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Preface to “"New Development of Neutrosophic
Probability, Neutrosophic Statistics, Neutrosophic
Algebraic Structures, and Neutrosophic Plithogenic
Optimizations”

This Special Issue presents state-of-the-art papers on new topics related to neutrosophic theories,
such as neutrosophic algebraic structures, neutrosophic triplet algebraic structures, neutrosophic
extended triplet algebraic structures, neutrosophic algebraic hyperstructures, neutrosophic
triplet algebraic hyperstructures, neutrosophic n-ary algebraic structures, neutrosophic n-ary
algebraic hyperstructures, refined neutrosophic algebraic structures, refined neutrosophic algebraic
hyperstructures, quadruple neutrosophic algebraic structures, refined quadruple neutrosophic
algebraic structures, neutrosophic image processing, neutrosophic image classification, neutrosophic
computer vision, neutrosophic machine learning, neutrosophic artificial intelligence, neutrosophic
data analytics, neutrosophic deep learning, and neutrosophic symmetry, as well as their applications
in the real world.

The neutrosophic extended triplet group (NETG) is a novel algebra structure studied here
by Xin Zhou, Ping Li, Florentin Smarandache and Ahmed Mostafa Khalil in an article (Results
on Neutrosophic Extended Triplet Groups Equipped with a Partial Order) presenting the concept
of a partially ordered neutrosophic extended triplet group (po-NETG), considering the properties
and structure features of po-NETGs. The authors propose the concepts of the positive cone and
negative cone in a po-NETG, study the specificity of the positive cone in a partially ordered weak
commutative neutrosophic extended triplet group (po-WCNETG), and introduce the concept of a
po-NETG homomorphism between two po-NETGs.

In the next selected paper (Single-Valued Neutrosophic Ideals in Sostak Sense), Yaser Saber,
Fahad Alsharari and Florentin Smarandache introduce the notion of single-valued neutrosophic
ideals sets in Sostak’s sense, and then the concept of a single-valued neutrosophic ideal open local
function for a single-valued neutrosophic topological space, studying the basic structure, especially
a basis for such generated single-valued neutrosophic topologies and several relations between
different single-valued neutrosophic ideals and single-valued neutrosophic topologies. For the
purpose of symmetry, the authors also define the single-valued neutrosophic relations.

Guansheng Yu, Shouzhen Zeng and Chonghui Zhang study the single-valued neutrosophic
linguistic distance measures based on the induced aggregation method in their paper (-Valued
Neutrosophic Linguistic-Induced Aggregation Distance Measures and Their Application in
Investment Multiple Attribute Group Decision Making), suggesting a new extension of the existing
distance measures based on the induced aggregation view, namely the single-valued neutrosophic
linguistic-induced ordered weighted averaging distance (SVNLIOWAD) measure. Based on
SVNLIOWAD, in order to eliminate the defects of the existing methods, the authors develop a novel
induced distance for single-valued neutrosophic linguistic sets, called the single-valued neutrosophic
linguistic weighted induced ordered weighted averaging distance (SVNLWIOWAD). Then, the
relationship between the two proposed distance measures is explored, and a numerical example
concerning an investment selection problem is constructed to prove the efficiency of the proposed
method under a single-valued neutrosophic linguistic environment.

Ashraf Al-Quran, Hazwani Hashim and Lazim Abdullah extend, in the paper Hybrid Approach

ix



of Interval Neutrosophic Vague Sets and DEMATEL with New Linguistic Variable, the concept
of Interval Neutrosophic Vague Sets (INVS) to the linguistic variable that can be used in the
decision-making process. The advantages of the linguistic variable of INVS, which is a useful tool to
deal with uncertainty and incomplete information, derives from allowing the greater range of value
for membership functions. In addition, a case study on the quality of hospital service is evaluated
to demonstrate the approach, and a comparative analysis to check the feasibility of the method
is presented, showing that different methods produce different relations and levels of importance,

which is due to the inclusion of the INVS linguistic variable.

The paper of Imaginative Play in Children Using Single-Valued Refined Neutrosophic Sets,
by Vasantha W. B., Ilanthenral Kandasamy, Florentin Smarandache, Vinayak Devvrat and Shivam
Ghildiyal, introduces the Single-Valued Refined Neutrosophic Set (SVRNS), a generalized version of
the neutrosophic set consisting of six membership functions based on imaginary and indeterminate
aspects, and hence it is more sensitive to real-world problems. Machine learning algorithms such as
K-means, parallel axes coordinate, etc., are applied for a real-world application in child psychology.
The study of imaginative pretend play of children in the age group from 1 to 10 years is analyzed
using SVRNS, helping in detecting the mental abilities of a child on the basis of imaginative play.
The authors conclude that SVRNS is better at representing these data when compared to other

neutrosophic sets.

Aggregation operators are key features of decision-making theory, while the neutrosophic
cubic set (NCS), as a generalized version of NS and INS, is a very effective choice when dealing
with vague and imprecise data. Majid Khan, Muhammad Gulistan, Mumtaz Ali and Wathek
Chammam intend, in the paper Generalized Neutrosophic Cubic Aggregation Operators and Their
Application to Multi-Expert Decision-Making Method, to generalize these aggregation operators by
presenting neutrosophic cubic-generalized unified aggregation (NCGUA) and neutrosophic cubic
quasi-generalized unified aggregation (NCQGUA) operators. The authors employ the multi-expert
decision-making method (MEDMM) to express this complex framework.

In the paper Single Valued Neutrosophic Data Envelopment Analysis: Application to
Hospital Performance Measurement, Wei Yang, Lulu Cai, Seyed Ahmad Edalatpanah and Florentin
Smarandache introduce a model of data envelopment analysis (DEA) in the context of neutrosophic
sets, proposing an innovative process to solve it. Furthermore, the authors analyze the problem of
healthcare system evaluation with inconsistent, indeterminate, and incomplete information using the
new model. The triangular single-valued neutrosophic numbers are also employed to deal with the
data, and the method is used to assess 13 hospitals of Tehran University of Medical Sciences of Iran.
The results prove the efficiency of the suggested approach and emphasize that the model has practical

outcomes for decision makers.

Another study (Novel Dynamic Multi-Criteria Decision Making Method Based on Generalized
Dynamic Interval-Valued Neutrosophic Set, by Nguyen Tho Thong, Florentin Smarandache, Nguyen
Dinh Hoa, Le Hoang Son, Luong Thi Hong Lan, Cu Nguyen Giap, Dao The Son and Hoang Viet
Long) selected for this Special Issue introduces the generalized dynamic internal-valued neutrosophic
sets, which are an extension of dynamic internal-valued neutrosophic sets. Based on this extension,
the authors develop some operators and a TOPSIS method to deal with the change of both criteria,
alternatives, and decision makers by time. For example, the method is applied to rank students

according to attitude—skill-knowledge evaluation model.

The associative law reflects the symmetry of operation, and other various variation associative



laws reflect some generalized symmetries. In the article Kind of Variation Symmetry: Tarski
Associative Groupoids (TA-Groupoids) and Tarski Associative Neutrosophic Extended Triplet
Groupoids (TA-NET-Groupoids), Xiaohong Zhang, Wangtao Yuan, Mingming Chen and Florentin
Smarandache introduce a new concept of Tarski associative groupoids (or transposition associative
groupoid (TA-groupoid)), presenting many examples, to determine their basic properties and
structural characteristics, and as well to discuss the relationships among a few non-associative
groupoids. Moreover, the researchers suggest a new concept of Tarski associative neutrosophic

extended triplet groupoids (TA-NET-groupoid), examining related properties.

In the next paper (Components Semigroups and Multiset Neutrosophic Components
Semigroups), Vasantha W. B., Ilanthenral Kandasamy and Florentin Smarandache define the usual
product and sum operations of neutrosophic components (NC). Four different NCs are defined using
the four different intervals: (0, 1), [0, 1), (0, 1] and [0, 1]. In the neutrosophic components, it is assumed
that the truth value or the false value or the indeterminate value is from the intervals (0, 1) or [0, 1) or
(0, 1] or [0, 1]. All the operations defined on these neutrosophic components on the four intervals are
symmetric. In all four cases, the NC collection happens to be a semigroup under product, and all of
them are torsion-free semigroups or weakly torsion-free semigroups. The NC defined on the interval
[0, 1) is a group under addition modulo 1, while the NC defined on the interval [0, 1) is an infinite
commutative ring under addition modulo 1. The authors also examine the multiset NC semigroup

using the four intervals, and derive several interesting properties of these structures.

Abdul Alamin, Sankar Prasad Mondal, Shariful Alam, Ali Ahmadian, Soheil Salahshour and
Mehdi Salimi focus on analyzing the homogeneous linear difference equation in a neutrosophic
environment in the paper and Interpretation of Neutrosophic Homogeneous Difference Equation.
The authors interprete the solution of the homogeneous difference equation with initial information,
the coefficient and both as a neutrosophic number. The theoretical work is followed by numerical
examples and an application in actuarial science, which shows the great impact of neutrosophic set

theory in mathematical modeling in a discrete system to better understand the behavior of the system.

The grand theory of action of Parsons has an important place in social theories, but there are
many uncertainties in this theory, for which classical logic is often insufficient. In the study Modeling
of Talcott Parsons’s Action and Decision-Making Applications for It, the researchers Cahit Aslan,
Abdullah Kargin and Memet Sahin export, for the first time, the grand theory of action of Parsons
in neutrosociology. The authors achieve a more effective way of dealing with the uncertainties
in the theory of Parsons as in all social theories, proposing a similarity measure for single-valued
neutrosophic numbers, showing, in addition, that this measure of similarity satisfies the similarity
measure conditions, obtaining applications that allow finding the ideal society in the theory of
Parsons within the theory of neutrosociology. Finally, the authors compare the data obtained in this

study with the results of the similarity measures defined previously.

In the article of the Single-Valued Neutrosophic Fuzzy Set and the Soft Set with Applications in
Decision-Making, Ahmed Mostafa Khalil, Dungian Cao, Abdelfatah Azzam, Florentin Smarandache
and Wedad R. Alharbi propose a novel concept of the single-valued neutrosophic fuzzy soft set by
combining the single-valued neutrosophic fuzzy set and the soft set. Five types of operations (e.g.,
subset, equal, union, intersection, and complement) on single-valued neutrosophic fuzzy soft sets
are presented for possible applications. Additionally, several theoretical operations of single-valued
neutrosophic fuzzy soft sets are given. In addition, the first type for fuzzy decision making based
on a single-valued neutrosophic fuzzy soft set matrix is constructed. To clarify the applicability, the

xi



authors scrutinize a numerical example using the AND operation of the single-valued neutrosophic
fuzzy soft set for fuzzy decision making.

Fault diagnosis has become more and more important with increasing automation, and the
factors that cause mechanical failures are becoming more and more complex. In order to contribute
to a solution for the given problem, Shchur Iryna, Yu Zhong, Wen Jiang, Xinyang Deng and Jie Geng
propose a single-valued neutrosophic set ISVNS algorithm for processing uncertain and inaccurate
information in fault diagnosis in the paper -Valued Neutrosophic Set Correlation Coefficient and Its
Application in Fault Diagnosis. In order to solve the fault diagnosis problem more effectively, the
authors generate a neutrosophic set by triangular fuzzy number and introduce the formula of the
improved weighted correlation coefficient. Experiments show that the algorithm can significantly
improve the accuracy degree of fault diagnosis, and can better satisfy the diagnostic requirements in
practice.

The paper New Multi-Sensor Fusion Target Recognition Method Based on Complementarity
Analysis and Neutrosophic Set, by Yuming Gong, Zeyu Ma, MeWang, Xinyang Deng and Wen Jiang,
investigates a multi-sensor fusion recognition method based on complementarity analysis and a
neutrosophic set. The proposed method has two parts: complementarity analysis and data fusion.
Complementarity analysis applies the trained multi-sensor to extract the features of the verification
set into the sensor, obtaining the recognition result of the verification set. Based on the recognition
result, the multi-sensor complementarity vector is obtained. Then, the sensor output the recognition
probability and complementarity vectors are used to generate multiple neutrosophic sets, which
are then merged within the group through the simplified neutrosophic weighted average (SNWA)
operator. Finally, the neutrosophic set is converted into a crisp number, and the maximum value is

the recognition result.

Yaser Saber, Fahad Alsharari, Florentin Smarandache and Mohammed Abdel-Sattar introduce
the notion of r-single-valued neutrosophic connected sets in single-valued neutrosophic topological
spaces, which is considered as a generalization of r-connected sets in Sostak’s sense and r-connected
sets in intuitionistic fuzzy topological spaces. In their paper (and Stratification of Single-Valued
Neutrosophic Topological Spaces), they introduce the concept of r-single-valued neutrosophic
separated and obtain some of its basic properties, also attempting to show that every r-single-valued
neutrosophic component in single-valued neutrosophic topological spaces is an r-single-valued
neutrosophic component in the stratification of it. For the purpose of symmetry, the authors
conclusively define the single-valued neutrosophic relations.

Neutrosophy has been used in sentiment analyses of textual data, but it has not been used
in speech sentiment analysis. Consequently, Kritika Mishra, Ilanthenral Kandasamy, Vasantha
Kandasamy W. B. and Florentin Smarandache (in the paper Novel Framework Using Neutrosophy for
Integrated Speech and Text Sentiment Analysis) suggest a novel framework that performs sentiment
analysis on audio files by calculating their single-valued neutrosophic sets (SVNS) and clustering
them into positive-neutral-negative, combining the results with those obtained by performing

sentiment analysis on the text files of these audio files.

In another selected paper (Novel MCDM Method Based on Plithogenic Hypersoft Sets under
Fuzzy Neutrosophic Environment), Muhammad Rayees Ahmad, Muhammad Saeed, Usman Afzal
and Miin-Shen Yang advance the study of plithogenic hypersoft sets (PHSS), by investigating four
classifications of PHSS that are based on the number of attributes chosen for application and the
nature of alternatives or that of attribute value degree of appurtenance. The proposed classifications

xii



cover most of the fuzzy and neutrosophic cases with possible neutrosophic applications in symmetry.
As an extension of the technique for order preference by similarity to an ideal solution (TOPSIS), the
paper also suggests a novel multi-criteria decision making (MCDM) method that is based on PHSS.
The proposed PHSS-based TOPSIS method can be employed to solve real MCDM problems precisely
modeled by the concept of PHSS. As an application, a parking spot choice problem is solved by
the proposed PHSS-based TOPSIS under a fuzzy neutrosophic environment and it is validated by
considering two different sets of alternatives along with a comparison with fuzzy TOPSIS in each
case, and the results prove that the method is able to be extended to analyze time series and in develop
algorithms for graph theory, machine learning, pattern recognition, and artificial intelligence.

Dongsik Jo, S. Saleh, Jeong-Gon Lee, Kul Hur and Chen Xueyou introduce the new notion of
interval-valued neutrosophic crisp sets, providing a tool for approximating undefinable or complex
concepts in the real world in the paper Structures via Interval-Valued Neutrosophic Crisp Sets.
The authors also propose an interval-valued neutrosophic crisp (vanishing) point and obtain some
of its properties, and then define an interval-valued neutrosophic crisp topology, base (subbase),
neighborhood, and interior (closure), respectively, and investigate each property, and give some
examples. Finally, they define an interval-valued neutrosophic crisp continuity and quotient topology
and study each property.

Fahad Alsharari aims in the paper £-Single Valued Extremally Disconnected Ideal Neutrosophic
Topological Spacesto mark out new concepts of r-single valued neutrosophic sets, called
r-single-valued neutrosophic £-closed and £-open sets.  The definition of £-single-valued
neutrosophic irresolute mapping is provided, discussing its properties, and then the concepts
of £-single-valued neutrosophic extremally disconnected and £-single-valued neutrosophic normal
spaces are established. A useful implication diagram between the r-single-valued neutrosophic ideal
open sets is obtained.

Finally, in the last paper (Study on Some Properties of Neutrosophic Multi Topological Group)
of this Special Issue, the researchers Bhimraj Basumatary, NWary, Dimacha Dwibrang Mwchahary,
Ashoke Kumar Brahma, Jwngsar Moshahary, Usha Rani Basumatary and Jili Basumatary study
some properties of the neutrosophic multitopological group, by introducing the definitions of a
semi-open neutrosophic multiset, semi-closed neutrosophic multiset, neutrosophic multi regularly
open set, neutrosophic multi regularly closed set, neutrosophic multi continuous mapping, and then
investigating some of their properties. Since the concept of the almost topological group is new, the
authors also provide the definition of the neutrosophic multi almost topological group, and for the
purpose of symmetry, they use the definition of neutrosophic multi almost continuous mapping to
define a neutrosophic multi almost topological group and examine its properties.

The fields of neutrosophic probability and neutrosophic statistics, neutrosophic algebraic
structures, neutrosophic optimization, and neutrosophic applications in symmetry are receiving more
and more attention, and their importance is hopefully proved by the papers selected for Symmetry’s
Special Issue Development of Neutrosophic Probability, Neutrosophic Statistics, Neutrosophic
Algebraic Structures, and Neutrosophic & Plithogenic Optimizations.

