

3.1. The Basic Definition of PLQROS

Definition 6. Let X = {x1,x,- -, Xm} and Sy ) (o > 2g) be a continuous LTS, the PLQROS
PLs(r) in X can be defined as:

PLy(r) = {{x}, Hy(7) (x;), Go(7) (x)) ] € X},

where Hs(?)(x;) = {sgiw) (f’(”))|59/(u) € S_[O,p], P >0, YU 7)< 1} is the membership
and Gs(7)(xj) = {s¢/<v>(?(”))|s¢j(.u) €S, 79 >0, oV, 7% < 1} is the non-membership,

respectively. For any x; € X, they satisfy with: 0 < (m%f{()j(“)})q + (m‘%({(pj(v)})q <
u= =
p1 (g =1).

If X = {x}, the PLQROS PL;(r) is degenerated to a PLQRON pls(r) = ({sy) (1))},
{S¢(v) (77(-0))}>, where 59<u),5¢(y) € g[O,p]’ Zbl;lzl p) <1land Zz‘y/zl #©) <1

Example 1. Let S = {sg : very slowly, s1 : slowly, s, : slightly slowly, s3 : generally, sy :
slightly fast,ss : fast, se : very fast}. Two groups of experts inspected the development of the
company, one group may think that “the speed of company development is slightly slowly with
100% possibility, with 40% probability that it is not slightly slowly, with 40% probability that
the speed of company development is not generally and with 20% probability that the speed of
company development is not slightly fast”. The other group think that “with 20% probability
that the speed of company development is slowly, with 60% probability that the speed of company
development is slightly slowly and with 20% probability that it is generally, with 50% probability
that it is not slightly fast and with 50% probability that it is not very fast”. Then the above
evaluation information can be denoted as pll(r) = ({s2(1)},{s2(0.4),55(0.4),54(0.2)}) and

pl2(r) = ({$1(0.2),52(0.6),53(0.2)}, {s5(0.5),56(0.5) }).
According to Example 1, we can see that the probabilities and numbers of elements in

pll(r) and pI2(r) are not same, the general operations on PLFSs multiply the probabilities
of corresponding linguistic terms directly, which may cause the unreasonable result. There-
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fore, Wu et al. [26] presented a method to modify the probabilities of linguistic terms to be
same, which is given as follows:

Let Sjg (0 > 2g) be a continuous LTS, pIl(r ) = ({sgiw (7 P00, {s¢1<,,> (7(”))}|u =
1,2,---,U;v = 1,2,---,V;) and pl2(r) = ({520 (7 w3, {s¢2 JFONV u = 1,2, , Uy;
v=1,2,---,V,) are two PLQRONS. We adjust the probablhty dlstr1but10ns of pl ! (r) and
pl2(r) to be same, respectively. That is to say, pl3! (r ) ({sg1x ()3, {s vy (PO Yk =
1,2,---,K; b =12 ,B) and pl*(r) = ({sgu ("*®)}, {520 (*(h))}|k: 1,2, ,K;
b=1,2,---,B). Applying the method of Wu et al. [26] to ad]ust the PLQRON:, the linguis-
tic terms and the sum of probabilities of each linguistic term set are not changed, which
means that the adjustment method does not result in the loss of evaluation information.

Example 2. Let S = {sy|a = 0,1,2,---,6}, pll(r) = ({s2(1)}, {53(0.4),54(0.4),56(0.2) })
and pl2(r) = ({51(0.2),52(0.6),53(0.2)}, {s5(0.5),56(0.5) }) be two PLQRONS, the adjusted
PLQRONS are pl'(r) = ({52(0.2), 52(0.6),52(0.2)}, {53(0.4),54(0.1),54(0.3),56(0.2)}) and
pl22(r) = ({51(0.2),52(0.6),53(0.2)}, {s5(0.4),55(0.1),56(0.3),56(0.2) }), respectively. The
adjustment process is shown in Figure 1.

pli(r) S2(1) S3(0.4)  Sa(0.1)  Si03)  S6(0.2)

N L

pL'(r) S2(0.2) S:(0.6)  S3(0.2) $60.4)  $,(0.1)  s,(0.3)  S6(0.2)

pLi(r) 51(0.2) s,0.6)  Ss(0.2) ss(0.4)  Ss(0.1)  Se(0.3)  S6(0.2)
PL()  sy02) si(06)  Ss(0.2) S5(04)  ss(0.1)  Ss(03)  s4(0.2)

Figure 1. The adjust process of PLQRONS pl! (r) and pi2(r).

3.2. Some Properties for PLQRONS

Firstly, we apply the adjustment method to adjust the probabilistic linguistic terms
with same probability, which can overcome the defects that may occur in process of aggrega-
tion. Then, we propose the operation rules of the adjusted PLQRONS, and their properties.

Definition 7. Let S, (0 > 28) be a LTS, pli'(r) = <{591(u)(?*(”>)},{s¢1(v)(f*(”))}> and
pl2(r) = ({sge0 (P MOMNS {s 20 (PN (u=1,2,--- ,U; v=1,2,---, V) are two adjusted
PLQRONS, where 6*), ) (L = 1,2) are the subscript of sy, y (1 =1,2),5 > 0, the
operational laws of the PLQRONS can be expressed as follows:

@) neg(ple(r)) = ({50 (F)}, {510 (7)) });

(PIU

®)  plt(r) @ pl(r) = <{S((91()) (e )q (91<u>)p<92<u>)>q)%(?*("))} As e $O20 20 (7)),
() pl(r) @ pl(r) = ({s gugw (*)}, { o4 (2 (<¢1(v)>,f“’2<v>>)q)%(?*(U)m’
) yplit(r) = <{S(pq7pq(lf(91’<;>> ),,)%( )}, {S 9, (F)});

(e) (plit(r))T = <{Sp(@)v (?*(”))}/{S(pq_pq(l_@;#w%(?*(”))}>-

Example 3. Let S = {sy|a =0,1,2,---,6}, pll(r) = ({54(0.4),55(0.6)}, {51(0.7),52(0.3)})
and pl2(r) = ({s3(0.2),54(0.5),55(0.3)}, {s3(0.5),54(0.5)}) be two PLQRONS, the modified
PLQRONS are pli'(r) = ({54(0.2),54(0.2),55(0.3),55(0.3)}, {51(0.5),51(0.2),52(0.3)}) and

183



Symmetry 2021, 13, 891

pli2(r) = ({s3(0.2),54(0.2),54(0.3),55(0.3) }, {53(0.5),54(0.2),54(0.3) }), The adjustment pro-
cess is shown in Figure 2. Let § = 0.5 and q = 3, then we have

neg(pli'(r)) =
ple (r) & pl2(r) =
ple' (r) @ pli*(r)
0.5pl3" (r) =

(pls'(r)*° =

({51(0.5),51(0.2),52(0.3) }, {54(0.2),54(0.2),55(0.3),55(0.3) });
({54.3621(0.2),84.7774(0.2), 55 3364 (0.3), 85.6217(0-3) }, {505(0.5), 50.6667(0-2), 51.3333(0.3) });
= ({52(0.2), 52.6667(0.2), 533333 (0.3), 54.1667(0.3) }, {53.0321 (0.5), 54.0146 (0.2), 54.114(0.3) });
({53.2649(0.2), 53.2649(0.2), 542321 (0.3), 542321 (0.3) }, {52.4495(0.5), 52.4495(0.2), 53 4641 (0-3) } );
({54.899(0.2), 54.899(0.2), 5.4772(0.3), 55.4772(0.3) }, {50794 (0.5), 50794 (0.2), 515024 (0.3) } ).

PL(r) S(0.4) 55(0.6) 5:(0.7) 5:(0.3)
PLI(") S4(0.2) S402)  55(0.3) S(0.3) 5,(0.5) S$102)  $:(0.3)
PI(r) S3(02) 54(0.2)  Sa(0.3)  S(0.3) S3(0.5)  S4(0.2)  Sa(0.3)
PL()  s50.2) 54(0.6) 55(0.3) 55(0.5) 54(0.5)

Figure 2. The adjust process of PLQRONS pl! (r) and pi2(r).

{51 (")}, {34,1 (7N} and pI2(r) = {{sgu (F1)},

Theorem 1. Let pll(r) = 7
-, U; v =1,2,---,V) be any two adjusted PLQRONS, 1, 11,

{500 FOV}) (u = 1,2,
2 > 0, then

M) plst(r) @ pl2(r) = pl2(r) @ pI(r);
() plst(r) @ pl?(r) = pI?(r) @ pI (r);
@) y(plt(r) © pli?(r)) = nplst (r) © npl?(r);
@) mplst(r) © napls (r) = (m +m2)pl (r);
) (P () @ (pIst ()" = (plst(r)) 72
©) (Pt (r)" @ (pls*(r))" = (pI* (r) @ pI*(r))".

Here we prove the property (1) and (3), other properties proof process are similar, we omit them.
(1) By Definition 7, we have

*1 *2 _ *(v)
PIEO) @) = U8 @t} D (5o ()
— *(v)
<{S((92<u))»1+(91(u>)q,(wz(“))p(ﬂl(” )q)%( ") {52 p w ()N
= pl(r) & pIs (r).
Therefore pl:!(r) @ pli%(r) = pl?(r) @ pl'(r) is obtained.
Pts Pis Pis Pis
(3) By Definition 7, we can get
*1 *2 — (1) = (v)
)@ P20 =10, g ) D 5 g D)
= pr(u) 7*(v)
- s u u r 18 v) 2(v r .
({ (pq_pq(l_(el(u))h(ez(uhh(w q)'?)%( )} A oo ;g,z( ), 7}

o
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nplet(r) @ npls(r)

{p” P [(1=

7>

1(u) 2(u) 1(u) 2(ut)
{qupﬂ-[(17“p—ﬂ)u(k“’p—ﬂwwpq[(lf“’p—ﬂ)u(lf“’ (1

Moreover, since

let@ = (p7 —p7(1 — “—+
be denoted as:

= <{S(m+xq7(%>q)l/q(?*(“))}/{SP(¢1<v>¢2<v>

u £y ?
4= Dy (1 (1 D) (o g 1 - Ny

p(

— o (1) ] 7+ (0)
P “’“")W)v.(1,<92;3>>q)n}}% (? )}/{Sp(q,l(v:gzw) ” ()1

= ({s 1(u)y g2(0) PN s e FEO)
(07—pi( (8144 (62( U‘L;(w i ))")n)% P(%)"

Therefore 5 (pl:'(r) © pl2(r)) = nplL (r) @ ypl2(r) is proved.
In order to compare the order relation of PLQROSs, we present the comparison rules
as follows:

Definition 8. Assume Sy ;) (0 > 2¢) bea LTS, for any adjusted PLQRON pl (r) = ({s) (#*(m)1,
{s¢(v)(?*(v))}>, where Spu)s Splo) € SN[O,p], (u=12,---,U v=1,2,---,V), the score function
of pli(r) is

Wy o). prn) W 4(0). 7*<v>
Al () = B (- R M)
u=1

where 8, p(®) € [0, p], #Uy and #V represent the number of elements in the corresponding set,
respectively.

The accuracy function of pl; (r) is

Wy o) prlw) W 5(0). ~*<v>

H(pls(r)) = ;( P "+Z @

where (), p(®) € [0, o], #Up and #V represent the number of elements in the corresponding
set, respectively.

Theorem 2. Let pli' (r) = ({sguu (7**))}, {510 (F*)}) and pI2(r) = ({sga (")},
s o) (@)Y be two adjusted PLQRONSs. A(pl*Y(r)) and A(pl¥2(r)) are the score function o
) ] Pis Pts

plzY(r) and pli?(r), the accuracy function of pl:*(r) and pl:%(r) are H(pl:' (r)) and H(plZ*(r)),

respectively, then the order relation of pl3' (r) and pl*(r) are given as follows:

1) FA(pLN(r)) > A(pl3(r)), then pls (r) = pl(r);

@) fA(pLH(r)) = A(pli*(r)), then
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() IfFH(pIS' (r)) = H(pl:*(r)), then pl3* (r) < pli*(r);
(b)  IFH(pL' (r)) < H(pl:?(r)), then pl3' (r) < pli*(r);
(€ IfFH(pL(r)) > H(pls?(r)), then pl3* (r) = pli?(r);

3) AP (r)) < A(pl2(r)), then plS* (r) < pl2(r).

IE

3.3. The Aggregation Operators of PLQROSs

In order to aggregate the multi-attribute information well, we introduce the aggrega-
tion operators of PLQRON:S as follows.

Definition 9. Let So, (0 > 2g) be a LTS, plzt(r) = ({spuw) y ()3, {s¢,0 (N (e =
1,2, mu=12,---,Uv=1,2,---,V)arenadjusted PLQRONSs, where s y,(u) S guto) € 5_[0,p}/
the probabilistic linguistic g-rung orthopair weighted averaging (PLQROWA) operator can be
expressed as:

PLQROWA(pIi'(r), pl(r), -+, pI"(r)) = w1pld (r) @ wapl(r) @ - & wnpl" (1)

FONAs e O, O

= <{S o(u) 1
(P9 =01 TTy (1= ) L p(E)e

where w = (w1, wy, -+ ,wy)T is the weight vector, and it satisfies Y jw, = 1(0 < w, < 1).

Theorem 3. Let pl'(r) = <{59,(l,)(?*(”))},{S(P,(v) (?*(”))}>(t =12, -, m;u=12--,U;

v = 1,2,---,V) be i adjusted PLQRONS, the weight w, (1 = 1,2,---,n) satisfies with

0<w,<land ' yw, =1, then the properties of PLQROWA are shown as follows:

(1) Idempotency: if pli(r) (1t=1,2,---,n) are equal, i.e., pl¥(r) = pli(r) & ({s4w) (7))},
{50 (F))}), then

PLQROWA(pIZ (1), pI*(r), -+, pI" (1)) = pIE (r) = ({5400 (7))}, {50 ().

(2)  Monotonicity: let pl:'(r), pli*(r),- - -, pl"(r) and pl/ (r), pl/ (r ), -, pl*" (r) be two
collections of adjusted PLQRONT, for all 1, Sgu) < s/ o) ) and Sp ) >’ p0) ), then
PLQROWA(pI (r), pI2(r), - -+, pl"(r)) < PLQROWA(pI (r), pIy2(r), -+, pl™ (r).

u u 4
(3)  Boundedness: let sy ) = = MaXSgu), Sp(-) = rlfunselw) Spr) = MaXs, ) and Sg) =

V
mm S @) , then

({50 (P03, {S¢l<+>(7*(v))}> < PLQROWA(pIZ! (r), pI*(r), -+, pI" (1)) < ({8900 (")}, {0y (7)),

(1) Forally since pl¥*(r) = plZ(p) = ({sy0) (M)}, {s ) (7(®)1), then

PLQROWA(pI (r), pli3(r), -+, pli" (1)) = wrpli (r) ® wapli®(r) @ '“@wnlﬂl*”( )

- S (1 s o 17*(7])
({ (pq_pqnleu_(f?(p#) )%( N} A . 1P(M)w,( )
= 0wz O g0 0 TP
0
= <{S ( )} {S 4)(1; ( *(’U))}>

(r-pra- L)
= ({5900 (1)}, {5000 F)}).

Therefore PLQROWA(pl:!(r), pli2(r), -+, pI"(r)) = ({0 (7))}, {500 (7))
is proved.

0
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(2) Forally, Soitu) < s/ o) and Sp ) >’ ) ), then we have

S 1(u)<s L(u):>s (1 l<s " o(u 1,5 (v w,>5 n (v
=% ST eI (= (e (pfpn;l(lf(@;))q)w @) = T ()

Assume PLQROWA(pIS! (1), pli2(r), -, plz"(r)) = pls(r) and PLQROWA(plS*! (),
P20, (1)) = (1), by (1), we can gt

#y (p—p TT"q(1— 0) \q wz)% #Vo (4 (0)\wi
Atz = 3o PO IR CDNDT iy - T O o,
u=1 P o=1 P
uy M, (1= (29yeyi e e o
Z; (o—p- 1(p (55-)1)) _(r,()))q_g((ﬁbp),r/())q‘

Then we have A(pl#(r)) < A(ple* (r)), thatis pl*(r) < pli*(r).
Therefore PLQROWA (pL(r), pl22(r), - - - , pl2"(r)) < PLQROWA(pL;*1(r), pl*2(r),
-+, pl¥"(r)) is proved.
(3) Forall, Spi-) < Sguwy < Sgu+)
and (2), we can easily have

<S (@SS

S (- ¢ according to the properties (1)

¢l(+)l

({500 (PN}, {500 (F1)}) < PLQROWA(pIZ (1), pI22(r), -+, pIE" (1) < ({5 (PO}, {s ) (FON)).

Remark 2. Especially, when w, = %(t =1,2,---,n), the PLQROWA operator is reduced to a
probabilistic linguistic q-rung orthopair averaging (PLOQROA) operator:

PLQROA(PIEN(r), pl2(r), - plE" (1) = I (1) © I (r) @+ & - pI2" (1)
~ (s (L

1 (v)
)i ()

(F)}).

S

H(u)yq\ 1
(01— Ty (1= o)

Definition 10. Let Sy (0 > 2g) be a LTS, pli'(r) = ({sgu (P (7))}, {sq),v NP (e =
1,2,---,m;u=12---,Uv=12,---,V)is a collection of adjusted PLQRONS where
Sgiu)s Sgi(o) € S(0,0], the probabilistic linguistic q-rung orthopair weighted geometric (PLQROWG)
operator is given as follows:

PLQROWG(pIZ* (r), pl?(r), -+, pls" (1)) = (pIZH (1)1 @ (pI2 ()2 @ - @ (pI" (r) "
= ({s p) o, (FU)Y, {s

() (4)
Hznlp( 0 ) (q pqnnl(l )wl>%(1’ )}>/

where w = (w1, wy, -+ ,wy)7 is the weight vector and satisfies with Y jw, = 1(0 < w, < 1).
Theorem 4. The PLQROWG operator satisfies the properties in Theorem 3.

Proof. Because the proof is similar to Theorem 3, we omit it here. [

Remark 3. Especially, when w, = %(1 =1,2,---,n), the PLQROWG operator is degenerated
into the probabilistic linguistic q-rung orthopair geometric (PLQROG) operator
* * % * 1 % 1 % 1
PLQROG(pIS (r), pl?(r), -+, pl" () = (pI () @ (pl(r)) 7 @ -+ @ (pIS" (1))

p(u)
= S i(u at i
o gt 3 A (¢1-p7 T, (1= £
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Example 4. Let S = {s5,]0 < a < 6} be a LTS, pl(r) = ({s2(1)},{51(0.9),52(0.1)}),

pl2(r) = ({51(0.2),52(0.6), s3(0.2)}, {51(0.9),52(0.1)}) and pI3(r) = ({s2(0.8),53(0.2)},
{50(0.3),51(0.5),52(0.2) }) be three PLQRONS, w = (0.3,0.5,0.2)7 is the corresponding weight
vectot, then the calculation results of the PLOQROWA and the PLOQROWG are given as follows.

Firstly, we adjust the corresponding probability distributions of pl!(r), pI?(r) and
pl3(r), the adjusted PLQRONSs obtained as follows:

plt(r) = ({52(0.2),52(0.6),52(0.2)}, {51(0.3),51(0.5),51(0.1),52(0.1) });

pl22(r) = ({51(0.2),52(0.6),53(0.2)}, {51(0.3),51(0.5),51(0.1),52(0.1) });
pl*3 (r) = ({s2(0.2),52(0.6),53(0.2) }, {s0(0.3),51(0.5),52(0.1),52(0.1) } ).

If g = 3, according to the Formula (3), we can get

PLQROWA(plz}(r), pl2(r), pl23(r)) = ({s (N}, {s

GRS (9‘:‘3) )3 yer) 3

(0.6),s

(-6 (1-2)°5(1- 13>°5>3(0'2)’S<63-63(1—%>1>%
8102 (0-3) 8611 (0-5): 51 os 702 (0-1), 56
(0.2),52(0.6),5298(0-2) }, {50(0.3),51(0.5), 51

(63—63(1—2—;)0»3(1—2—2)07)%
L0}
(0.1),s2(0.1) }).

If g = 3, according to the Formula (4), we can get

(7} {s

S6(2
1.15

PLQROWG (12! (r), pI2(r), pI(r)) = ({5 o0, FO))

= ({4 (1yos(2 05(0-2)’56(%) 1(0.6), 5, S6(2)0- (%)07(0 2)}, {5(63—63(1—g)0-8(1—2—3)0‘2)’5 (63—63(1—2%)1)%

S(63—63(1—5)0'8(1—2%)02)%(0'1)’ (63—63(1— 23) )%( )
= <{Sl.41 (0.2),52 (0-6)/52.66 (02) }, {So (03) (0 5),51.34(0.1),32 (01)}>

3.4. Distance Measures between PLQRONSs

In order to compare the differences between different alternatives, we introduced
the distance measure between PLORONSs, which is an important tool to process multi-
attribute decision problems. In this subsection, we first propose the distance measures
between PLQRON:s.

1(v))3 1
(63763 HL3=1 (17 (¢ 3 ) )w, ) 3

op 0, 1(03),s (0.5),

Definition 11. Let S_[O,p] (p > 2g) bea LTS, pl:'(r) = (H:Y( ) (7)) = ({sg100) ) (P,
{5410 (FON)}) and pI?(r) = (H(7),GE(7)) = ({sge (7" )} {S 2 (F)}) (u =
1,2,---,U;v=1,2,---,V) are two adjusted PLQRONS, where s, y € S[ (1=1,2),
the Hamming distance measure D g,q between pli1 (r) and pl?*(r) can be deﬁned as:

7
7

#U, g1(1))q _ (92(u))q #Vp 1(0))q — (2(©))q
Ddhd(Pl;d(r)/ pl:z(i’)) _ Z(’g*(u) . |( ) pq( ) |) + 2(7*(7;) . |(¢ ) pq <4) ) |), (5)
u=1 v=1

where g > 1,0"*) and ¢'(®) (1 = 1,2) are the subscripts of Sgi(u) and S guto) (t=1,2), #Ug and #V
represent the number of elements in H}'(#) and G*(¥) (1 = 1,2), respectively.