Florentin Smarandache, Yanhui Guo
Editors
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Abstract: Neutrosophic extended triplet group (NETG) is a novel algebra structure and it is different
from the classical group. The major concern of this paper is to present the concept of a partially
ordered neutrosophic extended triplet group (po-NETG), which is a NETG equipped with a partial
order that relates to its multiplicative operation, and consider properties and structure features of
po-NETGs. Firstly, in a po-NETG, we propose the concepts of the positive cone and negative cone,
and investigate the structure features of them. Secondly, we study the specificity of the positive
cone in a partially ordered weak commutative neutrosophic extended triplet group (po-WCNETG).
Finally, we introduce the concept of a po-NETG homomorphism between two po-NETGs, construct a
po-NETG on a quotient set by providing a multiplication and a partial order, then we discuss some
fundamental properties of them.

Keywords: partially ordered neutrosophic extended triplet group; positive cone; homomorphism;
quotient set

1. Introduction

Groups play a very important role in algebraic structures [1-3], and have been applied in many
other areas such as chemistry, physics, biology, etc. The concept of neutrosophic set theory is proposed
by Smarandache in [4], which is the generalization of classical sets [5], fuzzy sets [6], and intuitionistic
fuzzy sets [5,7]. Neutrosophic sets have received wide attention both on practical applications [8-10]
and on theory as well [11,12]. The main idea of the concept of a neutrosophic triplet group (NTG),
is defined in [13,14]. For an NTG (G, %), every element a in G has its own neutral element (denoted by
neut(a)) satisfying a « neut(a) = neut(a) xa = a, and there exists at least one opposite element (denoted
by anti(a)) in G relative to neut(a) satisfying a x anti(a) = anti(a) x a = neut(a). Here, neut(a) is not
allowed to be equal to the classical identity element as a special case. By removing this restriction,
the concept of neutrosophic extended triplet group (NETG), is presented in [13]. Many significant
results and several studies on NTGs and NETGs can be found in [15-20]. On the other hand, some
algebraic structures are equipped with a partial order that relates to the algebraic operations, such as
ordered groups, ordered semigroups, ordered rings and so on [21-28].

Regarding these developments, as the motivation of this article, we will consider what it is
like to endow a NETG with a partial order and introduce the concepts of partially ordered NETGs
and positive cones. Then we consider a question: is a subset P of a NETG G the positive cone
relative to some compatible order on G if P satisfies some conditions? To solve this problem,
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we investigate structure features of partially ordered NETGs and try to characterize the positive
cones. Finally, we study properties of homomorphisms and quotient sets in partially ordered NETGs,
and discuss the relationships between homomorphisms and congruences. In particular, the quotient
set equipped with a special multiplication and a partial order provides a way to obtain a partially
ordered NETG. All these results lay the groundwork for investigation of category properties of partially
ordered NETGs.

The rest of this paper is organized as follows. In Section 2, we review some basic concepts, such as
a neutrosophic extended triplet set, a neutrosophic extended triplet group, a weak commutative
neutrosophic extended triplet group and a completely regular semigroup, and several results were
published in [16,19]. In Section 3, we define a partially ordered neutrosophic extended triplet group and
partially ordered weak commutative neutrosophic extended triplet group. Several of their interesting
properties of partially ordered neutrosophic extended triplet group and partially weak commutative
neutrosophic extended triplet group are explained. The homomorphisms and quotient sets of partially
ordered neutrosophic extended triplet group are shown in Section 4. Finally, conclusions are given in
Section 5.

2. Preliminaries

In this section, we recall some basic notions and results which will be used in this paper as
indicated below.

Definition 1. ([13]) Let G be a non-empty set together with a binary operation . Then G is called a neutrosophic

extended triplet set if for any a € G, there exist a neutral of "a” (denoted by neut(a)) and an opposite of "a”
(denoted by anti(a)), such that neut(a) € G, anti(a) € G, and

a* neut(a) = neut(a) xa = a;

axanti(a) = anti(a) x a = neut(a).

The triplet (a, neut(a), anti(a)) is called a neutrosophic extended triplet.

Definition 2. ([13]) Let (G, ) be a neutrosophic extended triplet set. If (G, *) is a semigroup, then G is called
a neutrosophic extended triplet group (for short, NETG).

Proposition 1. ([[16] Theorems 1 and 2]) Let (G, *) be a NETG. The following properties hold: ¥Ya € G

(1) neut(a) is unique;
(2) neut(a) * neut(a) = neut(a);
(3) neut(neut(a)) = neut(a).

Notice that anti(a) may be not unique for every element a in a NETG (G, x). To avoid confusion, we use
the following notations:
anti(a) denotes any certain one opposite of a and {anti(a)} denotes the set of all opposites of a.

Proposition 2. ([[19], Theorem 1]) Let (G, x) be a NETG. The following properties hold: ¥V a € G, ¥V p, q €
{anti(a)}

(1) pxneut(a) € {anti(a)};

(2) pxneut(a) = qx*neut(a) = neut(a) x g;
(3) neut(p * neut(a)) = neut(a);

(4) a e {anti(p * neut(a))};

(5) anti(p x neut(a)) x neut(p * neut(a)) = a.
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Definition 3. ([16]) Let (G, x) be a NETG. If a x neut(b) = neut(b) xa (Va € G, Vb € G), then G is called
a weak commutative neutrosophic extended triplet group ( WCNETG).

Proposition 3. ([[16], Theorem 2]) Let (G, ) be a NETG. Then G is a WCNETG iff G satisfies the following
conditions: Va € G, Vb € G

(1) neut(a) * neut(b) = neut(b) * neut(a);
(2) neut(a) * neut(b) xa = a * neut(b).

Proposition 4. ([[16], Theorem 3]) Let (G, ) be a WCNETG. The following properties hold: Va € G, Vb € G

(1) neut(a) * neut(b) = neut(b * a);
(2) anti(a) * anti(b) € {anti(b*a)}.

Definition 4. ([29]) A semigroup (S, x) will be called completely reqular if there exists a unary operation
a s a~' on S with the properties:

1 1 -1

(@Y =g axatsxa=aaxa ' =atxa
Proposition 5. ([[19], Theorem 2]) Let (G, x) be a groupoid. Then G is a NETG iff it is a completely
reqular semigroup.

Note 1. In semigroup theory, a~! is called the inverse element of a and it is unique. However,

in a NETG, anti(a) is called an opposite element of 4 and it may not be unique. From Proposition 5,
we get that for arbitrary element a of a NETG (G, ), if we define a unary operation a — a~! by
a~! = anti(a) * neut(a), then (G, *) is a completely regular semigroup.

In the following, we will regard all NETGs as completely regular semigroups, in which a=! =
anti(a) = neut(a) for arbitrary element a. Then by Proposition 2, we have in a NETG (G, %), for each
a€G,at€{anti(a)}anda ' xa =axa"! = neut(a).

3. Partially Ordered NETGs

An NETG is a special set endowed with a multiplicative operation. Assuming that we introduce
a partial order which is compatible with multiplication in a NETG, we will get the definition of partially
ordered NETGs as indicated below.

Definition 5. Let (G, x) be a NETG. If there exists a partial order relation < on G such that a < b implying
cxa<csxbandaxc <bxcforalla € G, be G, c € G, then < is called a compatible partial order on G,
and (G, *, <) is called a partially ordered NETG (for short, po-NETG).

Similarly, if (G, ) isa WCNETG and endowed with a compatible partial order, then (G, x, <) is called a
partially ordered WCNETG ( po-WCNETG). Hence, po-WCNETGs must be po-NETGs.

Remark 1. Obviously, the properties of NETGs and WCNETGs are holding in po-NETGs and
po-WCNETGs, respectively.

In the following, we give an example of a po-NETG.

Example 1. Let G = {0, a, b, ¢, 1} with the Hasse diagram as shown in Figure 1, in which 0 denotes the
bottom element (mean the element is smallest element w.r.t. to partial order) and 1 denotes the top element (mean
the element is largest element w.r.t. to partial order) of G. Then G is a partially ordered set.

Define multiplication x on G as shown in Table 1 , where a, b, ¢ to label the elements in the po-NETG and
the multiplication * among these elements.
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Table 1. Multiplication * on G.

*I0la|blc|1
0Ojo0ojO0j0]|]0O0]O
a|0|b|c|lal|l
b|0O|c|la|b]|1l
c|O0]la|b|c|1
1(0(1|1]1]1
1
a C

0

Figure 1. Hasse diagram.

We can verify that (G, *) isa WCNETG. Moreover,
neut(0) = 0, {anti(0)} = {0, a, b, ¢, 1}, 071 = 0;
neut(a) = c, {anti(a)} = {b}, a~ ' = b;
neut(b) = c, {anti(b)} = {a}, b= = q;
neut(c) = ¢, {anti(c)} = {c}, ' =
neut(1) =1, {anti(1)} = {a, b, ¢, 1}, 171 = 1.
It is easy to see that the partial order shown in Fig.1 is compatible with multiplication *. Hence,

(G, *,<) is a po-WCNETG.

Definition 6. If (G, *, <) is a po-NETG, then a € G is said to be a positive element if neut(a) < a; and a
negative element if a < neut(a). The subset Pg of all positive elements of G is called the positive cone of G, and
the subset N of all negative elements the negative cone.

Remark 2. By Proposition 1,¥ a € G, neut(a) € P N Ng, so Pg N Ng # @.
Lemma 1. Let (G, *) bean NETG. ThenV a € G,
[neut(a)] ™! = neut(a) = neut(a™').

Proof. Leta € G. Then
[neut(a)] ™! = anti(neut(a)) * neut(neut(a))
= anti(neut(a)) x neut(a)
= neut(neut(a))

= neut(a).
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On the other hand, by Proposition 2(3), we have neut(a=!) = neut(anti(a) * neut(a)) =
neut(a). O
Remark 3. If G is a po-NETG and P C G, we shall use the notation
Pl={at:aecP}
Proposition 6. Let (G, *, <) be a po-NETG. Then Pg N PG_1 ={ae€G:a=neut(a) =a'}.
Proof. (=) Leta € G. By Proposition 1 and Lemma 1, we have
neut(a) € {a € G :a = neut(a) =a 1},
so{a € G:a=neut(a) =a"'} # @. By Lemma 1, it is clear that
{a€G:a=neut(a) =a"'} C Pg ﬂPgl.
(<=)Letb € PgNP-"', then neut(b) < band 3 ¢ € Pg such thatb = ¢, so
b= c! = anti(c) * neut(c) < anti(c) * c = neut(c) = neut(b=') = neut(b),
thatis, b < neut(b), whence b = neut(b). Hence,
¢ =b1 = [neut(b)] ! = neut(b) = b.
Then we can conclude that b € {a € G : a = neut(a) = a~'}, and so
Pg ﬂPEl C{aeG:a=neut(a)=a'}.
Thus, PGNP = {a € G:a =neut(a) =a~1}. O
Remark 4. If (G, %, <) is a po-NETG and P C G, then we shall use the notation
P2 ={axb:a, bc P}.

Proposition 7. (1) If (G, %, <) is a po-NETG, then Pg C Pé.
(2) If (G, %, <) is a po-WCNETG, then Pg = P?.

Proof. (1) If (G, *,<) is a po-NETG, then V a € Pg, by neut(a) € P, we have a = a * neut(a) € P%,
and so Pg C Pé.

(2) If (G, *,<) is a po-WCNETG, then V a € Pg, Vb € Pg, by Propositions 3 and 4, we have
neut(a = b) = neut(b) x neut(a) = neut(a) « neut(b) < a*b, and so axb € Pg, thus P2 C Pg.
Consequently, P; = PA. O

Proposition 8. Let (G, *, <) be a po-WCNETG. Then ¥ a € G, aPga~! C Pg.

Proof. Let a € G and b € Pg, then by Propositions 3 and 4, we have neut(axb*a~!) =
neut(a=') x neut(a * b) = neut(a x b) * neut(a™') = [neut(b) * neut(a)] * neut(a™') = neut(b) *
[neut(a) * neut(a=1)] = neut(b)  neut(a=! x a) = neut(b) * neut(neut(a)) = neut(b) * neut(a) =
neut(b) x (axa=1) = [neut(b) xa] xa=' = [axneut(b)]xa~! <axbxa~!, thusaba~! € Ps. Therefore,
aPca=' C P;. O

Lemma 2. Let (G, ) bea WCNETG. ThenVa € G, Vb € G, (axb) 1 =b 1xa L.
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Proof. We know a x b is an element of G V a € G, Vb € G and by Proposition 4, we have anti(b) *
anti(a) € {anti(a = b)}. Then using Propositions 1, 5 and Note 1 we get the following identities:

b=l x a1 = [anti(b) * neut(b)] * [anti(a) * neut(a)]

= anti(b) * [neut(b) * anti(a)| *» neut(a)  (Because the multiplication * is associative)

= anti(b)  [anti(a) x neut(b)] x neut(a)  (Because G is a WCNETG)

= [anti(b) x anti(a)] x [neut(b) x neut(a)] (Because the multiplication x* is associative)
= [anti(b) x anti(a)] x neut(a x b) (By Proposition 3)

=(axb)"l. O
Lemma 3. Let (G, *, <) be a po-NETG. Then Pg = Py' and Pz = Py.

Proof. Leta € G. If a € Pg, then neut(a) < a, it follows by Lemma 1 that a=! = neut(a=!) xa~! =
neut(a) xa~' < axa~! = neut(a) = neut(a~'),and soa~! € Py, whencea = (a~1)~1 € Py'. Hence,
Pg C P]\_Il. Similarly, we can prove that if 2 € Py then ale Pg, so PI\_,1 C Pg. Consequently, Pg = PI\_jl.
Similarly, P;! = Py. O

Definition 7. Let (G, ) bea WCNETG. IfVa € G, Vb € G, Vc € G, axneut(c) = b * neut(c) implies
a = b, then we say G satisfies neutrosophic cancellation law.

Lemma 4. Let (G, ) be a WCNETG satisfying neutrosophic cancellation law and P C G satisfy ¥V a €
P,axa=a. ThenVa€ G, Vb€ G, axneut(b) € P implies neut(a) =a =a"'.

Proof. If a « neut(b) € P, then a x neut(b) = (a x neut(b)) * (a x neut(b)) = (a*a) x neut(b), and s
a*a = a, whence neut(a) =aVa € G, Vb € G. Then by Lemma 1, we get a~! = [neut(a)]™! =
neut(a) =a. O

Proposition 9. Let (G, x) be a WCNETG satisfying neutrosophic cancellation law and P C G satisfy the
following conditions:

(1) P2CP;

2) PNPl'={acG:neut(a)=a=a1};
(3) VYaeP,axa=a;

(4) YaeG,aPa—l CP,

then a compatible partial order on G exists such that P is the positive cone of G relative to it. Moreover, G is a
chain with respect to this partial order if and only if PU P~1 = G.

Proof. Define the relation < on G by
a<bsbxaleP.

By Proposition 1 and Lemma 1, we have Va € G, neut(a) € PN P~1 C P, and so < is reflexive
on G obviously.
Ifnowa<bandb <a,thenbxa !l e Pandaxb~! € P.Since by Lemma 2 we know that

(axb H 1=0FHtsxal=bxal,

we conclude
bxalepPnp

It follows by (2) that b x a~! = neut(b* a~'). However, by Proposition 4 and Lemma 1,

neut(bxa~') = neut(a=1) * neut(b) = neut(a) * neut(b),
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thus

bxneut(a) =bxa ' *a = neut(b+a')*a = [neut(a) » neut(b)] x a = neut(a) * [a x neut(b)] =
[neut(a) * a] * neut(b) = a x neut(b), thatis, b x neut(a) = a x neut(b).

However, by Proposition 3, we have

b x neut(a) = neut(b) * neut(a) x b = neut(axb) x b,
and similarly,
a s neut(b) = neut(a) x neut(b) x a = [neut(b) * neut(a)] xa = neut(a xb) xa,
therefore,
neut(axb) xb = neut(axb) xa,

and by neutrosophic cancellation law, consequently a = b. Hence, < is anti-symmetric.

To prove that < is transitive, leta < band b < c. Then

bxa '€ Pandcxb ! €P.
It follows by (1) that
POP 3 (cxb Yx(bxa ) =cx (b txb)xa ! =cxneut(b)xa ' = (cxa™ ') xneut(b).

By (3) and Lemma 4, we have

neut(cxa ') =cxa ' = (cxa )7,

and so
cxa lepnp! C P,

thatis, cxa~! € P. Thus, a < c. Therefore, < is a partial order on G.
To see that it is compatible, let x < y. Theny x x~! € P and it follows by (1) and (4) that, for every
acegG,
(axy)*(axx) P =(axy)x(x Lxa ) =ax(yxx )*xalecP,

1 -1

(yxa)*(x*xa) P =yx(axa ) xx ! =ysxneut(a)*x ' = (y*x~ 1) x neut(a) € P C P,

which shows that
axx <axyandx*xa <yx*a.

It follows that < is compatible.
Finally, note that V a € G,

neut(a) < a < ax [neut(a)]” ' € P < axneut(a) e P = ac P,

so P is the associated positive cone. Suppose now that (G, <) is a chain, then for every a € G, we have
either
neut(a) < aora < neut(a).