The Euclidean distance measure D,z between pli1(r) and pl:?(r) can be defined

as follows:
#Ug 9119 _ (g2(1))q #Ve 1(0))9 _ (2(2))q
Diea (P21 (), p2(r)) = J e O ML B e ©
u=1 v=1
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where g > 1, 8/ and ¢*(®) (1 = 1,2) are the subscripts of s, and e (1=1,2),#Uy and
#V represent the number of elements in Hy*(7) and G;*(7) (1 = 1,2), respectively.
The generalized distance measure Doy between pl1(r) and pl?(r) can be defined as:

N #Uy 91(1))q 02(1))q #Vy 1(v))a — (p2(©))q
Ddgd(Pl:l(f’),Pl:Z(T’)) — \J Z(f,*(u), ‘( ) ( ) ‘ A4 Z r*(z}) (47 ) 5 (47 ) |

u=1 p 1
where A > 0,9 > 1, 04*) and ¢*(*) (1 = 1,2) are the subscripts of s, and S (o) (1=1,2),
#Up and #V, represent the number of elements in H*(7) and G{'(7) (1 = 1,2), respectively.

), @)

Remark 4. In particular, if A = 1 or A = 2, Dyg, is degenerated into Dy or D geq, respectively.

Theorem 5. Assume pl:'(r) and pl3?(r) are two adjusted PLQRONS, the distance measure Dyga

satisfies the following properties:

(1) Non-negativity: 0 < Ddgd(pl*l(r) pl2(r)) <1, Ddgd(pl*l(r) plil(r)) = 0;

(2) Symmetry: Dagq(pl*(r), Pl*z(r)) = Daga(pL?(r), I (r));

(3 Triangle inequality: Daga(pl: (), (1) + Daga (P2(7), pI(P)) > Daga (pl21(r),
pIE(p)).

Obviously, Dggq satisfies the property (1) and (2). The symmetry information can be expressed
by the distance measure D g¢4.

The proof of property (3) is given as follows:

N gL(u) )4 _ (g3(u) #p 1(0))9 _ (3(0)
Ddgd(pz;“m,pz:%))—j (et (ELZE 3 e LN,

>

#)%(?*(“) . [(01())q — (62(1))a 4 (§2(1) )7 — (93(1))q| - %(7*@) . [(p1@))7 — (¢2())T 4 (¢2(@))7 — (p3(2))a| "

u=1 pq v=1 pq
#Ug 1(u)\g — (92(u 2(u — (p3(u))q #Vp 1(0)\q — (H2(v) 2(v))q — (p3(0)

R e N0 @ )ﬂ;\(a G ST, L0 = (PO,
u=1 1

u=1 p'i v=1 pll u=1 pq =1 p‘]

= Daga(pl* (1), I3 (1)) + Daga (pI* (1), pI3 ().

Therefore Dygq(pl' (r), pI®(r)) < Daga(plst (r), pli®(r)) + Daga(pli(r), pl3(r))
is proved.

< B et 1O = @), +’§W. (91 — (@] AJ%(?*(“” [(620)1 — @yl +’%(f*(v), [(92)7 — (@*))7]

Example 5. Assume S = {s,]0 < & < 6} isa LTS, pli'(r) = ({52(0.2),5,(0.6),52(0.2)},
{53(0.4),54(0.1),54(0.3),55(02)}) and pI:*(r) = ({51(0.2),52(0.6),53(0.2)}, {55(04),55(0.1),
s6(0.3),86(0.2) }) are two adjusted PLQRONS. If q = 2, the calculation result of Dgea(p 13(r)
pli2(r)) is given as follows:

7

0.2 % (22 —1?)| 0.6 | (22 — 22)| 0.2 (22 —3%)|2,,

Dyga(ple (), pli2(r)) = (S 4 (P S g (RS 2
% (32 — 52 1% [(42 — 52 3% [(42 — 62 2% 2
(0'4 ‘(22 5 )l)/\Jr(Ol |(22 5 )|)/\+(O3 |(§2 6 )|)A+(02 ‘(22 6 )‘) )X.

If A =1, wecan get Dg,; = 0.475. If A = 2, we can get D,; = 0.2545.
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4. The Behavioral Decision Method

Since Hwang and Yoon [16] proposed the TOPSIS method, it has been widely applied
in solving multiple criteria group decision making (MCGDM) problems. The traditional
TOPSIS [17,18] method is an effective method in ranking the alternative. However, in
practical decision making problems, the conditions in traditional TOPSIS method does not
consider the behavior factors of decision makers. Thus, Yoon and Kim [23] introduced a
behavioral TOPSIS method, which consider the behavioral tendency of decision makers
and incorporate it into traditional TOPSIS method. However, in the uncertain decision
making environment, how to represent the decision maker’s behavior factors is a difficult
problem. In order to solve this problem, we deal with it as follows. The gain can be viewed
as the earns from taking the alternative instead of the anti-ideal solution, and the loss
can be considered as the decision maker’s pays from taking the alternative instead of the
ideal solution, they can be expressed by the distance measure of related uncertain sets. So
the behavioral TOPSIS method contains the loss aversion of decision maker in behavioral
economics, and the decision maker can select the appropriate loss aversion ratio to express
his/her choice preference. The method is proved to give a better choice than other methods
(including traditional TOPSIS method) particularly in many fields, such as emergency
decision making, selection for oil pipeline routes, etc., because the behavioral TOPSIS
method precisely reflects the behavior tendency of decision maker.

Assume a group of experts e = {ej, ey, ..., e} evaluate a series of alternatives
Q = {Q1,Q2 ..., Qm} under the criteria C = {Cy,Cy,...,Cy}, let S (0 > 2g) be a
continuous LTS, the evaluation of experts are represented in the form of PLQRONS 12!(r) =
(HS'(#),G3'(7)), where H(#) = {spoutu) (?")|sgaty € Siop, " > Ou = 1,2,---,1;
Y P < 1 and G (F) = {s00) (F) [sgae) € Sjo), 7P 20,0 =12+, V; T4 7% <
1},0=1,2,...,m;1 =1,2,...,n. The criteria’s weight vector are w¢, = (W1, W2, - - -, Wen) T,
where Y jwe, = 1(0 < wy, < 1), the experts’ weight vector are wey = (W1, We, - - -, Wew ) T
(ZZ)":l wWew =1, 0 < wey < 1), then the wth expert’s decision matrix F (@) can be given
as follows:

PlZl Plzé e P{Z}}
pwy_ | P2 PR P
P, nu1)1 P 7?1)2 P f;z)n

where P¥Y = (P%(r))%(0=1,2,...,m;:=1,2,...,m;w=1,2,...,W) are PLQRONSs.

The steps of decision making are given as follows:

Step 1. Apply the adjustment method to adjust the probability distribution of PLQRONS,
the adjusted decision matrix of the wth expert can be denoted as F(*©) = (Px0!(r))¥_ .

Step 2. Apply the PLOROWA operator or PLOROWG operator to obtain the aggregated
decision matrix F*) = (Ps*"(r))ux,. Furthermore, normalize the aggregated decision
matrix F(*) based on the type of criteria. If it is a benefit-type criterion, there is no need to
adjust; if it is a cost-type criterion, we need utilize the negation operator to normalize the
decision matrix.

Step 3. Determine the ideal solution Q* = {Q;,QJ,..., Q;"} and the anti-ideal

solution Q- = {Q;,Q,, ..., Q, }, respectively, where

Q) = {max{plz ()}, @ = {min{pl:*(p)}}

For the criterion C,, we apply the Formulas (1) and (2) to calculate Q" and Q™.

Step 4. Utilize D 4,4 to calculate the distance between each alternative and Q", Q, respectively.
Thatis D, and D, , where D =Y , WeDiga(Qo, Qf),and D; =Y, WerDigi(Qo, Q7).

Step 5. Calculate the value function V, for alternative Q,(0 = 1,2,...,m).

Vo = (Dg)* + [-7(D{)PL,(0<a<1,0<<1)

190



Symmetry 2021, 13, 891

where 7 is the decision maker’s loss aversion ratio, if y > 1, it implies the decision maker’s
behavior is more sensitive to losses than gains; if ¢ = 1, it implies the decision maker have
neutral attitude towards losses or gains; if ¢ < 1, it means the decision maker’s behavior
is more sensitive to gains than losses; « and f reflects the decision maker’s risk aversion
attitudes and the risk seeking attitudes in decision process, respectively.

Step 6. The greater value of V,, the better alternatives Q, will be, then we can obtain
the rank of the alternatives.

5. Numerical Example

Here we present a practical multiple criteria group decision making example about
investment decision (Beg et al. [27]), and the behavioral TOPSIS method is utilized to deal
with this problem. The advantages of the behavioral TOPSIS method with PLQROSs are
highlighted by the comparison analysis with the traditional TOPSIS method. Furthermore,
we analyzed the stability and sensitivity of decision makers’ behavior.

5.1. Background

There are three investors e1, e; and e3, who want to invest the following three types of
projects: real estate (Q1), the stock market (Q) and treasury bills (Q3). In order to decide
which project to invest, they consider from the following attributes: the risk factor (C;), the
growth factor (Cy), the return rate (C3) and the complexity of the document requirements
(Cy). The weight vector of investors is (0.3,0.5,0.2)T and the criteria’s weight vector is
(0.4,0.2,0.3,0.1)T. The evaluation for the criterion C; is LTS Sy = {s¢ : extreme low, sy :
low,s, : slightly low,ss : generally,sy : slightly high,ss : high,se : extreme high}, for
the criteria C, (1 = 2,3) is S, = {so : extreme slowly,s; : slowly, sy : slightly slowly, s3 :
generally, sy : slightly fast,ss : fast,sq : extreme fast} (1 = 2,3); and the evaluation for
criterion Cy is LTS Sy = {s¢ : extreme easy, sy : easy, sy : slightly easy,s3 : generally,sy :
slightly complexity, s5 : complexity, s¢ : extreme complexity}. Then, the decision matrices
of each experts are expressed in Tables 1-3.

Table 1. The decision matrix F(1).

C1 CZ
Q1 ({se(D)}, {so(1)}) ({s4(0.4),55(0.6)}, {s0(0.7),51(0.3) })
Q2 ({54(0.7),55(0.3)},{51(0.6),52(04) })  ({s3(0.3),54(0.7)}, {51(0.5),52(0.5)})
Qs ({s5(0.6),56(04)},{s0(0.5),51(0.5)})  ({s1(0.5),52(0.5)},{s5(0.5),54(0.5)})
C3 4
({s0(0.3),51(0.7)}, {52(0.4),53(0.6) }) ({51(0.7),52(0.3)}, {s3(0.5),54(0.5) })
({53(0.3),54(0.7) }, {30(0.7),51(0.3) }) ({54(0.3),55(0.7) }, {31(0.5),82(0.5) })
({51(0.5),52(0.5)}, {s3(0.7),54(0.3)})  ({54(0.3),55(0.7)}, {51(0.5),52(0.5)})
Table 2. The decision matrix F(2).
C1 C2
Qi ({50(0.3),51(0.7) }, {s2(0.4),53(0.6) }) ({54(0.7),55(0.3) }, {s1(0.5),52(0.5) })
Q2 ({55(0.3),54(0.7) }, {s0(0.5),51(0.5) }) ({51(0.5),52(0.5)}, {s3(0.5),54(0.5) })
Q3 ({s5(0.6),56(0.4)}, {s0(1)}) ({s3(0.5),54(0.5)}, {s1(0.1),52(0.3),53(0.6) })
(6]
({54(0.5),55(0.5) }, {50(0.7),51(0.3) }) ({s5(0.7),56(0.3)}, {s0(1) })
({54(0.3),55(0.7) }, {51(0.7),52(0.3) }) ({s5(0.5),56(0.5)}, {so(1)})
({51(0.5),52(0.5)}, {52(0.2),53(0.6),54(0.2) }) ({54(0.5),55(0.5)}, {s0(1)})
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Table 3. The decision matrix F().