It follows by Lemma 3 that
acPorac Pl

Thus G = PuP~ L Conversely, if G = P U P~1, then foralla, b € G, we have

axb"lePoraxb™ ' epP],
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that is,
axblecPorbsxal=(axb 1) tecP,
Hence, we have either b < a or a < b. Therefore, (G, <) is a chain. [

By the following example, we clarify the above proposition as:

Example 2. Let G = {a, b, c}. Define multiplication x on G as shown in Table 2, where a, b, ¢ to label the
elements in the po-NETG and the multiplication * among these elements.

Table 2. Multiplication * on G.

*

oln|T|T

0| T
Nn|T| |
Tlo|n|n

1t is easy to verify that (G, x) isa WCNETG and (G, ) satisfies neutrosophic cancellation law, in which
neut(a) = neut(b) = neut(c) = a,

{anti(a)} = {a}, a ' = a;
{anti(b)} = {c}, b1 =¢;
{anti(c)} = {b}, ¢! =b.

Let P = {a}, then P satisfies all conditions mentioned in Proposition 9. Define the relation < on G by
x <y < y*x~! € P, then <isapartial order on G and (G, <) is a antichain. Obviously, P is the positive
cone of G with respect to this partial order <.

Proposition 10. Let (G, *) be a po-WCNETG. Then ¥V x € G, Vy € G, x <y implies y * x 1 € Pg.

Proof. LetV x € G, Vy € G. If x <y, then neut(x) = x 1< Y * x~! hence, by Proposition 4 and
Lemma 1, we have neut(y * x 1) = neut(x 1) * neut(y) = neut(x) * neut(y) < (y * x~1) x neut(y) =
neut(y) * (y * x~1) = (neut(y) xy) * x ' = y*x~1. Thus,yxx~1 € P5. O

4. Homomorphisms and Quotient Sets of po-NETGs

Definition 8. Let (G, *, <) and (T, -, <p) be two po-NETGs. The map f : G — T is called a po-NETG
homomorphism of po-NETGs, if f satisfies: Va € G, Vb € G

(1) flaxb) = f(a)- f(b);
(2) a <y bimplies f(a) <, f(b).

Proposition 11. Let (G, ,<q) and (T,-,<p) be two po-NETGs, and let f : G — T be a po-NETG
homomorphism of po-NETGs. The following properties hold:

(1) Va € G, f(neut(a)) = neut(f(a));

(2) VaeG,{f(b):be {anti(a)}} C {anti(f(a))}, and if f is bijective, then {f(b) : b € {anti(a)}} =
{anti(f(a))};

(3) VaeG, [f(a)]™' =fla)

(4) Ya € Pg, f(a) € Pr;

(5) Vae Ng, f(a) € Nr.
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Proof.
(1) VacG,Vbe {anti(a)}, since
£(a) - f(neut(a)) = f(a*neut(a)) = f(a) = f(neut(a) *a) = f(neut(a)) - f(a),
f(a) - f(b) = flaxb) = f(neut(a)) = f(bxa) = f(b) - f(a),
then we obtain f(neut(a)) = neut(f(a)).
(2) From the proof of (1), we can get that
VaeG, Vbe {anti(a)}, f(b) € {anti(f(a))},

and so

{f(b) : b € {anti(a)}} C {anti(f(a))}.
If f is bijective, then V d € {anti(f(a))}, 3 ¢ € G such that f(c) = d. Since
flexa) = f(c)- f(a) = d- f(a) = neut(f(a)) = f(neut(a)),

we have ¢ x a = neut(a). Similarly, we can get a x ¢ = neut(a). Thus, ¢ € anti(a) and so
4= f(c) € Lf(b) : b € {anti(a)}}.
By the arbitrariness of 4, we have
{anti(f(a))} € {f(b) : b € {anti(a)}}.

Then,
{£(6) : b e {anti(a)}} = {anti(f(a)}.
(3) Letae Gandb € {anti(a)}. By (2), f(b) € {anti(f(a))}. Then by (1), we have

[f(a)] ™" = anti(f(a)) - neut(f(a)) = f(b) - f(neut(a)) = f(bxneut(a)) = f(a™").
(4) SinceYa € Pg, neut(a) <y a, we have neut(f(a)) = f(neut(a)) <, f(a), and so f(a) € Pr.
(5) Itissimilar to (4).
O
Definition 9. Let (G, %, <) be a po-NETG and 6 be an equivalence relation on G. If 6 satisfies

Vae G, Vbe G, VeeG,VdeG, (a,b) €0 & (c,d) €0 = (axc,bxd) €0,

then 0 is called a congruence on G.
Obviously, 01 = {(a,a) :a € G} and 6, = {(a,b) : Y a, b € G} are both congruences on G, and they
are called identity congruence on G and pure congruence on G, respectively.

Definition 10. Let (G, %, <) be a po-NETG and 6 be a congruence on G. A multiplication o on the quotient
set G/0 = {[alg : a € G} is defined by
[a]g o [blg = [a * blo.
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Proposition 12. Let a relation < on (G /6, 0) be defined by
¥ [alo € G/6, ¥[blg € G/6, [alo < [blg > a < b.
Then, (G/6,0,=) is a po-NETG.
Proof. We can verify that o is associative. Let [a]g € G/6 (see Definition 10), since
[neut(a)lg o [alg = [neut(a) x alg = [a]g = [a x neut(a)lg = [a]g o [neut(a)ly,

and
[anti(a)]g o [a]g = [anti(a) = alg = [neut(a)]g = [a * anti(a)]g = [a]g o [anti(a)]e,

we conclude that (G/6, o) is a NETG, in which V [a]g € G/0, neut([a]g) = [neut(a)]s and [anti(a)]g €
{anti([a]p)}. Thenitis easy to see that < is a partial order on (G/6, o). Moreover, V [a]g € G/, V[b]g €
G/6, Y[clg € G/, if [a]p < [b]g, thena < b,sowehaveaxc < bxc,and c xa < ¢*b. Thus,

[algo[clg =[axclg < [bxclg=[blgo[cle

and
[c]g o [alg = [cxa]p = [cxDblg = [c]g o [b]p.

Thus, (G/6,0,=)isapo-NETG. O

In the following, we give an example to illustrate Proposition 12.

Example 3. Consider the po-NETG (G, *, <) is given in Example 1. Now we define a relation 6 on G by

6 ={(0,0), (a,a), (b,b), (¢,c), (1,1), (a,b), (b,a), (a,c), (c,a), (b,c), (c,b)}.

Then we can verify that 0 is a congruence on G with the following blocks:

0] = {0}, lalp = {a, b, c}, [1]p = {1}.

So the quotient set G/6 = {[0]g, [alg, [l]¢}. By Proposition 12, we know (G/6,0,=) is a
po-NETG, in which neut([0]y) = [0]g, neut([alg) = [clg = [alg, neut([l]y) = [1]p, {anti([0]p)} =
{[0g, [ale, [1]g}, {anti([alg)} = {lale}, {anti([1]e)} = {[ale, [1le}, and then G/ is a chain, because

[0]p = [a]o = [1]p.

Proposition 13. Let (G,*,<) be a po-NETG and 6 be a congruence on G. Then the natural mapping
o : (G, %, <) = (G/g,0, =) given by g(a) = [a]g is a po-NETG homomorphism of po-NETGs.

Proof. As fg(a*b) = [axblg = [a]go [b]lg = bg(a) otg(b) Va € G, Vb € G.Ifa < b, then [a]g < [b]g
which implies fg(a) < tg(b). Thus, the natural mapping g : (G, *, <) — (G/g,0, <) is a po-NETG
homomorphism of po-NETGs. O

Next, we give an example to explain Proposition 13.
Example 4. From Example 3, we consider the natural mapping 4 : (G, *, <) = (G/g,0, X). Thus, 15(0) =

[0]g, Bo(a) = tg(b) = to(c) = [alg, ba(1) = [1]g. It is easy to verify that b is a po-NETG homomorphism of
po-NETGs.

10
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Proposition 14. Let (G, *,<q) and (T,-, <p)be two po-NETGs and f : (G,*,<1) — (T,-,<p) bea
po-NETG homomorphism of po-NETGs. We shall use the notation

Kerf ={(a,b) e GxG: f(a) = f(b)},

then we can get the following properties:

(1) Kerf is a congruence on G;

(2)  f is a injective po-NETG homomorphism of po-NETGs if and only if ker f is an identity congruence on G;

(3)  There exists an injective po-NETG homomorphism of po-NETGs g : (G/Kerf,o, =) — (T,-,<p) such
that f = g o fKerf-

Proof.

(1) Obviously, Kerf is an equivalence relation on G. LetVa € G,Vb € G,Vc € G,Vd € G, if

@

®)

O

(a,b) € Kerf and (c,d) € Kerf, then f(a) = f(b) and f(c) = f(d). Since f is a po-NETG
homomorphism of po-NETGs, we have f(axc) = f(a) - f(c) = f(b) - f(d) = f(b=*d), and so
(axc,bxd) € Kerf. Thus, Kerf is a congruence on G.

If f is an injective po-NETG homomorphism of po-NETGs and if (a,b) € kerf then f(a) = f(b).
Therefore, we get @ = b. Hence, by the arbitrariness of (a,b), we obtain kerf is an identity
congruence on G.

Conversely, suppose that ker f is an identity congruence on G. Va € G,V b € G, if f(a) = f(b),
then (a,b) € kerf, so a = b. Therefore, f is an injective po-NETG homomorphism of po-NETGs.

We define a map g : G/Kerf — T by V [a|kers € G/Kerf, g([alkerf) = f(a), then g is injective.
v [a]Kerfr [b]Kerf € G/Kerf, we have g([a]Kerf 0 [b}Kerf) = g([ax b}Kerf) = flaxb) = f(a):

f() = g([a]kers) - §([blkers), and if [a]kers = [b]kers, thena <1 b, thus, f(a) <, f(D), that is,
g([a]kerf) <2 &([b]kerf)- Hence, g is an injective po-NETG homomorphism of po-NETGs.

c f

th /

G/Kerf

T

VaegG, (go hKerf)(a> = g(hKerf(a)) = g([a]Kerf) = f({l), thatis, f = go t|I<erf~

In the following, we present an example to illustrate Proposition 14.

Example 5. Consider (G, *, <1) be the po-NETG is given in Example 1, in which the partial order <y is the
same as the partial order < in Example 1. Assume that T = {m, n, p, q, r} be a bounded lattice with a partial
order <, with the Hasse diagram shown as in Figure 2 whose multiplication - is defined as A.

11
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H p

m

Figure 2. Hasse diagram.

We can verify that (T,-,<;) is a po-NETG, in which V x € T, neut(x) = x,
fanti(m)} = {m, n, p, q, 1}, {anti(n)} = {n, q, v}, {antip)} = {p, g, r}, {anti(o)}
{q, r}, {anti(r)} = {r}. Now, we define a map f : G — T by f(0) = m, f(a)
f(b) = f(c) = f(1) = r, then f is a po-NETG homomorphism of po-NETGs, and Kerf
{(0,0), (a,4), (b,b), (¢,c), (L,1), (a,b), (a,¢), (a,1), (b,a), (b,c), (b,1), (¢,a), (¢,b), (¢, 1), (1,a), (1,D),

(1,c)}. Obviously, Kerf is a congruence on G. f is not injective, and of course, ker f is not an identity

congruence on G.

5. Conclusions

In this paper, inspired by the research work in algebraic structures equipped with a partial order,
we proposed the concepts of po-NETGs, deeply studied the relationships between po-NETGs and
their positive cones, and characterized the positive cone of a WCNETG after defining a partial order
relation on it. Moreover, we found that the quotient set of a po-NETG can construct another po-NETG
by defining a special multiplication and a partial order on the quotient set, and we also achieved
the interrelation of homomorphisms and congruences of po-NETGs. All these results are useful for
exploring the structure characterization (for example, category properties) of po-NETGs. As a direction
of future research, we will consider the application of the fuzzy set theory and the rough set theory to
the research of algebraic structure of po-NETGs. Furthermore, we will discuss the relation between the
homomorphisms and congruences of po-NETG and the morphisms of ordered lattice ringoids [30].
Finally, in the next paper, we will study sub-structures of po-NETGs and we give some examples using
constructions such as central extensions or direct products related to sub-structures of po-NETGs.
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Abstract: This paper studied the single-valued neutrosophic linguistic distance measures based on the
induced aggregation method. Firstly, we proposed a single-valued neutrosophic linguistic-induced
ordered weighted averaging distance (SVNLIOWAD) measure, which is a new extension of the
existing distance measures based on the induced aggregation view. Then, based on the proposed
SVNLIOWAD, a novel induced distance for single-valued neutrosophic linguistic sets, namely
the single-valued neutrosophic linguistic weighted induced ordered weighted averaging distance
(SVNLWIOWAD), was developed to eliminate the defects of the existing methods. The relationship
between the two proposed distance measures was also explored. A multiple attribute group decision
making (MAGDM) model was further presented based on the proposed SVNLWIOWAD measure.
Finally, a numerical example concerning an investment selection problem was provided to demonstrate
the usefulness of the proposed method under a single-valued neutrosophic linguistic environment
and, then, a comparison analysis was carried out to verify the flexibility and effectiveness of the
proposed work.

Keywords: single-valued neutrosophic linguistic set; distance measure; weighted induced
aggregation; MAGDM; investment selection

1. Introduction

The growing uncertainties and complexities in multiple attribute decision making (MADM) make
it increasingly difficult for people to judge their attributes accurately. Accordingly, how to measure
such complex and uncertain information effectively has become a key issue during the process of
decision making. Several tools, such as fuzzy set [1], intuitionistic fuzzy set (IFS) [2], picture fuzzy
set [3,4], linguistic term [5], and neutrosophic set [6], have been introduced to deal with inaccurate
and uncertain information. The single-valued neutrosophic linguistic set (SVNLS), introduced by
Ye [7], is an up-to-date tool to measure uncertainty or inaccuracy of information by combining the
advantages of single-valued neutrosophic set [8] and linguistic terms [5]. The basic element of the
SVNLS is the single-valued neutrosophic linguistic number (SVNLN), which makes it more suitable for
solving uncertain and imprecise information than the existing tools. Ye [7] extended the conventional
the technique for order preference by similarity to ideal solutions (TOPSIS) [9] approach to SVNLS
environment and explored its application in investment selection problems. Wang et al. [10] studied the
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operational laws for SVNLS and presented the SVNL Maclaurin symmetric mean aggregation operator.
Chen et al. [11] studied the ordered weighted distance measure between SVNLSs. Wu et al. [12] studied
the application of the SVNLS in a 2-tuple MADM environment. Kazimieras et al. [13] presented a
weighted aggregated sum product assessment approach for SVN decision making problems. Garg and
Nancy [14] proposed some SVNLS aggregation operators based on the prioritized method to solve the
attributes’ priority in MADM problems. Cao et al. [15] studied the SVNL decision making approach
based on a combination of ordered and weighted distances measures.

Distance measure is one of the most popular tools to express the deviation degree between two sets
or variables. Consequently, many types of distance measures have been investigated and proposed in
the existing literature, such as the weighted distance (WD) measure [16], ordered weighted averaging
distance (OWAD) measure [17], combined weighted distance (CWD) measure [18], and induced OWAD
(IOWAD) measure [19]. Among them, the IOWAD measure is a widely used one, recently proposed by
Merigé and Casanovas [19]. The key advantage of the IOWAD is that it summarizes the minimun
and maximum distance measures and can use induced-ordering variables to depict the intricate
attitudinal characteristics. Now, the IOWAD operator has been widely used in MADM problems and
extended to accommodate several fuzzy environments, such as fuzzy IOWAD (FIOWAD) [20], fuzzy
linguistic IOWAD [21], intuitionistic fuzzy IOWAD (IFIOWAD) [22], and 2-tuple linguistic IOWAD
(2LIOWAD) [23].

However, as far as we know, there is no research on the application of the SVNLS with the IOWAD
method. In accordance with the previous analysis, the SVNLS is an excellent method to describe fuzzy
and uncertain information, while the IOWAD is a new tool that can be well integrated into the complex
attitudes of decision makers. In order to develop and enrich the measure theory of SVNLS, this study
explored the usefulness of the IOWAD measure in SVNL environments. For this purpose, the rest of
the article is set out as follows: in Section 2, we briefly introduce some basic concepts. Section 3 firstly
develops the single-valued neutrosophic linguistic induced ordered weighted averaging distance
(SVNLIOWAD) operator, which is the extension of the IOWAD operator with SVNL information.
Furthermore, the single-valued neutrosophic linguistic weighted induced ordered weighted averaging
distance (SVNLWIOWAD) is then introduced to overcome the defects of the SVNLIOWAD operator
and other existing induced aggregation distances. In Section 4, a MAGDM model based on the
SVNLWIOWAD operator is formulated and a financial decision making problem is also provided to
demonstrate the usefulness of the proposed method. Finally, Section 5 gives a conclusion for the paper.

2. Preliminaries

In this section, we mainly recap some basic concepts of the SVNLS and the IOWAD operator.