C1 C2
Q1 ({54(0.5),s5 (0 5)}, {s0(0.4),51(0.6)}) ({s5(0.7),56(0.3) }, {s0(1) })
Q2 ({51(0.5),52(0.5)}, {52(0.5),53(0.3),54(0.2) }) ({85(0.7),56(0.3) }, {so(1) })
Q3 ({84(0.2),55(0.8)}, {51(0.7),52(0.3) }) ({54(0.6),55(0.4) }, {s0(0.5),51(0.5) })

GCs Cy

{{52(0.5),53(0.5), }, {s3(0.5),54(0.5) }) ({50(0.3),51(0.7)}, {s3(0.5),54(0.5) })
({54(0.4),55(0.6) }, {s1(0.7),52(0.3) }) ({53(0.3),54(0.7)}, {51(0.5),52(0.5) })
{{50(02),51(0-4),52(04)}, {52(04),55(0.6) }) {s6(1), }, {s0(D)})

Where F(®) represents the wth investor’s evaluation information.

5.2. The Behavioral TOPSIS Method

Step 1. According to the adjustment method, we adjust the probability distribution of
decision matrices F (1), F2 and F (3), and the corresponding adjusted matrices F (*1), F(*2)
and F*3) are given in Tables 4-6.

Table 4. The adjusted decision matrix F(*1).

C1 C2
Q ({s6(0.3),56(0.2),56(0.5) }, {s0(0.4),50(0.6) }) ({s4(0.4),55(0.3),55(0.3)}, {s0(0.5),50(0.2),51(0.3) })
Q ({54(0.3),54(0.2),54(0.2),55(0.3) }, {51(0.5),81(0.1),52(0.2),52(0.2) }) ({53(0.3),4(0.2),54(0.2),54(0.3) }, {51(0.5),52(0.5) })
Q3 <{S5(0.2),S5(0.4),56(0.4)},{50(0.5),51(0.2),51(0.3)}> <{51(0 5) 52(0 ) 52(04)} {53(01) S3(0.3),S3(0.1),S4(0.5)}>
(6]
({50(03),51(0.2),51(0.5)}, {s2(0:4),53(0.1),55(0.2),53(0.3) }) ({51(0.3),51(0.4), 52 (0. )} {s3(0.5),54(0.5)})
$3(0.3),54(0.1),54(0.6) }, {s0(0.7),50(0.3) }) ({54(0.3),55(0.2), Ss( 5)},{51(0.5),52(0.5)})
({s1(02),51(0.3), s (0 1),52(04)}, {s3(0.2),55(0.2),53(0.3),54(0.1),54(0.2) }) ({54(0.3),55(0.2),55(0.5)}, {s1(0.5),52(0.5) })
Table 5. The adjusted decision matrix F (x2),
C1 CZ
Q ({50(0.3),51(0.2),51(0.5)}, {52(04),55(0.6)}) ({54(0.4),54(0.3),55(0.3)}, {51(0.5),52(0.2),52(0.3) })
Q2 ({53(0.3),54(0.2),54(0.2),54(0.3) }, {s0(0.5), 51 (0.1), 51 (0.2), 51 (0.2) }) ({51(0.3),51(0.2),52(0.2),52(0.3) }, {53(0.5),54(0.5) })
Qs ({s5(0.2),55(0.4),56(0.4) }, {s0(0.5),50(0.2),50(0.3) }) ({53(0.5),54(0.1),54(04) }, {s1(0.1),52(0.3),53(0.1),55(0.5) })
C3 4
({54(0.3),54(0.2),55(0.5) }, {s0(0.4),50(0.1),50(0.2),51(0.3) }) ({55(0.3),55(0.4),56(0.3) }, {s0(0.5),50(0.5) })
({54(0.3),55(0.1),55(0.6)}, {51(0.7),52(0.3) }) ({55(0.3),55(0.2),56(0.5) }, {s0(0.5),50(0.5) })
({51(0.2),51(0.3),52(0.1),52(0.4) }, {s2(0.4),53(0.2),53(0.3),53(0.1),54(0.2) }) ({54(0.3),54(0.2),55(0.5) }, {s0(0.5),50(0.5) })
Table 6. The adjusted decision matrix F(*3).
Cl C2
(o]} <{sz(0.3),54(0.2),55(0.5)},{50(0.4),51(0.6)}) ({s5(0.4),55(0.3),56(0.3) },{s0(0.5),50(0.2),51(0.3) })
Q  ({(1(03),51(02),52(02),52(03)}, 52(053), 55(0.1),53(02),54(02)}) ({55(03),55(02), 55(0.2),56(0.3) }, {50(0.5), 50(0.5) })
Q3 ({54(0.2),55(0.4),55(0.4) }, {51(0.5),51(0.2),52(0.3) }) ({54(0.5),54(0.1),55(0.4) }, {s0(0.1),50(0.3),50(0.1),51(0.5) }
G
({52(0.3),52(0.2),53(0.5) }, {s3(0.4), 53(0. ) $4(0.2),54(0.3)}) ({s0(03),s (04) Sl )} {53(0.5),54(0.5)})
({54(0.3),54(0.1),55(0.6) }, {51(0.7),52(0.3) }) ({53(0.3),54(0.2),54(0.5) }, {s1(0.5),52(0.5) })
({50(0.2),51(0.3),51(0.1),52(0.4) }, {52(0.4),52(0.2),55(0.3),53(0.1),55(0.2) }) ({s6(0.3),s (02) Se 5)}, {50(0.5),50(0.5)})

Step 2. Firstly, we aggregate the adjusted decision matrices based on the PLOROWA
operator. Then we normalize the aggregated matrix according to the type of criteria
(criteria Cp and Cs belong to the benefit-type criteria, criterion C;, C4 belongs to the cost-
type criteria). If ¢ = 2, we can get the normalized decision matrix F(*) in Table 7.
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Table 7. The aggregate decision matrix F (*),

Cq
o) ({50(04), 50(0.6)}, {56(0.3), 56(0.2), 56(0.5) })
Q2 ({80(0.5),51.25(0.1),5153(0.2),5162(0.2) }, {83.16(0.3), 83.60(0.2),53.75(0.2),542(0.3) })
Q3 ({50(0.5),50(0.2),50(0.3) }, {s4.86(0.2),55(0.4),56(0.4) })

(6))

({5427(04),546(0.3),56(0.3) }, {50(0.5),50(0.2),51.41(0.3) })
<{53_21 (03), S3_54(0.2), 53.68 (0.2), 56(0.3) }, {S()(O.S), 50(0.5) >
<{Sz_92(0.5), 536 (0.1), S3_95(0.4) }, {50(0.1), 50(0.3), S0 (0.1), 52.63(0-5)}>

G
({53.13(0.3),53.16(0.2),5417(0.5) }, {s0(0-4),50(0.1),50(0.2), 51.83(0.3) })

({53.76(0.3),546(0.1),5478(0.6) }, {50(0.7),51.62(0.3) })
<{SO.9 (0.2), S1 (03), 51.85 (0.1), S (04) }, {52‘26 (0.2), 52.77(0.2), S3 (03), 5327 (0.1), S$3.78 (02) })

Cy
{{50(0.5),50(0.5) }, {54.03(0.3),54.05(0:4),56(0.3) })

({50(0.5),50(0.5) }, {545(0.3),54.86(0.2),56(0.5) })
({50(05),50(0.5)}, 56 (0.3), 56(02), 3¢ (0.5) }}

Step 3. According to Definition 8, the score function matrix can be obtained as follows:

—-038 0219 0.1478 —0.2035
A= [-0.0939 01448 0.263 —0.3269].
—0.2973 0.0841 —-0.0334 —0.38

Furthermore, we can obtain the ideal solution as follows:

Q" = {({50(0.5),51.25(0.1),5153(0.2),51.62(0.2) }, {53.16(0-3), 53.69(0.2),53.75(0.2),542(0.3) }), ({5427 (0.4),
S4.6(0.3), Se (0.3) }, {50(0.5), S0 (0.2), S1.41 (0.3)}>, <{S3.76 (0.3), 546 (0.1), S4.78 (0.6)}, {SO (0.7), 51.62 (O.3)}>,
({50(0.5),50(0.5) }, {54.03(0.3),54.05(0.4),56(0.3) }) },

The anti-ideal solution is given as follows:

Q7 = {<{So(0.4), 50(0.6)}, {56(0.3), 56(0.2), 56(0.5)}>, <{Sz.92(0.5), 536 (0.1),53'95(0.4)}, {50(0.1), 50(0.3),
50(0.1),5263(0.5)}), ({509(0.2),51(0.3),51.85(0.1),52(04) }, {$2.26(0.2),52.77(0.2),55(0.3), 53.27(0.1),
5$3.78 (0.2)}>, <{SO (0.5),50 (0.5)}, 56(0-3)/56 (0.2),56 (05)}>}

Step 4. Calculate D(Q,, Q") an D(Q,, Q™) (0 = 1,2,3), respectively.

If ¢ = 2, here we apply that the Euclidean distance measure D, then Df =
Zle W Dged(Qo, Q1) and D, = Zle We:Dgeg(Qo, Q7). So the separation measures be-
tween the alternative and the ideal /anti-ideal solution are obtained in Table 8.

Table 8. The separation measures for each alternative.

Q1 Q2 Qs
Dj 0.1561 0.0549 0.2055
Dy 0.1236 0.2626 0.0561

Step 5. Calculate the value function V, about alternatives Q,(0 = 1,2,3). Here the
parameters &, B and -y are used to describe the decision maker’s behavior tendency. Here we
assume y = 2.25, « = B = 0.88 [28], then we have V] = —0.2801, V, = 0.1334, V3 = —0.4797.

Step 6. According to the values of V,, wehave Qy >~ Q1 > Q3, s0 Q7 is the best alternative.
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Next, we consider the relationship between the decision conclusion and the change of
parameter A. We still take the PLOROWA operator as an example. Assumeg =2, a = f =
0.88, vy =2.25,and A = 2, 3,5, 8,10, 12, respectively. The Figure 3 shows the corresponding
ranking results (Table 9 shows the detailed calculation results). Obviously, the varies of
value function Vj is not sensitive to the parameter A, which indicates that the parameter A

has little effect on the decision results.

0.2 ¢
o1} T—— - = a
0
2 3 3 g 10 12
0.1
——]
N / ¢ ¢ ¢ ==yl
0.3
_0.‘1: 5
0.5
0.6

Figure 3. The results of change A in behavioral TOPSIS method.

Table 9. The detailed results of parameter A.

A=2 A=3 A=5 A=38 A =10 A=12
W —0.2801 —0.2335 —0.2056 —-0.197 —0.1957 —0.1953
Va 0.1334 0.1078 0.0959 0.0929 0.0925 0.0923
V3 —0.4797 —0.4052 —0.3806 —0.3768 —0.3763 —0.3761

5.3. Comparison Analysis with Existed Method

Here, the traditional TOPSIS method is used to compare with the behavioral TOPSIS

method, the algorithm steps [29] are given as follow.