2.1. The Single-Valued Neutrosophic Set (SVNS)

Definition 1 [24]. Let u be an element in a finite set U. A single-valued neutrosophic set (SVNS) A in U can
be defined as in (1):
A = {(u, To(), 15 (w), Fa(u))|u € U}, (1)

where Ta(u), In(u), and Fa(u) are called the truth-membership function, indeterminacy-membership function,
and falsity-membership function, respectively, which satisfy the following conditions:

0< TA(L[),IA(M),FA(M) <1,0< TA(u) +IA(M) +FA(L£) <3. 2)
A single-valued neutrosophic number (SVNN) is expressed as (T4 (1), [a (1), F4(u)) and is simply

termed as u = (T, I, F,). The mathematical operational laws between SVNNs u = (T, I, F,) and
v = (Ty, I, Fy) are defined as follows:

(1) udv= (Tu+Tv_Tu"’TvrIu*Teru*Fv)}
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@ Au=(1-01-T)" @), F)Y,A>0;
@) ut=((T)N1-01-1)1-1-FE)"), A>0.

2.2. The Linguistic Set

Let S = {sqla =1,...,1} be a finite and totally ordered discrete term set, where s, indicates a
possible value for a linguistic variable (LV) and / is an odd value. For instance, given | = 7, then a
linguistic term set S could be specified S = {s1, s, 53,54, 5, 56,57} = {extremely poor, very poor, poor, fair,
good, very good, extremely good). Then, for any two LVs, s; and s; in S, should satisfy rules (1)-(4) [24]:

(1) SiSS]‘@iS]','
(2)  Neg(si) = s-i;
(3) max(s;,sj) =sj,ifi <j;
4) min(si,s]-) =s;,ifi <.
The discrete term set S is also extended to a continuous set S = {sy|a € R} for reducing the loss

of information during the operational process. The operational rules for LVs sy, s € S are defined as
follows [25]:

(1) sa®sp=satp;

(2) usa= Sua, ph = 0.

2.3. The Single-Valued Neutrosophic Linguistic Set (SVNLS)

Definition 2 [7]. Let U be a finite universe set and S be a continuous linguistic set, a SVNLS B in U is defined
asin (3):

B = { (o0 (Ts ), Tu(00), Fs ()] € U, ©

where sq(,,) € S, the truth-membership function Tg(u), the indeterminacy-membership function Ig(u), and the
falsity-membership function Fg(u) satisfy condition (4):

0< TB(M),IB(L[),FB(M) <1,0< TB(M) +IB(L£) +FB(M> <3. 4)

For an SVNLS B in U, the SVNLN <se(u>,(TB(u),IB(u),FB(u))> is simply termed as u =
<59(u), (Tu,Iu,Fu)>. The operational rules for SVNLNs u; = <59(ui)' (Tu,.,lui,Fui)>(i =1,2) are defined
as follows:

(1) w1 ®u2 = (So(uy)+6(u) (Tur + Ty = Tuy * Ty Ty # Ty, Fuy # Fuy) )5
@ A = {(sp00u), (1= (1= Tuy)", (L))", (Fiy))), A > 0;
@ uf = (g1, (Tu) 1= (1=Ly)", 1= (1=F,))")), A > 0.

Definition 3 [7]. Given two SVNLNs u; = <se(ul,), (Tu,.,Iul.,Fu,.)>(i =1,2), their distance measure is defined
using the following formula:

1/1
(1) = [0(00) Ty = O o] + |00y = O(u2) 1] + 00 Foy ~ O [, )

where | € (0, +c0). If we consider different weights associated with individual distances of SVNLV's, then we
can get the single-valued neutrosophic linguistic weighted distance (SVNLWD) measure [10].
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Definition 4. Lef uj, u;( j=1,2,...,n) be the two collections of SVNLNs, a single-valued neutrosophic
linguistic weighted distance measure is defined as following formula:

n
SVNLWD((ul,ui),..., (un,u;)) = Z wid(uj, u;.), (6)
=1

n
where the associated weighting vector w; satisfies w; € [0,1] and jgl wj=1.

2.4. The Single-Valued Neutrosophic Linguistic Set (SVNLS)

Motivated by the induced ordered weighted averaging (IOWA) operator [26], Merigé and
Casanovas [19] developed the IOWAD operator. For two crispsets X = (x1,...,xz)and Y = (y1,..., Yn),
the IOWAD operator be easily obtained as follows:

Definition 5. An IOWAD operator is defined by a weight vector W = (wy, . .. L) with 0 < wj < 1and

n
Y. wj = 1 and an order-inducing vector T = (t1,...,tn), such that:
j=1

n

IOWAD({t1, 31,91, -, (b X, YY) = Y, wiDj, )
j=1

where (D1, ...,Dy) isrecorded (dy, ..., dy), induced by the decreasing order of (t1,...,t,), andd; = d(x;, y;) =
(xl- - yi| is the distance between x; and y;.

3. Single-Valued Neutrosophic Linguistic-Induced Aggregation Distance Measures

3.1. SVNLIOWAD Measure

Previous analysis has shown that the IOWAD is a very practical tool to measure deviation in many
fields, such as clustering analysis and decision making. In this section, we explore the application of
the IOWAD operator in an SVNL situation and develop the SVNLIOWAD operator.

Definition 6. Let u;, u;( j=1,2,...,n) be two sets of SVNLNSs, then the SVNLIOWAD operator is defined

n
by a weight vector W = (wl,...,wn)T with 0 < w; < 1and ), w; =1 and an order-inducing vector
=1
T = (t1,...,tn), such that:

SVNLIOWAD({ty, u1,18;), .., {tn, ttn, 1)) = Zn“ w;D;, (8)
=1

where (D1, ...,Dy) is recorded (d4, ... ,dy), induced by the decreasing order of (t1,...,tn), d; = d(u;, ul’) =
(ui - ul’| is the distance between SVNLNs, defined in Equation (5).

Using a similar analysis with the IOWAD operator [18,19,27,28], it is easy to derive the following
useful properties for the SVNLIOWAD operator:

Theorem 1 (Idempotency). If d; = d(u;, u}) = (ui - ul’| =d for all i, then

SVNLIOWAD({ty, u1,11;), .., (tn, ttn, 1)) = d. )
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Theorem 2 (Boundedness). Let min(|ui - u:|) = xand max(|ui - ul") =y, then
1 1

x < SVNLIOWAD((ty, uy,u}), ..., {tu, th, 1)) < . (10)

Theorem 3 (Monotonicity). If |ui - u:| > |vi - vl'.|for all i, then

SVNLIOWAD({t1, u1,11;), ..., {tu, ttn, 1)) = SVNLIOWAD({t1, 01,24 ), ..., {tu, 0, ¥})).  (11)

Theorem 4 (Commutativity-IOWA operator aggregation). Let ((tl,ul, ui), oo, (ty, Uy, u;)) (i=1,2,...,n)

be any possible permutation of the argument vector (<t1, v1, vi >, R T )), then

SVNLIOWAD((t1, u1,14;), ..., {tn, ttn, 1)) = SVNLIOWAD({t1, 01,0 ), ..., {tu, 0, ¥)). - (12)

We can also illustrate the property of commutativity by considering the distance measure:
SVNLIOWAD({ty, u1,11;), .., (tn, ttn, u}) = SVNLIOWAD({ty, uf, uz ), ..., {bu, ufy u)). (13)

By considering different cases of the weighted vector in the SVNLIOWAD operator, we can get
several special distance measures. For example:

o Ifuy=--=w,= %, we obtain the SVNLWD;

e If the ordering of weight w; is same as the order-inducing ¢; for all j, then the SVNLIOWAD
reduces to the SVNLOWAD measure [15];

e IfT=(t0,---,0), then

SVNLIOWAD({ty, u1,1t;), ..., {tu, tn, 1},)) = Dy. (14)

Next, a numerical example is given to show the aggregation process of the SVNLIOWAD operator.
Example 1. Assuming that:

U= (ull Up, Uz, Uy, u5)
— ({5, (0.5,0.3,0.4)), {s5, (0.3,0.3,0.6)), {s5, (0.5,0.2,0.2)), (57, (0.5,0.8,0.2)), (52, (0.1,0.4,0.6)))

and
V= (011’02/’03104/’05)
= ((s3,(0.7,0.8,0)),(ss5,(0.4,0.4,0.5)),(s3,(0.5,0.7,0.2)),(s3, (0.4,0.2,0.6) ), (s4, (0.5,0.7,0.2)}),
are two SVNLNs defined in linguist term set S = ({s1,52,53,54,55,5,57} and suppose w =

(0.20,0.30,0.15,0.10, 0.25)T and T = (5,8,4,2,7) are the weight vector and order-inducing variable vector
of the SVNLIOWAD operator, respectively. Then, the calculation steps of the SVNLIOWAD are displayed as
follows:

(1)  Calculate the individual distances d(u;,v;) (i =1,2,...,5) (let A = 1) according to Equation (5):

d(u1,v1) = [2x05-3x0.7]+[2x0.3-3x0.8/ + |2 x 0.4 -3 x 0 = 3.7.
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Similarly, we get
d(uy,vp) = 1.5, d(uz,v3) = 2.4, d(ug,v4) = 7.7, d(us,vs) = 3.2;
(2)  Sortthe d(u;,v;) (i =1,2,...,5) according to the decreasing order of the order-inducing variable:

D1 = d(uz,Uz) = 1.5, Dz = d(u5,v5) = 3.2, D3 = d(ul, 01) = 3.7,
Dy = d(us,v3) = 2.4, d(ug,v4) =7.7;

(3)  Utilize the SVNLIOWAD operator defined in Equation (8) to perform the following aggregation:

SVNLIOWAD(U, V)
=020Xx1.5+0.30%32+40.15x3.7+0.10 x 2.4 + 0.25 X 7.7 = 3.71.

From the aggregation process of the SVNLIOWAD operator, as well as the existing other induced
aggregation distances, we see that the order-inducing variables are not really infused in the aggregation
results, which fail to express the variation caused by the change of order-inducing variables. Thus, we
needed to develop a new induced aggregation distance operator for SVNLSs to overcome this defect.

3.2. SVUNLWIOWAD Measure

The special feature of the SVNLWIOWAD operator is that its induced ordering-variables play a
dual role in the aggregation process. One role is, as the previous SVNLIOWAD operator, to induce
the order of the arguments and the other is to adjust the associated weights. Thus it can better reflect
the influence of the induced variables on the ensemble results. The SVNLWIOWAD operator can be
defined as follows.

Definition 7. Let uj, u;( j=1,2,...,n) be two sets of SVNLNs, the SVNLWIOWAD operator is defined

n
by a weight vector W = (w1,...,wn)T with 0 < w; < 1and Y, w; =1; and an order-inducing vector
j=1

T = (t1,...,ty), such that:

SVNLWIOWAD((ty, u1,11;), .., (tu, tn, 14})) = Zn: ®;D;, (15)
j=1

where (D1, ...,Dy) is recorded (dy,...,dy) induced by the decreasing order of (t1,...,tn), d; = )ui - ul’| is the
distance between SVNLNS, defined in Equation (5). cD]-(j =1,2,...,n) is a moderated weight that is relatively
determined by the weight w; € W and order-inducing variable ti€ T:
Wits(j)

(D]' = %/ (16)
L, wits(j)
j=1
where (0(1),...,0(n)) isa permutation of (1,...,n) such that t;;_1y > t,(;) for all j > 1. Example 2 illustrates
the performance of the SVNLWIOWAD operator.
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Example 2 (Example 1 continuation). To utilize the SVNLWIOWAD operator, we calculated the moderated
weight @; defined in Equation (16):

o — Wits(1) 020x8 _ 0974
1= 75 T 020x84030x7+015x5+0.10x4+025%x4 7
L itaj)
]:

Similarly,
@y = 0.359,03 = 0.128,04 = 0.068,005 = 0.171.

Thus, based on the results of Example 1, we can get the aggregation result of the SVNLWIOWAD operator:
SVNLWIOWAD(U, V)
=0.274x1.5+0.359 X 3.2 4 0.128 X 3.7 4 0.068 x 2.4 + 0.171 X 7.7 = 3.462

Obviously, we got a different result compared with the SVNLIOWAD operator in Example 1.
The main reason for the difference is that the order-inducing variables in the SVNLIOWAD operator
(including the existing IOWAD and its numerous extensions) only act as inducers for the arguments,
and do not participate in the actual calculation process. However, the SV NLWIOWAD's order-inducing
variables can not only act as the inducer, but also participate in the actual calculation progress by
adjusting the associated weights. Therefore, it can measure the effect of order-inducing variables on the
aggregation results. Consequently, the SVNLWIOWAD can achieve a more reasonable and scientific
measurement over the SVNLIOWAD operator.

The following theorems show some useful properties of the SVNLWIOWAD operator:

Theorem 5 (Idempotency). Let Q be the SVNLWIOWAD operator, if all d; = |ui —u] | = d for all i, then:
Q((tl,ul,u’1>, . ,(tn,un,u;>) =d. (17)
Proof. Because d; = |u1~ - u:( =d, then D;= dforj=1,2,...,n,and we have:
n n
Q((tl, ul,ui>, ., (tn,un,u;)) = Z (D]D] = dZ oF
j=1 j=1
n n
Note that }\ @; = 1, thus we obtain Q((tl,ul,u’1>,...,<tn,u”,u;,>) =dY @oj=d.O
& =

j=1

Theorem 6 (Boundedness). Let min(|ui - u:|) = x and max(|u1~ - u:’) =y, then:
1 1

x < Q((tl,ul,ui>,...,(tn, Uy, u;)) <. (18)

n
Proof. Because @; € [0,1] and } ®; = 1, then:
j=1

n n n
Q((tl,u1,u1>,...,(tn,un,u,’1>) = ZcDij < Z(D]-y = yZ @ =Y.
j=1 j=1 j=1
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Similarly,
n n n
O(tr 1w, twwn)) = Y @Dy 2 Y @ =3 0 = x.
=1 j=1 j=1
Thus, we get
x < Q(<t1, ul,ui>, ey <tn/ ”nr”%)) < Y
O

Theorem 7 (Monotonicity). If |ul- - u:| > |vi - U;|f07’ all i, then:

Q((tl/ ui, 1/{1>, e, <tn, Uy, u;l>) > Q(<t1,01,01>, .., <tn/ vnﬂ’;))- (19)
Proof. Let )
Q(<t1, uyq, u’l >, R T u%)) = Z @;Dj,
=

n
Q(<t1,01,03>,. ..,<tn, Z)n,U,’q)) = Z(D]D’]
=

As |ul- - uz’. | > |vi - vl’. | for all i, it follows D; > D;. for all j, therefore

n n
Q(t 1), ) = Y @D = Y @D = Q{1,191 ), {tu 00, 21))
j=1 j=1

O

Theorem 8 (Commutativity-IOWA operator aggregation). Let (<t1, u, ui>, coes (tn, Un, u@)) (i=1,2,...,n)

be any possible permutation of the argument vector (<t1, 01, vi >, couy {ty, v, 0, )), then:

Q((tl, iny u&), o, {tn, Uy, u;)) = Q((tl, U1, vi>, oy {tn, v, U,’1>) (20)

Proof. The permutation between (<t1,u1,ui>,...,(tn, U, u;l)) and (<t1,01,01>,...,<tn, vn,v;)) (i=
1,2,...,n) follows that the corresponding rearranged arguments D; = D;. for all j, therefore

n n
Q(tr 0,17}, 1)) = Y @D = Y @D = Q({t1, 01,0 ), (b, 0, V1)
j=1 j=1

We can also illustrate the property of commutativity by considering the distance measure:
Q(<t1/ u], ui >/ cecy <t}"l/ u}"l/ u;‘[>) = Q((tll u:’l/ ul>/ ey <tﬂ/ u;l/ uﬂ>)' (21)
Note that |ui - u:( = |ul’ - ”il for all 7, thus the Equation (20) is easy to prove. O

In light of the similar analysis methods in [29-34], some particular cases of the SVNLWIOWAD
operator can be achieved by exploring the weight vector and order-inducing values.
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4. A New MAGDM Approach Based on the SVNLWIOWAD Operator

4.1. Steps of the MAGDM Method Based on the SVNWIOWAD Operator

On the basis of the analysis reviewed in the Introduction, it is customary for decision makers
to express their opinions on alternatives over attributes by SVNLNSs because of their cognition with
uncertainty and vagueness. Therefore, it is well worth investigating the application of the proposed
SVNLWIOWAD under the SVNL framework. For an MAGDM problem with 7 alternatives A =
{A1, Ay, ..., Ay} assessed by decision makers with respect to m schemes (attributes) C = {C1,Cy, ..., Cpyl,

the decision steps based on the SVNLWIOWAD are listed as follows:
1
Step 1: Each expert di(k = 1,2,...,1) (whose weight is ¢, meeting ¢, > 0 and Z & = 1) provides

his or her performance of attributes by the SVNLNs. Afterwards, the 1nd1v1dual decision matrix

uk = (uz(/k)) is obtained, where u(]k) is the k-th expert’s evaluation of the alternative A; with respect
to the attr1bute C;;

Step 2: Aggregate all performances of the individual experts into a collective one and then form
the group decision matrix:

Uip 0 Ui
U= (i) =| 0 @)

Uml - Umn

Lo,
where u;; = }. ekt

Step 3: Find the ideal levels for each attribute to construct the ideal scheme, listed in the Table 1;

Table 1. Ideal scheme.