Step 1. Adjust the probability distribution of PLQRONS, the corresponding matrices

F1 F(+2) and F*3) are obtained.

Step 2. Apply the PLOROWA operator to aggregate the evaluation information, then

we normalize the aggregated decision matrix; the result is same as Section 5.2.
Step 3. Similarly, we can obtain the positive ideal solution Q" as follows:

Q" = {({50(0.5),51.25(0.1),5153(0.2),51.62(0.2) }, {53.16(03), 53.69(0.2),53.75(0.2),542(0.3) }), ({5427 (0.4),
$46(0.3),56(0.3) }, {50(0.5),50(0.2),51.41(0.3) }), {({53.76(0.3),54.6(0.1),5478(0.6) }, {$0(0.7),51.62(0.3) }),
<{SQ (05), 50 (05) }, {54.03 (03), 54.05 (04), S6 (03) }> }

The anti-ideal solution Q~ is also obtained as follows:

Q_ = {<{SO (0.4), 50(0.6)}, {56 (0.3), 56(0.2), 56(0.5)}>, <{52‘92 (0.5), 536 (0.1),53.95(0.4)}, {SO (0.1), 50(0.3),

S0 (0.1), 5$2.63 (05) }>, <{So_9(0.2), 51 (03), 51.85 (0.1), 52(0.4) }, {52.26 (0.2), 52_77(0.2), S3 (03), 83.27(0.1),

5378(0.2)}), ({0(0.5),50(0.5) }, 56 (0.3),56(0.2),56(0.5) }) }.

Step 4. If g = 2, we apply D,  to calculate the distance of each alternative between

Q™" and Q, the results are obtained in Table 10.
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Table 10. The separation measures for each alternative.

Q1 Q2 Qs
Dj 0.1561 0.0549 0.2055
Dy 0.1236 0.2626 0.0561

Step 5. Calculate the closeness coefficient R,(0 = 1,2,3),

Dy

Ro=—2 .
°" Dy +DF

By calculation, we get Ry = 0.4419, R, = 0.8271 and R3 = 0.2145. So the ranking order
of the alternatives is Q = Q1 > Q3. The decision result is same as behavioral TOPSIS
method, which shows the proposed method is effective.

Similarly, we consider the relationship between the decision result and the change of
A based on the traditional TOPSIS method. Here g = 2, « = f = 0.88 and y = 2.25, the
parameter A = 2,3,5,8, 10,12, we apply the PLOROWA operator to calculate the closeness
coefficient R, of each alternative, Figure 4 shows the ranking results (Table 11 shows the
detailed calculation results). As can be seen from Figure 4, the closeness coefficient R,
remains unchanged and the decision result is also tend to stable.

0L.9p

ng b EF—i—p 0 0 0

0L7F

0.6 F
L5 F

-
-
>

0.4k =f=R2
RI
0.3F

0L.2F

Figure 4. The results of change the parameter A in traditional TOPSIS method.

Table 11. The detailed results with the parameter A.

A=2 A=3 A=5 A=28 A=10 A=12
R4 0.4419 0.4472 0.4582 0.4635 0.4644 0.4647
Ry 0.8271 0.8202 0.8156 0.8142 0.814 0.814
R3 0.2145 0.2306 0.2347 0.2349 0.235 0.2351

5.4. The Sensitivity of Decision Maker’s Behavior

Here, we make the analysis of the influence of loss aversion parameter 7, the risk
preference parameter « and f in the proposed behavioral TOPSIS method.

Firstly, the impact of the loss aversion parameter -y in the value function is considered.
We take the PLOROWA operator as an example, if § = 2, « = f = 0.88 and A = 2, let
v = 05,0.8,1,2.25,5, the ranking results of the value function V, are shown in Figure 5
(Table 12 shows the detailed calculation results). As can be seen from Figure 5, when
v < 2.25, the values of Vi, V, and V3 are less sensitive to the change of the loss aversion
parameter vy; while ¢ > 2.25, the values of V,(0 = 1,2,3) is changing obviously. In
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comparison, the loss aversion parameter 7 has a significant influence on V;, and V3. When
¥ > 2.25, the values of V,(0 = 1,2,3) decrease sharply at the same time, which means
if the parameter 7 becomes larger, the loss aversion has a greater impact on the value
function V.

0.4

0.4 )
0.6 -1
0.3 Lﬁ |

0.5 0.8 1 ] a2 il

Figure 5. The results of changed loss aversion parameter 7.

Table 12. Preference ranking under various loss aversion parameter 7.

Distance Measure Behavioral TOPSIS
¥y=05 v=10.8 y=1 ¥=15 v =225 ¥=5
DiJr D; Vi Rank V; Rank V; Rank V; Rank V; Rank V; Rank
Q1 0.1561 0.1236 0.0613 2 0.0028 2 —0.0362 2 —0.1338 2 —0.2801 2 —0.8167 2
Q, 0.0549 0.2626 0.2695 1 0.2461 1 0.2306 1 0.1917 1 0.1334 1 —0.0805 1
Qs 0.2055 0.0561 —0.0449 3 —0.1195 3 —0.1691 3 —0.2934 3 —0.4797 3 —1.1629 3

Next, we consider the influence of the risk preference parameters « and § in the
value function, respectively. We take the PLQROWA operator as an example, suppose that
g=2,B=088and vy =225 A =2,leta =0.1,0.3,0.5,0.8, 1, the results of value functions
change with the parameter « are shown in Figure 6. It is easy to know that the values of
the function V, (0 = 1,2,3) descend with the parameter a. We know Q, is always the best
alternative from the Figure 6. If « > 0.88, the values of v, (0 =1,2,3) also tend to stable.

Furthermore, assume thatg = 2,0 = 0.88,y =2.25and A = 2,1let 3 = 0.1,0.3,05,0.8,1,
the results of value functions change with the parameter  are shown in Figure 7. Similarly,
we know that the values of V, (0 = 1,2,3) increase with the parameter §, and the best
alternative remains unchanged. If f > 0.88, the values of V,, (0 = 1,2,3) tend to stable. In
conclusion, the change of value function V, is consistent with expert’s risk preference, if
the expert is risk averse, the parameter a increases, he/she is more sensitive to the loss, and
the overall value functions are decreasing. If the decision maker is risk appetite, when the
parameter f increases, he/she becomes more sensitive to gains, the overall value functions
are increasing.
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Figure 6. The results of change the risk preference parameter a.
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Figure 7. The results of change the risk preference parameter p.

According to the above comparison analyses, we can find that the proposed method
has the following advantages. First, the behavioral TOPSIS method implements the decision
maker’s choice by adopting the gain and loss. Second, it has been demonstrated that the
traditional TOPSIS method is a special case of the proposed behavioral TOPSIS method [23],
while the behavioral TOPSIS method involves a wider range of situations. In addition,
there are three parameters («, B and ) in the value function of V,, the decision maker
can choose the appropriate numerical value according to his/her risk preference and
loss aversion, which makes the proposed behavioral TOPSIS method more flexible in
practical application.

6. Conclusions

The main conclusions of the paper are given as follows:

(1) The operations of PLQROS are proposed based on the adjusted PLQROS with the
same probability. Then we present the PLOQROWA operator, PLQROWG operator and
the distance measures between the PLQROSs based on the proposed operational laws.

(2) We develop the fuzzy behavior TOPSIS method to PLQROS, which consider the
behavioral tendency in decision making process.

(3) We utilize a numerical example to demonstrate the validity and feasibility of the fuzzy
behavior TOPSIS method, and we prove the superiority of the method by comparison
with the traditional TOPSIS method.
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Next, we will apply the proposed method to deal with the multi-attribute decision
making problems, such as the emergency decision, supplier selection and investment
decision, etc.
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based on the (i, j)-RL-semiopen gradation. Further, pairwise RL-fuzzy semi-compactness of an
L-fuzzy set in RL-fuzzy bitopological spaces are given and characterized. As RL-fuzzy bitopology
is a generalization of L-bitopology, RL-bitopology, L-fuzzy bitopology, and RL-fuzzy topology, the
results of our paper are more general.
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1. Introduction

In 1963, Levine [1] introduced the notion of semiopen set and its corresponding
associated function in the realm of general topology. Afterwards, Azad [2] extended this
notion and its related functions to the setting of L-topology. Thakur and Malviya [3]
introduced and studied the concepts of (i, j)-semiopen and (i, j)-semiclosed L-fuzzy sets,
pairwise fuzzy semicontinuous, and pairwise fuzzy semiopen functions in L-bitopology in
the case of L = [0, 1]. In [4], Shi introduced the notion of L-fuzzy semiopen and preopen
gradations in L-fuzzy topological spaces. Furthermore, he introduced the notions of L-fuzzy
semicontinuous functions, L-fuzzy precontinuous functions, L-fuzzy irresolute functions,
and L-fuzzy pre-irresolute functions, and discussed some of their elementary properties.
Shi’s operators have been found very useful in defining other gradations and also in
studying many topological characteristics. In 2011, Ghareeb [5] used L-fuzzy preopen
operator to introduce the degree of pre-separatedness and the degree of preconnectedness
in L-fuzzy topological spaces. Many characterizations of the degree of preconnectedness
are discussed in L-fuzzy topological spaces. Later, Ghareeb [6] introduced the concept
of L-fuzzy semi-preopen operator in L-fuzzy topological spaces and studied some of its
properties. The concepts of L-fuzzy SP-compactness and L-fuzzy SP-connectedness in
L-fuzzy pretopological spaces are introduced and studied [7]. Further, a new operator
in L-fuzzy topology introduced in [8] to measure the F-openness of an L-fuzzy set in
L-fuzzy topological spaces. Moreover, the new operator is used to introduce a new form
of F-compactness. Recently, we used the new operators to generalize several kinds of
functions between L-fuzzy topological spaces [9-12].
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Recently, Li and Li [13] defined and studied the concept of RL-topology as an extension
of L-topology. Moreover, RL-compactness by means of an inequality and RL-continuous
mapping are introduced and discussed in detail. In [14], they presented RL-fuzzy topology
on an L-fuzzy set as a generalization of RL-topology and L-fuzzy topology. Some relevant
properties of RL-fuzzy compactness in RL-fuzzy topological spaces are further investigated.
Later on, Zhang et al. [15] defined the degree of Lindelof property and the degree of
countable RL-fuzzy compactness of an L-fuzzy set, where L is a complete DeMorgan
algebra. Since L-fuzzy topology in the sense of Kubiak and Sostak is a special case of RL-
fuzzy topology, the degree of RL-fuzzy compactness and the degree of Lindelof property
are extensions of the corresponding degrees in L-fuzzy topology.

The purpose of this paper is to introduce the (i, j)-RL-semiopen gradation in RL-fuzzy
bitopological spaces based on the concept of pseudo-complement of L-fuzzy sets. We also
define and characterize pairwise RL-fuzzy semicontinuous, pairwise RL-fuzzy irresolute
functions, and pairwise RL-fuzzy semi-compactness. Our results are more general than
those of the corresponding notions in L-bitopology, RL-bitopology, RL-fuzzy topology,
L-fuzzy topology, and L-fuzzy bitopology.

2. Preliminaries

In this section, we give some basic preliminaries required for this paper. By (L, \/, A\,”),
we denote a complete DeMorgan algebra [16,17] (i.e., L is a completely distributive
lattice with an order reversing involution /, where \/ and A are join and meet opera-
tions, respectively), X # @ is a set, and L is the family of each L-fuzzy sets defined
on X. The largest and the smallest members in L and LX are denoted by T, L, and
Tx, Lx, respectively. For each any two L-fuzzy sets B € LX, C € LY, and any map-
ping f : X — Y, we define f;7(B)(y) = V{B(x) : f(x) = y} forally € Y and
fi (O)(x) = V{B(x) : f{7(B) < C} =C(f(x)) forall x € X. Foreacha, B € L, a < f
means that the element « is wedge below g in L [18], i.e.,, « < f if for every arbitrary
subset D C L, VD > B implies « < y for some ¢y € D. An element « € L is said to be
co-prime if « < BV 7 implies that « < fora < 7 and «a is said to be prime if and only if
o' is co-prime. The family of non-zero co-prime (resp. non-unit prime) members in L is
denoted by J(L) (resp. P(L)). Bya(B) = V{a € L:a < B}and B(B) = V{a € L:a’ < '},
we denote the greatest minimal family and the greatest maximal family of j, respectively.
a (o) =a(e)NJ(L) and p*(a) = B(a) NP(L) forall w € L.

An L-fuzzy set A € LX is called valuable if A £ A’. The collection of valuable L-fuzzy
sets on X is denoted by #:f. In other words, %t = {A € LX : A £ A’}. For each
A € 7, we define the collection % (A) by FL(A) = {B € LX : B < A}. In fact, ZL(A)
introduces the powerset of L-fuzzy set A € LX. Let A € ”I/XL and B € ¥L, the restriction
of fi7 on A, ie., fi’|a : FE(A) — LY provided that D € .FL(A) — f7(D), is said to
be the restriction of L-fuzzy function (RL-fuzzy function, in short) from A to B, given by
fi'a : A — Bif f{7(A) < B. The inverse of an L-fuzzy set C € Fy(B) under f;*, is
defined by f{,(C) = V{D € .Z§(A) : f’(D) < C}. Itis clear that f{ ,(C) = AA f{ (C).
The pseudo-complement of B relative to A [13,14], denoted by (!B, is given by:

A {AAB’, if B#A,
(LB = .
1x, if B=A.
where A € 75f and B € ZL(A). Some properties of pseudo-complement operation (4! are
listed in the following proposition:

Proposition 1. [13,14] If A € ¥k, B,C € FL(A), and {B;}ic; C FE(A), then:

(1) ({B=Aifandonlyif B < A'.
(2) B < Cimplies ({C < ({'B.
3 ({ Nic1 Bi = Vie1 ({'Bi.
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@ (! Vier Bi < Nicr (Biand ({ Vic1 Bi = Nie ({'Bi if Vic1 Bi # A.

Lemma 1. [13] Let A € ¥, B € ¥, fr/a + A — B be RL-fuzzy function, and D € FE(A).
Then for any U C 3‘}%(14), we have

V (f2@0A A B0 ) = V(DA A fia®)).

yey EeU xeX EeU

Equivalently [15],

A (s V E®) = A ((¢E00V V fia®)m).

yey EeP xeX EeP

An L-topology [16,17,19] (L-t, for short) T is a subfamily of LX which contains Lx, Tx
and is closed for any suprema and finite infima. Moreover, (X, 7) is called an L-topological
space on X. Further, members of T are called open L-fuzzy sets and their complements
are called closed L-fuzzy sets. A mapping f : (X, 71) — (Y, 7o) is called L-continuous
if and only if f{(C) € 1y for any C € 1. The notion of L-topology was generalized by
Kubiak [20] and Sostak [21] independently as follows:

Definition 1. [20-22] An L-fuzzy topology on the set X is the function T : LX — L, which
satisfies the following conditions:

(01) T(lx) = T(Tx) =T.
(02) ©(AAB) > 1(A) AT(B), foreach A, B € LX.
(03) T(Vier Ai) 2 Nier T(Ai), for each {A;}ier © LX.

The pair (X, T) is called an L-fuzzy topological space (L-fts, for short). The value T(A) and
T (A) = T(A’) represent the degree of openness and the degree of closeness of an L-fuzzy set A,
respectively. A function f : (X, 11) — (Y, 1) is called L-fuzzy continuous iff 7y (f (C)) >
7 (C) forany C € LY.

One of the attempts to generalize L-topological spaces was the definition of RL-
topology s on an L-fuzzy set A by Li and Li [13] as follows:

Definition 2. [13] Let A € ¥i£. A relative L-topology (RL-t, for short) c on an L-fuzzy set A, is
a subfamily of FL(A), that satisfies the following statements:

(1) A€ sandB € , foreach B < A’
(2) By A By € 3, forany By, By € s
(3) Vier Bi € », for any {B;}icr C .

The pair (A, 5) is said to be a relative L-topological space on A (RL-ts, for short). The elements
of s are called relative open L-fuzzy sets (RL-open fuzzy set, for short) and an L-fuzzy set B is called
relative L-closed fuzzy set (RL-closed fuzzy set, for short) if and only if (A B € s¢. The collection of all
RL-closed fuzzy sets with respect to s is denoted by (3¢, i.e., (3¢ = {C: ({1C € x}. Let A € V3L,
B € %L, and (A, »), (B, 520) be two RL-ts’s. The relative L-fuzzy function fia:A— Bis
said to be an RL-continuous iff f{ , (C) € ({3 for any C € ({>e5. Equivalently, f;*, : A — B
is said to be an RL-continuous iff f;, (C) € 57 for any C € 5. A triple (A, 501, 52) consisting of
an L-fuzzy set A € V5t endowed with RL-topologies 5 and 3¢ on A is called an RL-bitopological
space (RL-bts, for short). For any B € FL(A), s-RL-open (resp. closed) fuzzy set refers to the
open (resp. closed) L-fuzzy set in (A, ), for i = 1,2. It is clear that we get L-topology and
L-bitopology as a special case if A = T x.

The following two definitions extend the notions of (strong) B,-cover, Q,-cover,
(strong) a-shading, (strong) a-remote collection [23] to the setting of RL-topological spaces:
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Definition 3. Forany A € vL RL-topology > on A, B € 3?)%(14), and « € L, a collection
U C FE(A) is called:

(1) Bu-cover of B if for any x € X, it follows that & € B({#B(x) V Vacyy A(x)) and U is
called strong Bu-cover of Bif a € B(Azex ((£B(x) V Vacy A(x))).
(2) Qu-cover of B if for any x € X, it follows that (£B(x) V \ acyy A(x) > a.

Definition 4. For any A € vk RL-topology »con A, &« € Lt and B € f)%(A), a collection
A C FL(A)is called:

(1) a-shading of B if for any x € X, ({(#1B(x) V Vacq A(x)) £ a.

(2) strong a-shading of B if Ayex ({£B(x) V V geq A(x)) £ a.

(3) a-remote collection of B if for any x € X, (B(x) A Apea D(x)) # .
(@) strong a-remote collection of B if \/ yex (B(x) A Apea D(x)) 7 a.

Theorem 1. [13] For any RL-ts (A, ), the following statements are true:

(1) Ac (fzandB € (‘L“%fomll B< A
(2) By V By € (3¢ for each By, By € ({5,
(3) NierBi € ({5 foreach {B; :i € I} C ({5

Definition 5. [14] Let A € #5t. An RL-fuzzy topology on A is a function » : F&(A) — L
such that s satisfying the following conditions:

(R1) »(A) =T, foreach B< A’, %(B) = T.
(R2) »(By A By) > 5(By) A »(By), for each By, B € 9)%(A)
(R3) »(Vier Bi) > Nier #(By), for each {B;}ic; C Fx(A).

The pair (A, ») is said to be an RL-fuzzy topological space (RL-fts, for short) on A. For
any B € FL(A), the gradation s(B) (resp. s({{'B)) can be viewed as the openness degree (resp.
closeness degree) of B relative to s, respectively. Further, ¢(B) = T (resp. »({{B) = T) confirms
the RL-openness (resp. RL-closeness) of an L-fuzzy set B. Obviously if A = T x, then RL-fuzzy
topology on A degenerates into Kubiak-Sostak’s L-fuzzy topology, that is, RL-fuzzy topology on A is
a generalization of L-fuzzy topology. If (A, 5) is an RL-topological space and x,, : F5(A) — L
is a function given by x,.(B) = T if B € 3¢, and x,.(B) = L if B & 3, then (A, X,.) represents a
special RL-fts, i.e., (A, ) can also be seen as RL-fts.

Theorem 2. [14] For each A € ¥5F and RL-fts (A, ») on A. The function (3¢ : FL(A) — L
given by (#3¢(B) = ({{!B) for any B € FL(A), satisfies the following conditions:

(D) (83(A) =T, foreachB< A, ({#»(B)=T.

(2) ({5¢(B1V By) > ({3¢(B1) A ({!5(By), for each By, B, € FL(A).

@) ({'5(Nier Bi) = Nier ({(By), for each {Bi}ie1 © Fx(A).

(#15¢ is said to be an RL-fuzzy cotopology (RL~cft, for short) on A and the pair (A, (£ 5¢) is
said to be an RL-fuzzy cotopological space (RL-cfts, for short).

Definition 6. [14] Let A € V&, B € ¥}, and (A, 1), (B, 3,) be two RL-fuzzy topological
spaces on A and B, respectively. The relative L-fuzzy function f; o : A — B is said to be an
RL-fuzzy continuous iff

7 (fi,4(C)) = 5a(C),

equivalently, P .
s ({1 ffA(C)) > 2 ({LC),
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for each C € FL(B). If (A, ({501) and (B, (B5c) are the associated RL-fuzzy cotopological spaces
of (A, 31) and (B, 5z respectively, then f;, is said to be an RL-fuzzy continuous iff

{{5a(ff 4(C) = (£5(C),
for each C € FL(B).

Shi [24] introduced L-fuzzy closure operators in L-fuzzy topological spaces. In the
following definition, we introduce its equivalent form in RL-fuzzy topological spaces.

Definition 7. Let A € ¥, and (A, ) be an RL-fts on A. The function CI* : FL(A) —
LI(ZX(A) defined by
cB)(x) = A (t(=(ID))

XAﬁDZB

for each x) € J(FL(A)) and B € FL(A) is called an RL-fuzzy closure operator induced by .

Definition 8. [14] For any A € ¥5F and an RLfts (A, ») on A, an L-fuzzy set B € FL(A) is
called an R L-fuzzy compact with respect to s if for any P C FL(A), the following inequality holds:

\ (D) v \/ <B(x)/\ A D(x)) > AV (B(x)/\ A D(x)).

DeP xeX DeP Re2P xeX DeR

Theorem 3. [14] If A = T, then following statements hold:

(1) ({B=B,Be FL(A) & BeLX
(2) RL-fuzzy compactness is reduced to L-fuzzy compactness.
(3) B is RL-fuzzy compact if and only if B is L-fuzzy compact.

Theorem 4. [14] For any A € Vst and an RL-ft » on A, we have following conclusions:

(1) If By, By € FL(A) and By, By are RL-fuzzy compact, then By V By is RL-fuzzy compact.
(2) If By, By € FL(A) such that By is an RL-fuzzy compact and By is an RL-closed fuzzy
set, then By A By is an RL-fuzzy compact.