G C, . C,
I L I . I

Step 4: Utilize Equation (15) to calculate the distance SVNLWIOWAD(A;,I) between different
alternatives A;(i = 1,2,...,m) and the ideal scheme [;

Step 5: Rank the alternatives and identify the best one(s) according to SVNLWIOWAD(A;,I),
where the smaller the value of SVNLWIOWAD(A;, I), the better the alternative A;(i = 1,2,...,m).

4.2. An lllustrative Example: Investment Selection

We explored the application of the proposed approach in an investment selection problem
where three decision makers were invited to assess a suitable strategy. There were four companies
(alternatives) considered as potential investment options, chemical company (A1), food company (A>),
car company (A3) and furniture company (Ay), according to following possible situations (attributes)
for the next year: C; was the risk, C; was the growth, C3 was the environmental impact, and C4 was
other impacts. The evaluation presented by the decision makers with respect to the four attributes
formed individual SVNL decision matrices under the linguistic term set S = {s; = extremely poor,
Sp = Very pootr, s3 = poor, s4 = fair, s5 = good, s¢ = very good, and s; = extremely good}, as shown in
Tables 2—4.
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Table 2. Single-valued neutrosophic linguistic (SVNL) decision matrix U'.

C1 G Cs Cy
Ay (1) (1) (1) (1)
s9,(03,02,03))  (s,(05,03,01)) (s, (05,02,03)) (s, (0.3,05,0.2)
Ay <sél), (0.6,0.1,0.2) > <s W (05,0.2,02) > <s W (0., 0.1,0.2)> <s§1>, (O.6,0.2,0.4)>
As <sél), (0.7,0.0,0.1) > <s (M (0.3,0.1,02 > <s M (0.6, 0.1,0.2)> <sél), (O.6,0.1,0.2)>
A <sél), (0.4,0.2,03 > <s (,(03,02,05 > < (0.4,0.2,03 > <sil), (05,03, 0.3)>

Table 3. SVNL decision matrix UZ.

C1 C Cs Cy
Ay <s§f ,(0.4,0.2,0.4 > <sf>, (0.6,0.1,0.3) > <s @) (0.6, 0.3,0.4)> <s§2>, (o.4,o.4,o.1)>
Ay <séz ,(0.7,0.2,0.3) > <s§2>, (0.6,0.2,0.2) > <séz (0.7, 0.2,0.3)> <sff>, (0.5,0.4,0.2)>
As <sff ,(0.8,0.1,0.2) > <sff>, (0.4,0.2,0.2) > <sé2 (0. 7,0.2,0.3)> <séz>, (0.6,0.3,0.3)>
Ay (7. 04,03,00) (s,030106) (47,0501,02) (s, ©07,01,01)

Table 4. SVNL decision matrix U°.

Cq C (6] Cy
Ay <sé3), (05,0.1 0.3)> <sf>, (0.6,0.2,0.1)> <sé3), (0.6,0.1,0.3)> <sf>, (0.3,0.6,0.2)>
Ay <sé3), (0.5,0.2 0.3)> <s§3>, (0.7,0.2,0.1)> <sf’>, (07, 0.2,0.2)> <sé3), (0.4,0.6,0.2)>
As <sf>, (0.6 0.1,0.2)> <s§3>, (0.4,0.1,0.1)> <sf>, (05, 0.2,0.2)> <s§3>, (0.7,0.2,0.1)>
Ay <sé3), (05, 0.2,0.3)> <s§3>, (0.2,0.1, 0.6)> <sé3), (0.6, 0.2,0.4)> <sf>, (0.5,0.2, 0.3)>

Assuming that the weights of the experts were ¢ = 0.30, e = 0.37, and ¢3 = 0.33, respectively,
then the group SVNL decision matrix could be obtained through aggregating the three individual
decision matrices. The results are listed in the Table 5.

Table 5. Group SVNL decision matrix U.

C1 C2 (& Cy
A (5526, (0.399,0.163,0.330)) (5337, (0.566,0.185,0.144)) (406, (0.566,0.186,0.330)) (5470, (0.335,0.491,0.159))
Ay (5570, (0.611,0.155,0.258))  (s237, (0.602,0.200,0.162)) (5470, (0.666,0.155,0.229)) (5423, (0.514,0.350,0.258))
As (s137,(0.714,0.000,0.155))  (s3.7, (0.365,0.128,0.163))  (s433, (0.611,0.155,0.229)) (5570, (0.633,0.180,0.186))
Ay (s530, (0.432,0.229,0.330)) (5237, (0.271,0.129,0.561))  (ss.63, (0.450,0.159,0.286))  (s3.67, (0.578,0.185,0.209))

The ideal scheme (Table 6) determined by experts represents the optimal results that a supplier
should satisfy, which further serves as a reference point in the aggregation process.

Table 6. Ideal scheme.

C
I (s7,(0.9,0,0))

C
(s7,(0.9,0,0.1))

G
(s7,(1,0,0.1))

Cy
(s6,(0.9,0.1,0))
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We assumed that the weight and the order-inducing vectors of the SVNLWIOWAD were w =
(0.2,0.15,0.3, 0.35)T and T = (5,9,7,4), respectively. Based on the available information, we utilized
the SVNLWIOWAD to calculate the distances between the alternative A; and the ideal scheme I:

SVNLWIOWAD(A1,1) = 6.440, SYNLWIOWAD(A,I) = 5.713,
SVNLWIOWAD(As, 1) = 5.323, SUNLWIOWAD(A4, 1) = 6.810.

Therefore, the ordering of the alternatives through the values of SVNLWIOWAD(A;,I)(i =
1,2,3,4) was A3 > Ay > Ay > A4, which implies that the optimal company Aj is the best choice
for investment.

To conduct a comparative analysis with the existing methods, in this example we utilized the
SVNLWD, SVNLOWAD, and SVNLIOWAD to measure the relative performance of all alternatives to
the ideal scheme, and the aggregation results are listed in the Table 7.

Table 7. Aggregation results.

Aq Ay Ajz Ay Ranking
SVNLWD(A,,I) 6.828 5.836 5.048 6.444 Az > Ay > Ag > Aq
SVNLOWAD(A;,I) 6.466 5.652 4.802 6.460 Az > Ay > Ay > Aq
SVNLIOWAD(A;,I) 6.770 5.788 4.833 6.460 Az > Ay > A1 > Ay

From the Table 7, it is easy to see that the most desirable alternative was A3 for the different
distance measures used, which was the same as the result obtained from the SVNLWIOWAD operator.
We also found that the ranking of alternatives may change for the different distance measures used
because the different operators include different information. The SVNLWD uses the importance of
attributes and the SVNLOWD focuses on the ordered location of the arguments. The SVNLIOWAD
considers the attitudinal character of the decision-makers, while the SVNLIOWAD operator includes
more information than the SVNLIOWAD as its design function of the order-induced variables. It is
worth pointing out that the SVNLWIOWAD operator not only combines the advantages of the existing
methods, but also overcomes some of their shortcomings, so that it can achieve a more scientific and
reasonable result.

5. Conclusions

With the help of SVNLNSs, decision makers may easily evaluate alternatives by linguistic terms
as well as uncertainty degrees, which is very close to human cognition. In order to highlight the
theory and application of SVNLS, in this paper, we explored some distance measures for SVNLSs
from an induced aggregation point of view. Firstly, we put forward the SVNLIOWAD operator, which
is a useful extension of the existing IOWAD operator. Then, a novel induced aggregation distance,
namely the single valued neutrosophic linguistic weighted IOWAD (SVNLWIOWAD) operator, was
developed to overcome the defects of the existing methods. The key feature of the SVNLWIOWAD
is that it extends the functions of the order-inducing variables, which not only induce the order of
arguments, but also moderate the associated weights. Compared with the existing methods, wherein
the order-inducing variables just play the induced function, this dual role enables the SVNLWIOWAD
operator to effectively measure the intrinsic variation of the induced variables on the integration results.
Therefore, it can consider the complex attitudinal characteristics as well as reflect the influence of the
induced variables on the aggregation results by moderating the associated weights. An MAGDM
method, based on the SVNLWIOWAD operator, was further presented, which turned out to be a very
powerful approach to handle decision making problems under SVNL situation. Finally, a numerical
example on investment selection and comparative analysis were utilized to demonstrate the feasibility
and effectiveness of the proposed method.
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For future research, we will consider some methodological extensions and application of
the proposed method with other decision making approaches, such as moving averaging and
probability information.
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Abstract: Nowadays, real world problems are complicated because they deal with uncertainty and
incomplete information. Obviously, such problems cannot be solved by a single technique because
of the multiple perspectives that may arise. Currently, the combination of DEMATEL and the
neutrosophic environment are still new and not fully explored. Previous studies of DEMATEL and
this neutrosophic environment have been carried out based on numerical values to represent a new
scale. Until now, little importance has been placed on the development of a linguistic variable for
DEMATEL. It is important to develop a new linguistic variable to represent opinions based on human
experience. Therefore, to fill this gap, the concept of Interval Neutrosophic Vague Sets (INVS) has
been extended to the linguistic variable that can be used in the decision-making process. The INVS is
useful tool to deal with uncertainty and incomplete information. Additionally, the advantages of
the linguistic variable of INVS allows the greater range of value for membership functions. This
study proposes a new framework for INVS and DEMATEL. In addition, a case study on the quality of
hospital service has been evaluated to demonstrate the proposed approach. Finally, a comparative
analysis to check the feasibility of the proposed method is presented. It demonstrates that different
methods produce different relations and levels of importance. This is due to the inclusion of the INVS
linguistic variable.

Keywords: INVS; DEMATEL; linguistic variable

1. Introduction

Multi Criteria Decision Making (MCDM) was introduced in the mid-1960s, and is still a hot topic
in decision making. The application fields of the MCDM include in-system engineering [1], energy
planning [2,3], supply chain-selection [4], risk management [5], water resources management [6], and
so on. Besides that, Pamucar et al. [7] used the MCDM method to select of the optimal type of hotel
for investment. MCDM can be defined as a systematic and standardized method of decision making
to resolve complex problems [8]. This method requires decision makers to choose the best among a
set of alternatives by comparing them according to the relevant criteria. Today, the Trial Evolution
Laboratory (DEMATEL) method approach is one of the widely known MCDM methods. In the 1970s,
the DEMATEL method was developed to solve complex problems in the identifying relationships
between cause—-effect [9]. In DEMATEL, there are formally four basic steps: the development of a direct
influence matrix, establishing the direct influence matrix, constructing the total influence matrix and
producing the influential relation map. DEMATEL's strengths are as a systematic tool for constructing
and evaluating the structure of complex causal relationships between matrix or diagram variable.
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Generally, crisp numbers are used to represent the existing scale in classical DEMATEL in order to
reflect the ambiguity and vagueness that occur in the decision-making problems. However, several
studies have criticized classical DEMATEL, which is insufficient to resolve ambiguity due to the
input of linguistic experts into the information [10-13]. Thus, the DEMATEL method is extended by
integrating with fuzzy set theory. The combination is called Fuzzy DEMATEL.

Zadeh [14] introduced Fuzzy Sets to overcome the confusion in decision making. Fuzzy DEMATEL
has been successfully applied in various applications. Most of the linguistic variables in DEMATEL
are constructed based on Fuzzy Set. This model has been applied in green supply chain management
practices by [15-17]. Meanwhile Akyuz and Celik [18] used Fuzzy DEMATEL to evaluate critical
operational hazards during the gas freeing process. Atanassov [19] extended the concept of the
fuzzy set to the intuitionistic fuzzy set (IFS). An IFS consists of membership and non-membership
to deal with uncertain information. A study by Govindan et al. [20] applied IFS with DEMATEL to
handle the linguistic impression and ambiguity of human judgment. Another study by Li et al. [21]
used IFS as a linguistic variable with a DEMATEL to identify critical success factors in emergency
management. Hosseini et al. [22] proposed a fuzzy extension of the DAMATEL. In this study, the
linguistic variable is in form of a type 2 fuzzy set to obtain the weight of criteria based on word.
Later, research by Dalalah et al. [23] developed a modified fuzzy DEMATEL where the fuzzy distance
measure is presented. The FPIS and FNIS are used to find similarities of the available alternatives.
There was an attempt made by Abdullah and Zulkifli [24] to propose the integration of fuzzy AHP
and interval type 2 fuzzy DEMATEL. The authors focus on linguistic variables in interval type-2
fuzzy sets (IT2FS) and the expected value for normalizing the upper and lower membership of IT2FS.
Authors in [25] developed an interval type-2 fuzzy set based hierarchical MADM model by combining
DEMATEL and TOPSIS. The inherent complexity that arises in the decision-making problem is solved
using a hierarchical decomposition approach. The interval type-2 fuzzy DEMATEL is used to solve
interdependencies among problem attributes. Baykasoglu et al. [26] proposed fuzzy DEMATEL for the
assessment of criteria, weight of criteria and the hierarchical fuzzy TOPSIS method for the assessment
of alternatives by criteria.

Gray system theory is a good theory that combines with MCDM, and this set is being used
with DEMATEL. Julong [27] implemented the gray system to solve uncertainties and incomplete
information [28-31]. Besides that, the combination between gray—fuzzy and DEMATEL in expert
judgment to evaluate interrelationship of service quality has been done by Tseng [32]. In short,
several kinds of extensions of DEMATEL are used to model uncertainty inherent in the assessment.
Nevertheless, some sources of uncertainty are partially or completely overlooked in the previous
literature [28].

The neutrosophic set is a powerful tool for dealing with uncertainty-related issues, and consists
of the level of truth, indeterminate and false degrees. In recent years, the theory extensions of
neutrosophic have made rapid progress among scholars, such as [33-38]. A considerable amount of
literature has been published on neutrosophic and MCDM, such as Dung et al. [39], who used interval
neutrosophic set with TOPSIS to evaluate personnel selection. In addition, one work [40] suggested
the TOPSIS method for MCDM under a single-valued neutrosophic set, and illustrated it by example.
Abdel-Basset et al. [41] implemented the combination in the neutrosophic context of the Analytic
Hierarchy Process (AHP) and Delphi Method. The authors have highlighted different techniques for
monitoring consistency and evaluating the consensus level of expert opinions. Pamucar et al. [42]
developed a new model which combines linguistic neutrosophic numbers (LNNs) and the weighted
aggregated sum product assessment (WASPAS) for evaluating consultants” work in hazardous goods
transport. In addition, Abdel-Basset et al. [43] developed a combination of the neutrosophic ANP
and VIKOR method to achieve sustainable supplier choice. The triangular neutrosophic numbers
(TriNs) are used in this study to represent a linguistic variable based on opinion experts and decision
makers. However, a combination of neutrosophic, particularly with DEMATEL, has not yet been fully
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explored [44]. The literature published related to DEMATEL and the neutrosophic environment, such as
Abdel-Basset et al. [45] simply represents numerical values without focusing on the linguistic variable.

Most experts cannot give accurate numerical values to represent opinions based on human
experience and rather use linguistic assessments as opposed to numerical values to be more
practical [10,46]. This method seems to lack information on the linguistic parameter, since the
key shortcoming of DEMATEL is that it relies on the input of linguistic experts [12,47]. Hence to fill
this gap, we develop a new linguistic variable under the neutrosophic environment. Our proposed
method can be seen as a DEMATEL framework in which interval neutrosophic vague sets are used as
the linguistic variable. The benefits of our new linguistic variable allow greater range of values for the
membership functions, since a new parameter is added to the interval neutrosophic set. It considers
more range of values while handling the uncertainty that arises in decision-making problems. The
insertion of INVS in DEMATEL gives a new representation of the model.

The remainder of the paper is organized as follows: In Section 2, some fundamental concepts of
interval neutrosophic vague sets is presented. Section 3 discusses the proposed method, and Section 4
introduces an implementation of the proposed method. Finally, Section 5 describes the findings and
proposal for future study.

2. Preliminaries

This section introduces the basic definitions related to the interval neutrosophic vague set (INVS).

Definition 1. [48] Let U be a universe discourse and the interval-valued neutrosophic set S is defined as follows:

5 = (o, ([m(a), ml (@], [nk(a), n (@), [ph(@), P (@) o € U] 1)

where [mé(u),mél(a)] €[0,1], [né(a),ng(a)] €[0,1], [pé(u),plsl(a)] € [0, 1] satisfies 0 < mg(a) + ng(a) +
ps(a) < 3. When the upper and lower limits of my(a), ny(a), pg(a) in INS are equal, the INS is reduced to

SVNS. For notational convenience, we use S = <[mé(a), mg(a)] [ ] [ps ]> to represent

the element S in INS, while the element S refers to an interwl—valued neutrosophzc number (INN).