3. The Gradation of Semiopenness in RL-fuzzy Bitopological Spaces

A system (A, 51, ) consisting of an L-fuzzy set A € 75} with two RL-fuzzy topolo-
gies sz and s on A is called an RL-fuzzy bitopological space. Throughout this paper i,
j=1,2wherei # j and if P is any topological property then s;-P refers to the property P
with respect to the RL-fuzzy topology s;. An L-fuzzy set B € Z%(A) of an RL-bitopological
space (A, 5, 5) is called an (i, j)-RL-semiopen if there exists an L-fuzzy set C € »; such
that C < B < CI7(C).

Definition 9. Let A € #;t and (A, 51, 50) be an RL-fuzzy bitopological space on A. For any
B € FL(A), define a function (i,})-S : FEL(A) — L by

(i,)-S(B) = \/ {%i(C) AN A (D) }
C<B x\=<Bxy£D>C

Then (i, j)-S(B) is called an (i, j)-RL-semiopenness gradation of B induced by s; and ;
such that i # j, where (i,j)-S(B) represents the degree to which B is (i, j)-RL-semiopen and
(i,7)-S*(B) = (i,})-S({{B) represents the degree to which B is (i, j)-RL-semiclosed.

Based on the above definition and Definition 7, we can state the following corollary:
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Corollary 1. Let A € #5F and (A, 5a, 50) be an RL-fuzzy bitopological space on A. Then for
each B € FL(A), we have

(ij)-S(B) = \/ {s(C) A A CIP(C) ) V.
C<B x)\<B

Theorem 5. Let A € Vi, 3q, 50 + FL(A) — {L, T} be RL-topologies on A, and (i, ])-S :

FE(A) — {L, T} be the gradation of (i, j)-RL-semiopenness induced by 3; and s such that

i # j. Then (i,j)-S(B) = T iff Bis an (i, j)-RL-semiopen.

Proof. The proof can be obtained simply from the following inequality:

(i,j))-S(B) =T iff V {%i(C)/\ AN CIH(C)(xp)p =T

CSB x/\-<B
iff 3C < B such that »;(C) =T and A CI*(C)(x)) =T

x),<B
iff 3C < B such that »;(C) = T and for each xy < B, CI*9(C)(x)) =T
iff 3C € s such that C < B < CI*9(C)
iff B is (i.j)-RL-semiopen.

O
Theorem 6. Let A € Vi, (A, 51, 500) be an RL-fuzzy bitopological space on A, and (i, j)-S be

the gradation of (i, j)-RL-semiopenness induced by »; and s such that i # j. Then for each
B € FL(A), we have 5;(B) < (i,j)-S(B).

Proof. The proof can be obtained simply from the following inequality:

(L,j)-S(B) =V {%i(CM A Cl”f(C)(xA)} > #(B)A A CII(B)(x))

C<B x)<B x)=<B

= %l'(B) ANT = %l'(B).
O
Corollary 2. Let A € ¥, (A, »1, 30) be an RL-fuzzy bitopological space on A, and (i, })-S
be the gradation of (i, j)-RL-semiopenness induced by s; and s such that i # j. Then for each
B € Fk(A), we have ({5¢(B) < (i,j)-S*(B).
Theorem 7. If A € ¥, (A, 31, 500) be an RL-fuzzy bitopological space on A, and (i, j)-S be the
gradation of (i, j)-RL-semiopenness induced by s; and s such that i # j, then (i, j)-S <‘V Bi>

i€l
> A (i,7)-S(B;) for each {B;}ic; C ﬂ}L((A)
iel

Proof. Leta € Land & < A (,j)-S(B;), then there exists C; < B; such that « < 5;(C;)
iel

anda < A A (‘L“(%]-((fD)) foranyi € I. Hence w < A »;(C;) < %,(V Cl-) and
x)\=<B;j x) £D>C; iel iel

a< A A A (f(%j((fD)). Since {x) : x; < V B;} = U{x) : xy < B;}, we have
i€l x)<B;x,£D>C; iel iel

(irf)'3<\/3i> = \/ {%i(c)/\ A A f(%j((fD))}

i€l C<Vier B A =<Vier Bixa£D>C
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v
/—\
<

)A/\/\ A @ (D)

icl iel x)<B;j x)£D>\/ ;1 C;

%i(va«)m A A (D)

i€l iel x)<B; xy £D>C;

Y

> .

This shows that (i, j)-S ( V Bi) > A(,))-S8(Bj). O

i€l i€l
Corollary 3. Let A € 3¢, (A, 31, 50) be an RL-fuzzy bitopological space on A, and (i, j)-S be the
gradation of (i, j)-RL-semiopenness induced by s¢; and »j such that i # j. Then (i, j)-S* ( A Bl-> >
i€l

4/\1(1',]')—8*(Bi)for any {B;}ic; C FE(A).
1€
4. Pairwise Fuzzy Semicontinuous Functions Between RL-fuzzy Bitopological Spaces

Let A € ”I/}%, B e ”//YL, and (A, 51, 50), (B, 7, 75 ) be RL-fbts’s on A and B, respectively.
An RL-fuzzy function f; 4 : A — B is said to be pairwise RL-fuzzy continuous (resp.
open) iff f; 4 : (A, »1) — (B, ») and fi 4 : (A, 32) — (B, 5 ) are RL-fuzzy continuous
(resp. open).

Definition 10. Let A € ¥, B € W, (A, 30, 30) and (B, »;, 35) be RL-fbts’s on A and B,
respectively, and (i, j)-S1, (i, j)-Sy their corresponding gradations of (i, j)-RL-semiopenness. An
RL-fuzzy function f1 4 :+ A — B is called:

(1) pairwise RL-fuzzy semicontinuous iff 5 (C) < (i,7)-S1(ff 4(C)) holds for each C €
FL(B).

(2) pairwise RL-fuzzy irresolute iff (i,j)-S2(C) < (i,7)-S1(ff 4(C)) holds for each C €
FL(B).

Corollary 4. Let A € 7}, B € ”//YL, (A, 501, 50) and (B, ¢, 55 ) be RL-fbts’s on A and B,
respectively, and (i, j)-S1, (i, j)-Sa their corresponding gradations of (i, j)-RL-semiopenness. Then:

(1) f1,a is pairwise RL-fuzzy semicontinuous iff (7 (C) < (i,})-S; (ff 4(C)) for each
C € ZL(B).

(2) f1,a is pairwise RL-fuzzy irresolute iff (i, j)-S; (C) < (i,7)-S{ (f{ 4(C)) for each C €
Fk(B).

Theorem 8. Let A € ”//XL, B € VYL, (A, 501,300) and (B, »f, »5) be RL-fbts’s on A and B,

respectively, and (i, j)-S1, (i, j)-Sy their corresponding gradations of (i, j)-RL-semiopenness. Then:

@ fra : (Asa,0) — (B, ) is pairwise RL-fuzzy semicontinuous iff fr a :

(A, s, 220) — (B, 3q [a],%g[“]) is pairwise RL-semicontinuous for each « € J(L).

(2 fr,a: (A s,0) = (B, ], ) is pairwise RL-fuzzy irresolute iff f o : (A, 2 o]
() = (B, 3 o)’ 7 [a]) is pairwise RL-irresolute for each « € J(L).

Proof.

(1) Let C € %i*M for each C € .ZL(B) and « € J(L), then »(C) > a. Since f1 4 :
(A,501,200)  —  (B,sf,55) is pairwise RL-fuzzy semicontinuous, then

(i, 7)-S1(ff4(C)) = 5/ (C) > a, ie., (i,))-S1(ff 4(C)) > a. Therefore f{,(C) is
(i,7)-RL- semlopen L-fuzzy set in (A, s M,}QM) Hence fi 4 @ (A, sy, 2020y) —
(B, »f [o] %2[ ]) is pairwise RL-semicontinuous function.
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Conversely, let 57 (C) > a for each C € ZL(B) and a € J(L), then C € %Z-*[a].
By the pairwise semicontinuity of fi 4 : (A, 3, 22) — (B, > [“]’%; [a])' we
have f;",(C) is (i,j)-RL-semiopen with respect to (A, s[4, 32,)). Accordingly,
(i,j)-S1(f{ 4(C)) > a for each a € J(L) N J(5(C)), where J(>(C)) = {a €
J(L)|a < 57 (C)}. Tt follows that (7, /)-S1(ff 4(C)) > V(54 (C)) = 3 (C).

(2) Suppose that Cis (i, j)-RL-semiopen L-fuzzy setin (B, s o)’ 5 i ), then (i,7)-S2(C)
> a. Since f1 4 : (A,21,:0) — (B, ], ;) is pairwise RL-fuzzy irresolute, then
(i, /)-S1(ff,4(C)) = (i,))-52(C) = &, 50 (i,/)-51(f[ 4(C)) = a, therefore fi ,(C) is
(i.j)-RL-semiopen L-fuzzy set in (A, 51(,], 32y ). So that fL 4 1 (A, 31, 22[)) —
(B, 7 (o)’ ” [ a]) is pairwise RL-irresolute.

Conversely, let (i,7)-S2(C) > « for each « € J(L), then C is an (i.j)-RL-semiopen

in (B, %f[a],%é‘m). Since f1,4 @ (A, s[4, 72p)) — (B, %f[a],%g‘w) is pairwise RL-

irresolute, then f;",(C) is (i,j)-RL-semiopen in (A, sy, #2)y). Accordingly,

(,/)-81(f{ 4(C)) > a for any & € J(L) N ]((i,j)-52(C)), where J((i, )-52(C)) =

{a € J(L)|a < (i,7)-52(C)}- It follows that (i, /)-S1(f 4(C)) = VJ((i,/)-52(C)) =
- (i,j)-52(C).

Theorem 9. Let A € V&, B € ¥}, and (A, a1, ), (B, 5}, >;) be RL-fbts’s on A and B,
respectively. If an RL-fuzzy function f 4 : A — B is pairwise RL-fuzzy continuous, then fi a
is also pairwise RL-fuzzy semicontinuous.

Proof. Let f; o : A — B be pairwise RL-fuzzy continuous, then s (C) < s;(f,(C)) for
each C € #L(B) and i = 1,2. By Theorem 6, we have

7 (C) < 5a(f1a(C)) < (i,1)-51(fia(C)),
for each C € .7k (B). Therefore f 4 is pairwise RL-fuzzy semicontinuous. [J

Theorem 10. Let A € “//)g, B e ”I/YL, and (A, »1, 72), (B, », 7)) be two RL-fbts’s on A and B,
respectively. If fr a : (A, s01,50) — (A, 3, 54 is pairwise RL-fuzzy irresolute, then f1 4 is
pairwise RL-fuzzy semicontinuous.

Proof. Let fi o : (A, s,50) — (B,],s;) be pairwise RL-fuzzy irresolute, then
(i,7)-82(C) < (i,7)-S1(ff 4(C)) for each C € .Fx(B). By Theorem 6, we have 5;(C) <
(i,7)-52(C) < (i,j)-81(ff 4(C)). Therefore f 4 is pairwise RL-fuzzy semicontinuous. [

Theorem 11. Let A € ¥k, B € %L, C € ¥}, and (A, s, %), (B, »,45), (C, 21, 25) be
RL-fbts’s on A, B, and C, respectively. If f 4 : (A, »01,20) — (B, 5], »23) is pairwise RL-fuzzy
semicontinuous and gy p : (B, 5, 25) — (C, (™, ™) is pairwise RL-fuzzy continuous, then
(8o f)ra: (A, sm,0) — (C, ", 25") is pairwise RL-fuzzy semicontinuous.

Proof. Straightforward. [

5. Pairwise Fuzzy Semi-Compactness in RL-fuzzy Bitopological Spaces

Definition 11. For any A € ¥5F and RL-fbt (511, ) on A, an L-fuzzy set B € FL(A) is said
to be a pairwise RL-fuzzy semi-compact with respect to (521, 5) if for each R C FL(A), the
following inequality holds:

A G)-S(D)A A ((fB(x)v v D<x>) <V A <<‘£‘B(x)v Y D<x>),

DeR xeX DeR Qe2(R) xeX DeQ

where 2(R) refers to the collection of all finite subcollection of R.
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Theorem 12. Let A € #5F and RL-fbt (5¢1, 02) on A. An L-fuzzy set B € FL(A) is said to be a
pairwise RL-fuzzy semi-compact with respect to (501, 52 if for each W C Fk(A), it follows that

vawa@mvv@mAADm}zA v@MAADm)

Dew xeX Dew HerW) xeX DeH
Proof. Straightforward. 0O

Theorem 13. If A € vE (521, 52) be an RL-fbton A, and B € f)[g(A), then the next statements
are equivalent:

(1) B is a pairwise RL-fuzzy semi-compact.
(2) Foralla € J(L), every strong a-remote collection R of B such that Aper (i,])-S*(D) £
o' has a finite subcollection H which is a (strong) a-remote collection of B.

(3) Forall a € J(L), every strong a-remote collection R of B such that Aper (i,])-S*(D) £
o, there exists a finite subcollection H of R and p € B* () such that H is a (strong) B-remote
collection of B.

(4) Forall x € P(L), every strong a-shading U of B such that Npey(i,j)-S(D) £ a has a
finite subcollection V which is a (strong) a-shading of B.

(5) Forall a € P(L), each strong a-shading U of B such that Apcy(i,j)-S(D) £ a, there
exists a finite collection V of U and B € B*(a) such that V is a (strong) p-shading of B.

(6) Foralla € J(L)and B € B* (), each Qu-cover U of B such that (i,j)-S(D) > a ( for
each D € U) has a finite subcollection V which is a Qg-cover of B.

(7) Forallx € J(L) and any B € B*(«), Qu-cover U of B such that (i,j)-S(D) > a ( for
each D € U) has a finite subcollection V which is a (strong) By-cover of B.

Proof. Straightforward. [

Theorem 14. Let A € V&, (521, 50) be an RL-fbt on A, B € FL(A), and B(a A B) = B(a) A
B(B) forall w, B € L, then the next statements are equivalent:

(1) B is pairwise RL-fuzzy semi-compact.

(2) Forall a € J(L), every strong Ba-cover U of B such that « € B(Apey(i,j)-S(D)) has a
finite subcollection V which is a (strong) Ba-cover of B.

(3) Forall w € J(L), every strong Ba-cover U of B such that o« € B(Apey(i,])-S(D)), there
exists a finite subcollection V of U and p € J(L) with a € B*(B) such that V is a (strongly)
B-cover of B.

Proof. Straightforward. 0O

Definition 12. Let A € ¥, (A, 3, 30) be an RL-bitopological space, « € J(L), and B €
FE(A). An L-fuzzy set B is called an a-pairwise RL-fuzzy semi-compact iff for any p € p(«),
Qa-(i, j)-RL-semiopen cover U of B has a finite subcollection V which is a Q- (i, j)-RL-semiopen

cover of B.

Theorem 15. Let A € ¥5F, and (A, 541, 50) be an RL-bitopological space. An L-fuzzy set B €
FL(A) is pairwise RL-fuzzy semi-compact iff B is a-pairwise fuzzy semi-compact for any « € J(L).

Proof. Let B be a pairwise RL-fuzzy semi-compact, then for any « € L, p € B(«) and U
be any Qu-(i, j)-RL-semiopen cover of B, we have

AQﬁmvam)sv Qﬂmvvnm)

xeX DelU yeat) xeX DeV
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and & < Ayex ({(£B(x) V Vpey D(x)), so that

o< VA (s o).

ye2t) xeX DeVy

By B € B(«a), we have

p< V AQmmvam)

Ve ) xeX DeVy

Then there is V € 2U) with B < A,cx ((#B(x) V Vpey D(x)). This proves that V is
Qgp-(i, j)-RL-semiopen cover of B.

Conversely, suppose that each Qu-(i, j)-RL-semiopen cover U of B has a finite sub-
collction V which is a Qg-(i,j)-RL-semiopen cover of B for all B € B(a). Hence, a <

/\xex((fB(x) V Vpey D(x)) yields to B < /\XGX((AB( )V Vpey D(x)). Therefore & <
/\xeX((L (x )VVDeuD( )) implies that p < Vyeow) /\xeX((L (x) V Vpeu D(x)). So
& < Agex ({(#B(x) V Vpey D(x)) implies that

V BV AQ@vaDw)

BeP(x) yea) xeX DelU

i.e,

a< A ((fB(X)V V D(x)>,

xeX DeU

implies that

a< \/ /\((fB )V \/ D(x )

DeU

Hence
AQﬁmvvm@ \/AQL>vvm@.
xeX Deu yea) xeX DeV

O

Theorem 16. Let A € ¥5t, and (A, a1, 0) be an RL-fuzzy bitopological space. An L-fuzzy set
B € FL(A) is a pairwise RL-fuzzy semi-compact in (A, 31, 30,) if and only if B is an a-pairwise
RL-fuzzy semi-compact in (A, 31(y), 2] ) for all a € J(L).

Proof. Let B € & )%(A) be a pairwise RL-fuzzy semi-compact in (A, 51, 52), then for each
collection U C 5‘}%(1‘1), we have

A Gas©)n A (@sov V ow) < VA (s v Y o)
DeU xeX DeU yealt) xeX DeVy
Then for all a € J(L) and U C ((i,)-S)(4), we have that
a< A ((fB(x)V \ D(x)) =a< \/ A ((A x)v\/ D(x)).
xeX Deu yeat) xeX DeVy

Hence, for every B € B(«), thereis V € 2) with B < A,ex (({#B(x) V Vpey D(x)). ie.,
foralla € J(L) and B € B(a), every Qu-(i, j)-RL-semiopen cover U of B in (A, 5e1(4), 52[4)
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has a finite subcollection ¥ which is a Q,-(i.j)-RL-semiopen cover. Then for every a« € J(L),
B is a-pairwise RL-fuzzy semi-compact in (A, 51y, 522[4))-

Conversely, suppose that for every a € J(L), B is a-pairwise RL-fuzzy semi-compact
in (A, 51}y, 72y) and let & < Apey(i,/)-S(D) A Axex ({£B(x) V Vpey D(x)) for every
U C FE(A), then o < Apey(i,j)-S(D) and & < Ayex ((#B(x) V Vpey D(x)), ie, U C
((i,7)-8) (o) and & < Ayex ({f'B(x) V Vpey D(x)). Hence for all B € B(a), thereis V € 2(U)

with
ﬁgAQﬁmvam)

xeX DeV
So that

a< \/ ((fB(x)\/ \V D(x)).

ye2 ) xeX DeVy

Then B is a pairwise RL-fuzzy semi-compact in (A4, 51, 355). O

Lemma 2. Let A € ¥t and (A, 51, 50) be an RL-bitopological space, x € J(L), and B,C €
FE(A). If B is a-pairwise RL-fuzzy semi-compact and C is (i, j)-RL-semiclosed, then B A\ C is
a-pairwise RL-fuzzy semi-compact.

The next theorem is an immediate consequence from Lemma 2:

Theorem 17. Let A € ¥, and (A, 3, 50) be an RL-fuzzy bitopological space, and B,C €
FE(A). If B is a pairwise RL-fuzzy semi-compact and (i, j)-S*(C) = T, then B A C is a pairwise
RL-fuzzy semi-compact.

Lemma 3. Let A € ¥5f, and (A, »21, »2) be an RL-bitopological space, « € J(L), and B,C €
FL(A). If B, C are a-pairwise RL-fuzzy semi-compact, then B\ C is a-pairwise RL-fuzzy
semi-compact.

Theorem 18. Let A € ¥4k, and (A, 51, 302) be an RL-fuzzy bitopological space, and B,C € FL(A).
If B, C are pairwise RL-fuzzy semi-compact, then B \/ C is pairwise R L-fuzzy semi-compact.

Proof. Straightforward. [

Lemmad4. Let A € ¥L, B e %L, and (A, 501, 0), (B, 5, 55 ) be RL-bts’s on A and B, respec-
tively, a € J(L), D € FE(A), and f1 o : A — B be a pairwise RL-irresolute mapping. If D is
a-pairwise fuzzy semi-compact in (A, 31, 72), then f1°, (D) is a-pairwise fuzzy semi-compact in
(B, »5, 73).

Theorem 19. Let A € ¥5&, B € %}, and (A, 5, 50), (B, 5, 3;) be two RL-fbts’s on A and
B, respectively, D € Fk(A), and fi o :+ A — B be a pairwise RL-fuzzy irresolute mapping.
If D is a pairwise RL-fuzzy semi-compact in (A, »¢1, ), then f;7, (D) is a pairwise RL-fuzzy
semi-compact in (B, »{, »5). /

Proof. Let D be a pairwise RL-fuzzy semi -compact in (A, 11, 5). Based on Theorem 16,
we have D is a-pairwise fuzzy semi-compact in (A, 5y, 32,) for all « € J(L). By
Theorem 16, f1, 4 : (A, 541(y), 72(a)) — (B, 39 (o)’ 7 [ a]) is pairwise RL-irresolute. Therefore
by using Lemma 4, f; (D) is a-pairwise RL-fuzzy semi-compact in (B, s oL | a]). Then
fi/A(D) is pairwise RL-fuzzy semi-compact in (B, 5], 353). [

6. Conclusions

The idea of RL-fuzzy bitopological spaces extends the idea of RL-fuzzy topological
spaces and as well as the idea of L-fuzzy topological spaces in Kubiak-Sostak’s sense. If
we restrict the newly defined concepts by assuming that A equal to T x, we get L-fuzzy
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bitopological spaces. On the other hand, if we consider the case of i = j, we get L-fuzzy
topological spaces in Kubiak-Sostak’s sense [20,21].

In this paper, we initiated the idea of (i, j)-RL-semiopen gradation of L-fuzzy sets in
RL-fuzzy bitopological spaces based on the concept of pseudo-complement. We studied dif-
ferent properties regarding the degree of (i, j)-RL-semiopenness of L-fuzzy set. Moreover,
we elaborated pairwise RL-fuzzy semicontinuous and pairwise RL-fuzzy irresolute func-
tions and discussed some of their elementary properties based on the (i, j)-RL-semiopen
gradation. Further, the pairwise RL-fuzzy semi-compactness of an L-fuzzy set in RL-fuzzy
bitopological spaces is defined and explained.

In the future, we are focusing on representing several kinds of openness as gradation in
RL-fuzzy bitopology and use it to extend the corresponding kinds of continuity, separation,
connectedness, and compactness.
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