Definition 2. [49] Let S be a universe discourse U. Then an interval neutrosophic vague set denoted as Siyv is
written as:

Sinv = {a, [Wé( ms ] [”s g(a)],[ﬁé(a),ﬁg(a)] >'a € U} ()

Whose truth membership, indeterminacy membership and falsity-membership functions are
defined as:

75 ) lﬁf ) = [ ] ) = [ o) = [t ]
and p( [ P ] pe (e) [ U+] ©)
where T

+ _ 1_pu—,pu+ _ 1_mu—,

"0 <mlT 4l 4 nlm 4l 4 plt 4 pU <4t

(4)
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Definition 3. [49] Let xjny be an INV'S of the universe U where ¥Ya; € U,

i, (a) = [1,1], ey (a) = [1,1],
ﬁimv (”) = [0, ]/ HEH\]V (a) = [O/ 0]1
Pr, (@) =10,0], 5. (a) =1[0,0]

Then, a unit INVS is denoted as xpyy where1 < i < n.

Definition 4. [49] Let ninv be an INVS of the universe U where ¥a; € U,

Hence, a zero INV'S is denoted as Ny where 1 < i < n.

3. Proposed Method

This section is presented mainly to discuss the development of the INVS-DEMATEL. In this study,
a new linguistic variable for INVS DEMATEL is constructed, and some changes have been made to
DEMATEL without the loss of originality of the DEMATEL method. Figure 1 demonstrates the overall
structure of the proposed method.

...................

N

matrix

total relation matrix

Figure 1. Algorithm of the proposed method.

{ we | Yes
1 C i NewlINVS Step 6: Calculate the
t : truct ' H =
P HAAREER le— | linguistic | sums of rows and
linguistic data : . H
‘ : variable ; columns
.................. 4
Step 2: Aggregate DM'’s 9 Step 7: Make a
NO
preference Are all the causal diagram
1 crisp
value>0? i
Step 3: Step 8: Determine
Deneutrosophication to the threshold value
obtain crisp value and construct NRM
! '
Step 4: Normalize the 4 Step 9: Make
direction relation »| Step 5: Construct the decision

The proposed method consists of nine steps, and is basically similar with the concept of DEMATEL.
However, the difference in the proposed method is especially in the development of the linguistic
variable. The proposed method INVS-DEMATEL uses the linguistic variable developed from the
interval neutrosophic set. Definition of INS in [49] is extended to the new linguistic variable in the
form of IVNS. The aggregation operator is used to aggregate all the experts” opinion. The important
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step is, the total relation matrix should be greater than zero before the casual diagram is obtained. The
threshold value is setup and the degree of importance and net impact is obtained from the NRM.

3.1. Construction of Linguistic Variable

Gabus et al. [9] introduced a 4-degree scale in the classical DEMATEL. The most commonly used
are: the original 4-degree scale and a 3-degree scale, but other scales such as a 5-degree scale or even an
8-degree scale are also available [50]. The linguistic variable under neutrosophic environment SVNS
and INS have been developed by [39,40]. In this study, we have constructed a new linguistic variable
for INVS based on Equation (1). The linguistic variable INVS consists of a 5-degree scale. Table 1
shows the linguistic variables for INS:

Table 1. Linguistic variable [39].

Linguistic Variable Interval Neutrosophic Set

No Influence (NI) 0.1,0.2],[0.5,0.6],[0.7,0.8]

Very Low Influence (LI) 0.2,0.4],[0.5,0.6],[0.5,0.6]
[0.4,0.5],[0.3,0.4]
High Influence (HI) 0.6,0.8],[0.3,0.4],[0.2,0.4]

[ [

[

[
Medium Influence (MI) [0.4,0.6],

[

[

Absolutely Influence (AI) 0.7,0.9],[0.2,0.3],[0.1,0.2]

In order to illustrate this conversion, the linguistic variable of “No Influence” from Table 1 is
considered and calculated as follows:

Step 1: Convert linguistic variable of INS to INVS.

Using the definition of the interval neutrosophic set Equation (1), we have
S = {{a,mg(a),ns(a),ps(a)) : a € U}, where mg(a) = [mé(a),mg(a)] c [0,1], ng(a) = [né(a),ng(a)] -
[0,1] and pg(a) = [pé (a),pél(a)] C [0,1]. Therefore, it is represented as [0.1,0.2], [0.5,0.6], [0.7,0.8].

Using definition of INVS Equation (2)
<{[mL_,mL+],[mu_,mu+]},{[nL_,nL+], [nu_,nuﬂ},{[p“,p“], [pu_,pu+]}>, therefore we obtain

({[o.1,mt+], [mU=,02]},{[0.5,n1 ], [n4=,0.6]}, {[0.7, ] [P, 0.8]}).
Step 2: Calculation of m"*, mU=, nt+, n!=, pl+ pl= is obtained by condition of INVS.

Using Equations (3) and (4) and restated mt =1-pl==1-07=0.23, pL+ =1-mt-=1-01=
09,pY= =1-mU* =1-02=08and pY~ =1-mY* =1-0.2 = 0.8. Therefore, we get:

(1[0.1,0.3],[0.2,0.2)}, {[0.5,n* "], [, 0.6]}, {[0.7,0.9], [0.8,0.8]})

In the definition of INVS, the indeterminate value is free since vague set do not handle
indeterminacy. Therefore, we can assign any value (if possible) for indeterminacy interval. Therefore,
we reach:

({[0.1,0.3],[0.2,0.2}}, {[0.5,0.65], [0.6,0.6]}, {[0.7,0.9], [0.8, 0.8]}).

Step 3: verify the linguistic variable for INVS.

Using condition =0 < m!™ + mY~ +nl= 4+ nt= 4 pb= 4 p= < 47, therefore, we have 0.1+ 0.2 +
0.5+0.6+ 0.7+ 0.8 = 29 and =0 < ml* + mU* 4 nlt 4 nlt 4 plt 4 pl+ <4+,

Therefore, we have 0.3 +0.2 +0.65+ 0.6 + 0.9 + 0.8 = 3.45.

The rest of calculation for the linguistic variable INVS is calculated similarly. Finally, we propose
the linguistic variables that are defined in INVS, as presented in Table 2.

33



Symmetry 2020, 12, 275

Table 2. The new linguistic variable under the Interval Neutrosophic Vague Sets (INVS) concept.

Linguistic Variable Interval Neutrosophic Vague Set
No Influence (NI) ({[0.1,0.3],[0.2,0.2]},{[0.5,0.65], [0.6,0.6]}, {[0.7,0.9], [0.8,0.8]})
Very Low Influence (LI) ({[0.2,0.5], [0.4,0.4]},{[0.5,0.55], [0.5,0.6]},{[0.5,0.8], [0.6,0.6] }
Medium Influence (MI) ({[0.4,0.7], [0.6,0.6]}, {{0.40.45], [0.4,0.5]},{[0.3,0.6], [0.4,0.4]})
High Influence (HI) {{[0.6,0.8], [0.6,0.8]},{[0.3,0.35], [0.3,0.4]},{[0.2,0.4], [0.2,0.4] })
Absolutely Influence (AI) ({[0.7,0.9],[0.8,0.9]},{[0.2,0.25], [0.2,0.3]},{[0.1,0.3], [0.1,0.2]}}

3.2. The INVS DEMATEL Procedures
The procedures of INVS DEMATEL with the new linguistic variable are described as follows:
Step 1: Construct linguistic data using the new linguistic variable.

The decision makers (DMs) constructs a decision matrix based on the proposed INVS linguistic
variable. DMs were asked to determine a score using five linguistic variables that ranged from no
influence to absolute influence based on criteria. The kth DM gave the INVS score a;‘, and the notation
of a;; shows the degree to which DM believes criteria i affects criteria j. The diagonal components are
set to zero for decision making, where:

L e ”’%n
a 0 a
21 2
A= T . (5)
: : 0
k k
anl anz 0

The matrix contains INVSs in the form of
ey = (i pig) = (i g | st [} (i ] [ ) Al pi L ons mnd 1)
Step 2: Aggregate DM’s preferences using the mean operator of INVS.

The membership degrees obtained from the DMs are combined using mean operators of INVS

as follows:
1 &
Xjj = EZ ai.‘]. (6)
k=1
where H is the total number of DMs and <mij, nl-]',pij> =

| e A | A oot A T | R e [P13 'pl ]}>

Step 3: Deneutrosophication process to obtain crisp value.

Deneutrosophication is the method by which a crisp number is collected. The deneutrosophication
formula is as follows:

Step 4: Normalizing the direct relation matrix.

Bij — mL—J,Z.mU— + mL+_~2_mU+ + (1 _ nl— U= )Iu_ + (1 _ nL+_~2_nU+ )nU+
@)
L=y U= _ L+ U+
_(P el )1 _pl- - (P el )1 _pu+
The initial direct-relation is normalized using D = B X S where
1
5= (8)

max b
1<i<nm f 177
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Step 5: Constructing the INVS total relation matrix.

In this step, from the normalized matrix D, the INVS total relation matrix is computed using
Equation (9), where I denotes the identity matrix.

T=Dx(I-D)" ©)
Step 6: Calculating the sum of the rows and columns.

The sum of rows denoted as R and the sum of columns denoted as C are both calculated as using
Equations (10) and (11) as follows:

S

R= Ztij (10)
Li=1  Inx1
o

C= Ztﬁ 11)
=1 lixn

Step 7: Construct a causal diagram.

The graph is constructed by plotting the (R 4 C, R — C) data set. The R + C on the horizontal axis
characterizes as “Prominence” and the vertical axis R — C represents as “Relation”. Generally, when
R — Cis positive, the criterion belongs to the cause group. Otherwise, the criterion belongs to the effect
group if R — C is negative. This diagraph is very useful as a decision-making aid.

Step 8: Set up the threshold value and the network relationship map.

In this step, the threshold value referred as 0 is calculated by measuring the average of the
component in matrix T. Matrix T elements are considered to be zero if they are lower than 8, which
means their effect is lower than other criteria. The network relationship map’s advantages can reflect
the MCDM flow. Each graph node represents the object examined, while the arc between two nodes
shows the direction and strength of the influence relationship [50].

4. Illustrative Example: Hospital Service Quality

The proposed INVS DEMATEL with a new linguistic variable has been tested using a numerical
example provided by [51].

Step 1: Construct the decision matrix with proposed INVS linguistic variable.

Three decision makers are selected to define key success factors for the performance of hospital
service. There are seven criteria involved, which are: F;: well-equipped medical facilities, F,: service
personnel with good communication skills, F3: trusted medical staff with professional competence
of health care, F4: service personnel with immediate-solving abilities, F5: detailed description of the
patient’s condition by the medical doctor, Fs: medical staff with professional skills and F7: pharmacist’s
advice for taking medicine. Table 3 shows DMs analysis based on 7 criteria.
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Table 3. Decision makers” (DMs) analysis of the criteria.

F F F; Fy Fs Fs F;

3 0 HIL,MI,MI MI,MLHI LLHLMI MILLLHI MIALHI NI, HIMI
F»  MI,LLHI 0 MI AL LI HLHLNI HLHL,MI LIL,MLHI LI HIMI
F3;  M,VU,M NI, MI, NI 0 HI, NI, LI NI, MI, Al NI, MI,HI HI,MI, LI
F,  HLHLMI MILALHI LI MIMI 0 ML HI, A NI HLMI NI, Al HI
Fs  HLMIL,MI MI NI, AI MI,MLHI HI,MI,MI 0 NI, MI, HI Al HI, MI
Fe ML NLMI HILMIL,MI ML NI, Al LLHLMI MI,MI,MI 0 LI, MI, AI
F;, HLMLLI ALHLMI LLVLLI HLHL,MI ALHLNI MILHI AI 0

Step 2: Aggregate DM’s preferences using mean operator of INVS.

Equation (6) is used to aggregate the DM’s opinion; for instance the element of 215 can be obtained
as follows:

a1y = 1[04+ 02+ 0.6, 0.7 +0.5 +0.8], (0.6 + 0.4 + 0.6,0.6 + 0.4 + 0.8]},
{[0.4+0.5+40.3,0.45+ 0.55 + 0.35], [0.4+ 0.5 + 0.3,0.5 + 0.6 + 0.4]},
{[0.3+0.540.2,0.6+ 0.8 +0.4], [0.4+ 0.6 +0.2], [0.4 + 0.6 + 0.4]}

= {[0.4,0.67], [0.43,0.6]}, {[0.4,0.43], [0.4,0.5]}, {[0.4, 0.46] }

The rest of the elements are calculated similarly.
Step 3: Deneutrosophication process to obtain crisp value.
Equation (7) is used to obtain crisp value and the result is presented in Table 4.

Table 4. The crisp values of matrix.

F F F; Fy Fs Fg F;
Fq 0.0000 1.2461 1.2461 1.1022 1.1022 1.4383 0.9911 7.1261
F 1.1022 0.0000 1.1789 1.0833 1.3519 1.1789 1.1022 6.9975
F3 0.9011 0.7169 0.0000 0.8756 1.0589 0.7169 1.1022 5.3717
Fy 1.3519 1.4383 1.0044 0.0000 1.4383 0.9911 1.1528 7.3769
Fs 1.2461 1.0589 1.2461 1.2461 0.0000 0.9911 1.4383 7.2267
F¢ 0.9011 1.2461 1.0589 1.1022 1.1425 0.0000 1.1789 6.6297
Fy 1.1022 1.4383 1.0408 1.3519 1.1528 1.4383 0.0000 7.5244

Step 4: Normalizing the INVS direct relation matrix.

Normalizing the direct relation matrix denoted as D can be achieved using Equation (8). The sum
for each row is calculated, and the largest value is obtained by row 7 (see Table 4). Each element in
Table 4 is divided by 7.5244. The result is shown in Table 5.

Table 5. The normalize direct relation matrix.

F F F3 Fy Fs Fg F;
Fq 0.0000 0.1656 0.1656 0.1465 0.1465 0.1912 0.1317
Fp 0.1465 0.0000 0.1567 0.1440 0.1797 0.1567 0.1465
F3 0.1198 0.0953 0.0000 0.1164 0.1407 0.0953 0.1465
Fy 0.1797 0.1912 0.1335 0.0000 0.1912 0.1317 0.1532
F5 0.1656 0.1407 0.1656 0.1656 0.0000 0.1317 0.1912
Fg 0.1198 0.1656 0.1407 0.1465 0.1518 0.0000 0.1567
Fy 0.1465 0.1912 0.1383 0.1797 0.1532 0.1912 0.0000
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Step 5: Construct the INVS total relation matrix.

The total relation matrix T can be computed using Equation (9), where I is denoted as the identity
matrix. Since we have 7 criteria, then identity matrix should be size of 7 X 7. In this step, Maple
software is used to calculate total relation matrix. Table 6 shows total relation matrix.

Table 6. The Interval Neutrosophic Vague Sets (INVS) total relation matrix.

F, E F; F, Fs F F;

I 1.562 1.8104 1.8104 1.7226 1.8214 1.7509 1.768
F, 1.5936 1.5657 1.6528 1.6225 1.7405 1.627 1.6726
I, 1.3341 1.3978 1.3108 1.3572 1.4518 1.336 1.4209
E4 1.8383 1.9587 1.9587 1.7196 1.9871 1.83 1.9091
Fs 1.7028 1.7904 1.7904 1.7354 1.6903 1.7048 1.8053
Fe 1.6069 1.7427 1.7427 1.6584 1.757 1.5243 1.7163
Ey 1.8336 1.9825 1.9825 1.8937 1.9824 1.8957 1.7983

Step 6: Calculating the sum of the rows and columns.

The sums of rows are represented by R and sums of columns represented by C is calculated by
Equations (10) and (11). The R 4 C and R — C values are calculated in which these values reflect the
importance and relation values, respectively. Based on the information in Table 7, the importance
degree R + C of criteria towards hospital service quality is identified as F;GF4bF50FydF1dFsdFs. The
most important criteria that influence the hospital service quality are F; and F4. Meanwhile, Fg and F3
are the least important. The details results are presented in Table 7.

Table 7. The total of rows and columns.

Rank of Rank of
R C R+C Importance R-C Effect Cause/Effect
Fy 12.2457 11.4713 23.717 5 0.7744 4 Cause
F> 11.4747 12.2482 23.7229 4 -0.7735 6 Effect
F3 9.6086 12.2483 21.8569 7 -2.6397 7 Effect
Fy4 13.2015 11.7094 24.9109 2 1.4921 1 Cause
F5 12.2194 12.4305 24.6499 3 -0.2111 5 Effect
Fg 11.7483 11.6687 23.417 6 0.0796 3 Cause
F7 13.3687 12.0905 25.4592 1 1.2782 2 Cause

Step 7: Construct a causal diagram.

The complex causal relationships of criteria can be seen in the causal diagram illustrated in
Figure 2. In addition, it provides valuable insight into solving problems. The horizontal in this diagram
reflects the level of importance of each criterion, while the vertical axis classifies the criteria into the
category of causes and effects.
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Lf 21 22 23 24 25 26

B R-C
Figure 2. Causal diagram.

Figure 2 shows that the criteria with positive values of R — C are Fy, F4, F¢, F7; these criteria are
categorized into a cause group. On the other hand, F¢, F3 and F5 are categorized into the effect group.

Step 8: Setup a threshold value and construct the network relationship map.

The threshold value 0 is obtained by taking the average of the INVS total relation matrix,
0 = 1.7116. The values below the 6 are set by 0, and the values above the 0 are set by 1. Table 8 shows
the new total relation matrix denoted as Ty. Figure 3 displays the graph of the network relationship
map to visualize the existent of mutual influence among the criteria. This map is constructed based on
new total influence in Table 8. It can be seen that F; (well-equipped medical equipment) has arrows
pointing toward the other criteria, which indicates that it has an influence on them. On the other hand,
there are arrows pointing toward F; (well-equipped medical equipment), which indicates that this
criterion is affected by some other criteria.

R-C

Figure 3. Network relationship map.
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Table 8. New total influence.

F F F3 Fy Fs Fg F;
Fq 0 1 1 1 1 1 1
F> 0 0 0 0 1 0 0
F3 0 0 0 0 0 0 0
Fy 1 1 1 1 1 1 1
Fs 0 1 1 1 0 0 1
Fg¢ 0 1 1 0 1 0 1
Fy 1 1 1 1 1 1 1

5. Comparison Analysis

In this section, comparison analysis is performed in order to validate the proposed method. For
this purpose, firstly we present comparative analysis between DEMATEL, Neutrosophic DEMATEL
and the proposed method INVS-DEMATEL. In second section, we compare the INVS-DEMATEL with
two other existing models which are interval-valued hesitant fuzzy sets and Neutrosophic DEMATEL.

5.1. Comparative Analysis

Comparative analysis is performed in this study to observe the accuracy of the DEMATEL’s
modification. Table 9 represents comparative findings of the INVS-DEMATEL method against
DEMATEL and Neutrosophic DEMATEL methods. It can be seen that INVS-DEMATEL reveals an
obvious difference degree of importance and net impact. For example, by using the proposed method,
F7 is the most important criterion. The main reason is that the new linguistic variable is included. Even
though a new linguistic variable is suggested, the proposed method was implemented without losing
the originality of the DEMATEL method. In addition, INVS-DEMATEL introduces a new linguistic
variable that consists of truth, falsity and indeterminacy degrees which are not limited to a single
interval. This set provides interval-based membership when dealing with incomplete and inconsistent
information. Meanwhile, classical DEMATEL uses crisp value to solve the uncertainty problems. The
classical DEMATEL cannot represent the better decision under uncertainty. Besides that, Neutrosophic
DEMATEL is characterized by truth membership, indeterminacy membership and falsity membership.
In real life, some complicated problems cannot be solved by SVNS, but need to use several possible
values. Therefore, INVS is blended with DEMATEL to accurately assess the relationship between
the factors.

Table 9. Comparative results of the different models.

Type of Assessment Degree of Importance & Net Impact

Fy>F4>F5>Fy>F|>Fg>Fs3
Cause criterion: Fq, Fy, Fg, F7
Effect criterion: Fp, F3, F5

INVS-DEMATEL with new linguistic variable
(proposed method)

F3>Fy >Fg>F1>F4>F5>Fy
Neutrosophic DEMATEL Cause criterion: F», F3, Fg
Effect criterion: Fq, Fy, F5, Fy

Fy>Fy>Fg>F;>Fs5>F3>F
DEMATEL Cause criterion: Fq, Fy, F7
Effect criterion: Fp, F3, F5, Fg

5.2. Comparison between INVS-DEMATEL and the Existing Models

In this study, we have used INVSs as a linguistic variable accompanied with DEMATEL. The
development of a new linguistic variable is important to better represent the opinions of experts. The
INVS-DEMATEL is applied in the case study of hospital service quality to represent the effectiveness
of this model. The findings are in the form of a cause and effect group. In this section, we will compare
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our proposed INVS-DEMATEL with two other existing models which are interval-valued hesitant
fuzzy sets DEMATEL [28] and Neutrosophic DEMATEL [45].

Umut et al. [28] integrate interval-valued hesitant fuzzy sets and DEMATEL to better represent the
uncertainty and vagueness in the decision-making problem. The concept of interval-valued hesitant
fuzzy set is a generalization of fuzzy set and hesitant fuzzy set [52]. It consists of the membership
degrees of an element in the form of several possible interval values. However, the interval-valued
hesitant fuzzy set is unable to solve problems that involved indeterminacy. Considering the complexity
of the decision-making process, it is difficult to insert the indeterminacy degree during the process of
collection data in the decision making. This is beyond the scope of interval-valued hesitant fuzzy sets.
Therefore, this integration may lead to incomplete information and results.

Abdel-Baset et al. [45], developed a combination of Neutrosophic and DEMATEL. Neutrosophic
sets involve an indeterminacy degree that helps experts to express their opinions more accurately. The
authors examine the proposed model for selection of supplier. The Neutrosophic DEMATEL method
represents a new scale from 0 to 1 and employs the maximum truth membership degree (), the
minimum indeterminacy membership degree (6) and the minimum falsity membership degree (B) of
a single value neutrosophic number. Nevertheless, in this analysis, authors focused on the numerical
values in order to convey the opinion of the experts without emphasizing linguistic variable growth.
The DEMATEL method requires qualitative evaluation by experts as data input. Therefore, it is better
to represent the experts’ opinion in the form of a linguistic variable.

INVS is able to overcome the classical challenges of DEMATEL methods. INVS is characterized
by multiple intervals instead of a single interval. INVS allows a greater range of value when dealing
with an uncertain and incomplete environment. The use of simple a linguistic variable is not suitable
to express the real preferences of the expert. For this reason, our approach is more focused towards
defining a new linguistic variable in the entire framework INVS-DEMATEL, and without losing the
originality of DEMATEL.

6. Conclusions

A new INVS-DEMATEL has been successfully proposed. We have constructed a new linguistic
variable for INVS based on the definition of INS from previous study. The proposed approach is used
for identifying the key success factors of hospital service quality. The results show that F7 is the most
important criterion and the most influential criterion among these seven criteria, because it has the
highest strength of relation to other criteria. The management should give attention on this criterion
so that the hospital service quality is guaranteed. In addition, F1,Fs, Fs and F7 are categorized as a
cause criteria group. Meanwhile, the effect criterion group were Fy, F3 and F5. A comparative analysis
between the proposed methods and the other existing method has been performed. The results show
that different methods produce difference results. This research contributes to the literature by filling
in the gap of linguistic variable in a neutrosophic environment.

In summary, this research’s main results are as follows:

e In this research, the neutrosophic environment was used to establish the linguistic variable of
the DEMATEL. The new INVS linguistic variable considers more range of value while handling
uncertainty, since a new parameter is added to INS. This is accordance with recommendations by
Rodriguez et al. [53]. It is useful to include the complex linguistic variable to capture information
in different forms and to manage uncertainties of different types within a single framework.

e  The combination of INVS and DEMATEL can manage the complex interactions between criteria.

e Theinsertion of a vague set with a neutrosophic set gives a new result on the degree of importance
and net impact.

As an extension of this study, different types of threshold value should be explored [44].
Additionally, future studies can be extended to another types of aggregation operator. The sensitivity
analysis is recommended for the future studies to show the robustness of INVS DEMATEL and its
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results by changing the criteria weights in different situations. Additionally, the weighted super-matrix
should be computed to become a long-term stable super-matrix.
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Abstract: This paper introduces Single Valued Refined Neutrosophic Set (SVRNS) which is a
generalized version of the neutrosophic set. It consists of six membership functions based on
imaginary and indeterminate aspect and hence, is more sensitive to real-world problems. Membership
functions defined as complex (imaginary), a falsity tending towards complex and truth tending
towards complex are used to handle the imaginary concept in addition to existing memberships in the
Single Valued Neutrosophic Set (SVNS). Several properties of this set were also discussed. The study
of imaginative pretend play of children in the age group from 1 to 10 years was taken for analysis
using SVRNS, since it is a field which has an ample number of imaginary aspects involved. SVRNS
will be more apt in representing these data when compared to other neutrosophic sets. Machine
learning algorithms such as K-means, parallel axes coordinate, etc., were applied and visualized for a
real-world application concerned with child psychology. The proposed algorithms help in analysing
the mental abilities of a child on the basis of imaginative play. These algorithms aid in establishing a
correlation between several determinants of imaginative play and a child’s mental abilities, and thus
help in drawing logical conclusions based on it. A brief comparison of the several algorithms used is
also provided.

Keywords: neutrosophic sets; Single Valued Refined Neutrosophic Set; applications of Neutrosophic
sets; k-means algorithm; clustering algorithms

1. Introduction

Neutrosophy is an emerging branch in modern mathematics. It is based on philosophy and was
introduced by Smarandache and deals with the concept of indeterminacy [1]. Neutrosophic logic is a
generalization of fuzzy logic proposed by Zadeh [2]. A proposition in Neutrosophic logic is either true
(T), false (F) or indeterminate (I). This inclusion of indeterminacy makes the neutrosophic logic capable
of analyzing uncertainty in datasets. Hence, it can be used to logically represent the uncertain and often
inconsistent information in the real world problems. Single Valued Neutrosophic Sets (SVNS) [3] are
an instance of a neutrosophic set which can be used in real scientific and engineering applications such
as Decision-making problems [4-11], Image Processing [12-14], Social Network Analysis [15], Social
problems [16,17] and psychology [18]. The distance and similarity measures have found practical
applications in the fields of psychology for comparing different behavioural and cognitive patterns.

Imaginative or pretend play is one of the fascinating topics in child psychology. It begins around
the age of 1 year or so. It is at its most prominent during the preschool years when children begin
to interact with other children of their own age and begin to access more toys. It is crucial in child
development as it helps in the development of language (sometimes the child language which cannot
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be deciphered by everyone) and also helps nurture the imagination of tiny-tots. However, the factors
determining the level of imaginative play in children are varied and complicated and a study of
them would help one to assess their mental development. It is here that fuzzy neutrosophic logic
comes into play. In this paper, we propose a new notion of Single Valued Refined Neutrosophic Sets
(SVRNS) which is a model structured on indeterminate and imaginary notions, coupled with machine
learning techniques such as heat maps, clustering, parallel axes coordinate, etc., to study the factors
that determine and influence imaginative play in children and how it differs in children with different
abilities and skills.

Every child is born different. The personality and behaviour of children is an interplay of several
different factors. Psychology is a complicated and varied science and open to subjective interpretations.
The study of child psychology in an objective manner can help one uncover several aspects of child
behaviour and also result in early detection of certain mental disorders. One of the key motivations of
this research is to uncover the factors that determine the mental abilities of a child and the extent of their
imagination which helps in predicting their academic and overall performance in later stages. Machine
Learning is slowly but steadily becoming one of the hot topics of computer science. Amalgamation
of machine learning algorithms and psychology on the basis of complex and neutrosophic logic is
certainly exciting and will help to cover new bounds.

This study primarily focuses on the analysis of imaginative play in children on the basis of
neutrosophic logic and draws conclusions on the same with the help of clustering algorithms.
The approach is initialized by generating a finite number of complex and neutrosophic sets determined
by several cognitive, psychological and biological factors that affect imaginative play in the mentioned
age group. The primary advantage here is the ability of such sets to deal with the uncertainty,
imagination and indeterminacy present in the study of pretend play in children in the age group from
1 to 10 years. With the help of this study, we aim to distinguish the contribution of several factors of
imaginative play in children and conclude from the study whether the child has any mental disorders
or not and about the general cognitive skills coupled with imagination. This model will also help in
identifying factors which may contribute to potential psychological disorders in young children at an
early stage and predict the academic performance of the child.

In this research, a new complex fuzzy neutrosophic set is defined which will be used as a model to
study the imaginary and indeterminate behaviour in young children in the age group from 1 to 10 years
by giving them suitable stimuli for imaginary play. The data were collected from different sources with
the help of a questionnaire, observations, recorded sessions and interviews, and after transforming the
data into the proposed new neutrosophic logic, they were fitted into the newly constructed model and
conclusions were drawn from them using a child psychologist as an expert. This model attempts to
discover the extent to which several factors contribute to imaginative play in children of the specified
age group and to detect possibilities of mental disorders such as autism and hyperactivity in young
children on the basis of the trained model.

The paper is organized into seven major sections which are further divided into a few subsections.
Section one is introductory in nature. A detailed analysis of the works related to neutrosophy and its
applications to a few relevant fields are presented in section two. It also provides the gaps that have
been identified in those works. Section 3 introduces Single Valued Refined Neutrosophic Sets (SVRNS)
along with their properties, such as distance measures and related algorithms. It also introduces and
discusses several machine learning techniques used for assessment. The description of the dataset
used for the application of algorithms such as K-means clustering, heat maps, parallel axes coordinate
is given in section four. It also includes the approach involved in processing the data obtained
appropriately into SVRNSs. Section 5 provides an illustrative example of the methods described in
the preceding section. Section 6 details the results obtained from the application of the discussed
algorithms and their respective visualizations. Section 7 discusses the conclusions based on our study
and its future scope.
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2. Related Works

Fink [19] explored the role of imaginative play in the attainment of conservation and perspectivism
with the help of a training study paradigm. Kindergarten children were assigned to certain conditions
such as free play in the presence of an experimenter and a control group. The method of their data
collection was observation. The results indicate that imaginative play can result in new cognitive
structures. The relationship between different types of play experiences and the construction of certain
physical or social concepts were also discussed, along with educational implications.

Udwin [20] studied a group of children who had been removed from harmful family backgrounds
and placed in institutional care. These children were exposed to imaginative play training sessions.
These subjects showed an increase in imaginative behaviour. Age, non-verbal intelligence and fantasy
predisposition were determinants of the subjects’ response to the training programme, with younger,
high-fantasy and high-IQ children being most susceptible to the influence of the training exercises.

Huston-Stein [21] attempted to establish a relationship between social structure and child
psychology by employing methods of direct observations of field experiments. The behaviour was
then categorised on the basis of a set of defined behavioural categories and evaluated on the basis of
suitable metrics. The results focus on establishing correlations between these behavioural categories
and classroom structure and draw conclusions on how such social structures impact imaginative play.

Bodrova [22] related another important parameter, namely academic performance, to imaginative
play. They have established imaginative play as a necessary prerequisite and one of the major sources
of child development. They deduced how imaginative play scenarios require a certain knowledge of
environmental setting and how it affects the academic excellence of a child.

Seja [23] explored another important factor in child psychology—emotions. They attempted to
determine how imaginative play helps to understand the emotional integration of children. The source
of data collected in this study is elementary school children who were tested on verbal intelligence
and by standard psychological tests. Conclusions were drawn on the basis of an extensive statistical
analysis which also attempted to investigate gender differences.

Neutrosophy has given importance to the imprecision and complexity of data. This is an important
reason behind using neutrosophic logic in real life applications. Dhingra et al. [24] attempted to
classify a given leaf as diseased or healthy based on the membership functions of the neutrosophic sets.
Image segmentation into true, false and indeterminate regions after preprocessing was used to extract
features and several classifiers were used to arrive at a classification. A comparative analysis of these
classifiers was also provided.

Several researchers [25-30] dealt with algebraic structures of neutrosophic duplets, which are a
special case of neutrality. Single Valued Neutrosophic Sets (SVNS), which is particular cases of triplet
following the fuzzy neutrosphic membership concepts in their mathematical properties and operations
are dealt by Haibin [31].

Haibin [31] gave the notion of Single Valued Neutrosophic Sets (SVNS) along with their
mathematical properties and set operations. Properties such as inclusion, complement and union were
defined on SVNS. They also gave examples of how such sets can be used in practical engineering
applications. SVNS has found a major application in medical diagnosis. Shehzadi [32] presented the
use of Hamming distance and similarity measures of given SVNSs to diagnose a patient as having
Diabetes, Dengue or Tuberculosis. The three membership functions (truth, falsity and indeterminacy)
were assigned suitable values and distance and similarity measures were applied on them. These
measures were then used to provide a medical diagnosis. Smarandache and Ali [33] provided the
notion of complex neutrosophic sets (CNS). Membership values given to them were of the form a+bi.
Several properties of these sets were defined. These sets find applications in electrical engineering and
decision-making fields. Neutrosophic Refined Sets where defined in [34].

A more refined and precise view of indeterminacy is provided by Kandasamy [35].
The indeterminacy membership function was further categorized as indeterminacy tending towards
truth and indeterminacy tending towards false. Hence, resulting in Double-Valued Neutrosophic
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Set (DVNS). Their properties, such as complement, union and equality were also discussed and
distance measures were also defined on them. On the basis of these properties, minimum spanning
trees and clustering algorithms were described [36]. Dice measures on DVNS were proposed in [37].
The importance given to the indeterminacy of incomplete and imprecise data, as often found in the
real world, is a major advantage of the DVNS and hence, is more apt for several engineering and
medical applications.

The model of Triple Refined Indeterminate Neutrosophic Set (TRINS) was also introduced by
Kandasamy and Smarandache [38]. It categorizes indeterminacy membership function as leaning
towards truth and leaning towards false in addition to the traditional three membership functions of
neutrosophic sets. After defining the several properties and distance measures, the TRINS was used
for personality classification. The personality classification using TRINS has been found to be more
accurate and realistic as compared to SVNS and DVNS. Indeterminate Likert scaling using five point
scale was introduced in [39] and a sentiment analysis using Neutrosophic refined sets was conducted
in [40,41].

To date, the study of imaginative play in children has not been analysed using neutrosophy
coupled with an imaginary concept; thus, to cover this unexplored area, the new notion of Single
Valued Refined Neutrosophic Sets (SVRNS) that represent imaginary and indeterminate memberships
individually were defined. A study of imaginative play in children using Neutrosophic Cognitive
Maps (NCM) model was carried out in [42].

3. Single Valued Refined Neutrosophic Set (SVRNS) and Its Properties

This section presents the definition of Single Valued Refined Neutrosophic Set (SVRNS). These sets
are based on the essential concepts of real, complex and neutrosophic values which takes membership
from the fuzzy interval [0,1]. In a way this can be realized as a mixture of refined neutrosophic sets
coupled with real membership values for imaginary aspect. However SVRNS are different from
traditional neutrosophic sets. The neutrosophic logic is powerful and can model concepts of arbitrary
complexity covering incomplete and imprecise data. Children’s behaviour is one such complicated
and the imprecise branch that can be modelled as objectively as possible by coupling imaginary or
complex nature of data with its indeterminacy.

The concept of SVRNS are defined, developed and described in the following.

3.1. Single Valued Refined Neutrosophic Set (SVRNS)

Definition 1. Let X be a space of points (objects), with a generic element in X denoted by x. A neutrosophic set
A in X is characterised by a truth membership function T (x), a true tending towards complex membership
function TC4 (x), a complex membership function Ca (x), a false tending towards complex membership function
FC4 (x), an indeterminacy membership function 14 (x), and a falsity membership function F (x). For each
point x in X, there are Ty (x), TCp (x), Ca (x), FCa (x), In (x), Fo(x) € [0, 1) and 0 < Ta(x) + TCyx(x) +
Ca(x) +FCa(x) +1a(x) + Fa(x) < 6. Therefore, a Single Valued Refined Neutrosophic Set (SVRNS) A can be
represented by
A={Ta(x), TCa(x),Ca(x),FCa(x),Ia(x), Fa(x))lx € X}.

3.2. Distance Measures of SVRNS

The distance measures of SVRNSs are defined in this section and the related algorithm for
determining the distance is given.

Definition 2. Consider two SVRNSs A and B in a universe of discourse, X = x1, X2, ..., Xn, which are
denoted by

A={(Ta(xi), TCa(xi),Ca(xi) , FCa(xi) 14 (x;), Fa (xi))lx; € X},
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and
B = {(Tg (xi), TCg(xi),Cg (x;),FCp (x;) ,Ip (x;), Fp (x;))lx; € X},

where TA (xl-), TCA (Xi>, CA (xl-), FCA (xl-), IA (Xi), FA (xl-), TB (xl-), TCB (Xl'>, CB (xl-), PCB (xl-), IB (xl-),
Fp(x;) €[0, 1] for every x; € X. Let w; (i=1, 2, ..., n) be the weight of an element x; (i =1, 2,..., n), with
w;>0(i=1,2,...,n)and .} w; = 1. Then, the generalised SVRNS weighted distance is defined as follows:

41(A,B) =7 Y wiITa(x) = Tu(x)l* +1TCA(x)) = TCh ()l +1Ca (x0) = Co(xp)+
i=1

1

IFCa (x;) — FCh(x;)I* + ILa (x;) — I (x1) I + [Fa (x;) = Fg (x;) 1]}

where A > 0.
The above equation reduces to the SVRNS weighted Hamming distance and the SVRNS weighted Euclidean
distance, when A =1, 2, respectively. The SVRNS weighted Hamming distance is given as

dy(A,B) = {% Zwi“TA (x;) = Te(x;)| +1TCa(x;) = TCg(x;)| 4 ICa (x;) — Cp(x;)|+
o1
IFCa(xi) = FCp(x;)| + I1a (x;) — Ig (x;)| + [F o (x;) — Fp(x;)1]}

where A = 1.
The SVRNS weighted Euclidean distance is given as

dy(A,B) = {% Zwi“TA (x;) = Tp(x;)> + TCa(x;) = TCh(x;)I* +ICa (x;) — Cp(x;) P+
i=1

NI

IFCa (x;) = FCp (x;)1* + ILa (x;) — Ip (x:)* + |Fa(x;) = Fp (x;)*]}
where A = 2.

The algorithm to obtain the generalized SVRNS weighted distance d, (A, B) between two SVRNS
A and B is given in Algorithm 1.

Algorithm 1: Generalized SVRNS weighted distance d, (A, B)
Input: X =x;,x2,...,x,, SVRNS A, B where
A={Ta(xi), TCa(xi),Ca (xi) FCa (xi) 14 (xi), Fa (xi))x; € X},
B={Tg(x;), TCg(x;),Cg (x;),FCp (x;),Ig (x;), Fp (x;))lx; € X}, wi(i=1,2,...,n)
Output: d) (A,B)
begin
d/\ <0
for i=1tondo

dy—dy+ Y wil|Ta(x;) = Te(x;)I* +|TCa(x;) — TCp(x;) 1"+

n
i=1
ICa (x;) = Cp(x;)I* + |FCa (x;) — FCp (x;)I* +

\La (x;) = Ig (x;)I* + |Fa (x;) — Fp(x;)1"]

end
d/\ «— d/\ /6

d/\ —d
end

A
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The related flowchart is given in Figure 1.

Start

t

X=x1, x5 ..., xn, SVRNS A, B

l

di=0;i=0

False

True

n
dy—dy+ ) willTa(x;) = To(xi)I* +1TCa(xi) - TCh(xi)I'+
i=1

ICa(x;) = Cp(x;)I* +|FCa(x;) — FCp(x;) [} +
[L4(x;) = Ig(x;)|* +Fa (x;) — FB(-\',')|"]

A

Figure 1. Flow Chart for Generalized SVRNS weighted distance d ).
The generalised SVRNS weighted distance d, (A, B) for A > 0 satisfies the following properties:
if and only if A = B

d/\ (A/ B) :d)\ (Br A)
IfACBCC, CisaSVRNSin X, thend, (A, C)>d, (A, B) andd, (A, C) >d, (B, C)

Ll

3.3. K-Means Algorithm

The K-means algorithm for SVRNS is given in Algorithm 2.
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Algorithm 2: K-means algorithm for clustering SVRNS values

Input: A}, Ay, ..., Ay SVRNS, K—Number of Clusters
Output: K Clusters
begin
Step 1: Choose K different SVRNS A; as the initial centroids, denoted as aj, j=1,..., K
Step 2: Initialize Bj <0, j=1,...,K;// 0 is a vector with all 0’s
Step 3: Initialize nj <0, i=1..,K// nj is the number of points in cluster i
Step 4: Creation of Clusters repeat
fori=1tondo
j < argmind, (Al-, a]-)
jel1,...K)
// From Algorithm 1
assign A; to cluster j

pi—Bjta
n]<—n]+1
end
0(] &,]*11- /K
nj

until Clusters do not change
end

The related flowchart is given in Figure 2.

A, A, ..., A SVRNS, K - No of Clusters
v

Choose K different SVRNS A; as the initial
centroids, denoted as o, j <1, ..., K

1

Initialize p; «0,j=1, ..., K;

Initializen; «0,j=1, ..., K;
|

False

i<n
YTrue

je— argmind,\(A,, aj)
jefl,...K}

{

Assign A; to cluster j

B« p;+a
nj «n; +1

False True

change in K Clusters

clusters

Stop

Figure 2. Flow Chart for k means clustering of SVRNS values.
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We used the following machine learning techniques in this paper after obtaining and processing
the data.

3.4. Other Machine Learning Techniques

The Elbow method is a technique used to find the value of appropriate value of K(Number of
clusters) in K-means clustering. It makes the cluster analysis design consistent. A heat map is a
data visualization technique used to show correlation between two attributes in the form of a matrix
where each value is represented as colours. The Principal Component Analysis (PCA) makes use
of orthogonal transformation to convert a set of observations of variables which might be possibly
correlated, into a set of values of linearly uncorrelated variables called principal components. It is a
widely used statistical technique. Parallel coordinates (also known as Parallel Axes Chart (PAC)) are
highly used for the visualization of multi-dimensional geometry and analysis of multivariate data.
Easy visualization of multiple dimensions is an innate feature of PAC plot, making it simple to analyse
attributes which are associated with other attributes in a similar manner.

4. Dataset Description

Imaginative play is defined as “a form of symbolic play where children use objects, actions or
ideas to represent other objects, actions, or ideas using their imaginations to assign roles to inanimate
objects or people”. During the early stage, “toddlers begin to develop their imaginations, with sticks
becoming boats and brooms becoming horses. Their play is mostly solitary, assigning roles to inanimate
objects like their dolls and teddy bears”. It has proven to be highly beneficial as it results in early
use of language and proper use of tenses and adjectives. It gives the children a sense of freedom and
allows them to be creative in their own space. It helps children make sense of the physical world and
also their inner selves. It can develop with the help of the most basic tools such as a toy mobile or a
cardboard tube.

The data regarding imaginative play in children were collected from the local school and an
orphanage in Vellore, India.

A child psychologist was present throughout the sessions, analyzed and suggested the various
parameters and recorded the observations about each session. The session at each of these places began
with the expert talking to the child about general things and everyday life as an ice-breaker exercise.
This included talking about his/her favourite subjects, parents and treating him/her with biscuits or
chocolates. The surroundings were made as comfortable as possible. The child was then asked to
conduct an imaginary phone call in whichever way he/she liked. The imaginary conversation was
then recorded as video on a phone. The expert made observations that were recorded on paper in a
running hand description. This signified the end of the session.

Overall, 10 such sessions were conducted at the school and 2 were conducted at the orphanage.
The children belonged to the age group of 6 to 8 years. Additionally, in order to make the dataset
diverse as suggested by the expert, 7 videos were taken from the internet in which children conducted
imaginary conversations over the phone. The running hand description thus collected was used by
this expert to assign values to the six membership functions based on which the SVRNS is constructed.

Table 1 provides the parameters which have been used to study imaginative play along with their
description. The parameters 1 to 11 are available in [19] and the other 4 parameters from 12 to 15 are
introduced by us.
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Table 1. Parameter Description.

S.No Parameter Name Description
1 Imaginative Theme (IT) The then.le of Fhe i.mag.inatiye play is assupned by the child and can be based on
a real or imaginative situation and/or setting.
The movements a child may make while s/he conducts the imaginative play are
2 Physical Movements (PM) also an important determinant of the child’s cognitive patterns. They are the
ways in which the child uses his/her body during the play.
They are the ways in which the child moves a part of the body in order to
3 Gestures (G) express an idea or some meaning. They are the non-verbal means of
communication using hands, head, etc.
4 Facial Expressions (FE) The movement of facial muscles for non-verbal communication and also convey
the emotions experienced by the child.
The time duration during which the child engages in the imaginative play
5 Nature and Length of Social  activity can determine the extent of his/her imagination. The nature of any form
Interaction (Nol/Lol) of interaction which may take place during the imaginative play be day-to-day,
meaningful in some way, etc. and even the combination of the two.
They are the objects provided to the child to conduct an imaginative play
6 Play Materials Used (PMU)  activity. The play material used here was a play mobile phone to conduct an
imaginary talk.
7 Way Play Materials were The child’s approach to using the play material provided can give an insight
Used (WPMwu) into his/her imaginative capabilities.
8 Verbalisation (V) Itis ‘the way ?n which thg ghﬂd is expressing his/her feelings or emotions during
the imaginative play activity.
It is an important aspect that child’s mood and state of mind as in if the child is
9 Tone of Voice (Tol) happy, sad or nervous. For example, a high pitched voice may indicate
happiness or excitement.
10 Role Identification (RI) It ig the role a child assumes during the imaginative play and the role s/he
assigns to other people.
11 Engagement Level (EL) It is the extent to which the child involves in the activity of imaginative play.
. It refers to the movement of the eyes during the imaginative play activity. It can
12 Eye Reaction (ER) give insight into the child’s emotiyons durir%g the plagy. m v
13 Cognitive Response (CR) It is the mental process by which the child forms association between things.
14 Grammar and Linguistics It refers to the ability of a child to make grammatically correct sentences with
(GaL) proper sentence structure and syntax.
15 C Whether the child is making sense of the talks, i.e., if the sentences formed are
oherence (C) .
related to one another is called coherence.
Method of Evaluation

The running hand description of the above-mentioned parameters was transformed into a complex

fuzzy neutrosophic sets by the expert/child psychologist, for applying machine learning algorithms
discussed in the earlier section. The methods of evaluation for each parameter as suggested by the
expert are discussed below.

1.

Imaginative Theme: An imaginative theme that is based on the real situation will result in the
increase in the truth membership function and otherwise if the theme is entirely imaginative.
However, since there is always a degree of complex and indeterminacy in this parameter, the
complex and indeterminate membership functions was also assigned certain values from [0,1].
Physical Movements: If physical movements are made, the value of truth membership function will
increase else the falsity membership function will increase. Complex and indeterminacy values
from [0,1] shall be assigned values if movements are difficult to interpret properly or happened to
be imaginary.

Gestures: Similar to physical movements, any gestures made in accordance with the imaginative
activity will result in an increase in the truth membership value and in falsity value otherwise.
Any indeterminate or complex feature will result in values being assigned to indeterminate and
complex respectively from [0,1].

Facial Expressions: Any facial expressions made in accordance with the imaginative activity
conducted will lead to an increase in the truth membership and in falsity membership function
otherwise. Complex and indeterminacy membership functions shall be assigned values if facial
expressions are difficult to interpret properly.
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*

10.

11.

12.

13.

14.

15.

Nature and Length of Social Interaction: Any interaction that is made in accordance with the play
activity will result in an increase in truth membership functions and in falsity membership
functions otherwise. Indeterminate and complex membership functions shall be assigned values
if the interactions are difficult to interpret properly.

Play Materials Used: These are nouns and need not be translated to SVRNS.

Way Play Materials were Used: Any usage of play materials in a realistic manner will lead to an
increase in the truth membership and in falsity membership function otherwise. Complex
and indeterminacy membership functions shall be assigned values if usage is difficult to
interpret properly.

Verbalisation: Any verbalisation that is made in accordance with the play activity will result in an
increase in truth membership functions and in falsity membership functions otherwise. Complex
and indeterminacy membership functions shall be assigned values if the verbalization is difficult
to interpret properly.

Tone of Voice: If the tone of voice is in accordance with the situation of play activity and high, it
will result in an increase in truth membership functions and in falsity membership functions
otherwise. Complex and indeterminacy membership functions shall be assigned values if the
interactions are difficult to interpret properly.

Role Identification: Any role identification that is realistic will lead to an increase in the truth
membership and in falsity membership function otherwise. Complex and indeterminacy
membership functions shall be assigned values if role identification is difficult to interpret properly.
Engagement Level: If the engagement level is high but the theme and role identification are realistic,
truth membership function value increases. If the engagement level is high but the theme and role
identification are imaginative, falsity membership function value increases. Other combinations
of engagement level, theme and role identification will result in assigning values to the other
membership functions.

Eye Reaction: Any eye reaction that is made in accordance with the play activity will result in an
increase in truth membership functions and in falsity membership functions otherwise. Complex
and indeterminacy membership functions shall be assigned values if the eye reaction is difficult
to interpret properly.

Cognitive Response: Any cognitive response that is made in accordance with the play activity
will result in an increase in truth membership functions and in falsity membership functions
otherwise. Complex and indeterminacy membership functions shall be assigned values if the
cognitive is difficult to interpret properly.

Grammar and Linguistics: If the grammar, sentence structure and syntax are correct, the value of
truth membership function will increase. Any error in grammar, syntax or sentence structure will
lead to an increase in the value of falsity membership function. If, however, the linguistics are
difficult to comprehend, indeterminate and complex membership functions’ value will increase.
Coherence: 1f the sentences made are related to one another, the value of truth membership function
will increase. Any incoherence, i.e., making sentences are not related to one another will lead to
an increase in the value of falsity membership function. If, however, the coherence of sentences is
difficult to comprehend, indeterminate and complex membership functions’ value will increase.

5. Illustrative Example

This section provides an example on processing of the data obtained as a running hand description.

On the basis of this description, the expert estimated and evaluated the child. The following example
is based on a video of 3-year-old child and the following observations given by the expert are made in
form of running hand descriptions of the 15 parameters given in Table 2.
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Table 2. Parameter Description for Example.

S.No Parameter Name Description
I The child talks to Mickey Mouse over the phone. The child attempts to discuss

1 Imaginative Theme - N7 ”
something she describes “gross”.

2 Physical Movements The child does not use a lot of her body during the conversation.

3 Gestures The child does not use any significant gestures during the conversation.
The child is cheerful, serious and astonished when she initiates the conversation,

4 Facial Expressions asks something to the receiver and when comes to know about something
“gross” respectively.

5 Nature and Length of Social =~ The child engages in the conversation for about a minute. The interaction is

Interaction mostly day-to-day and the child is rather expressive of her emotions.

6 Play Materials Used The child uses a toy mobile to conduct an imaginative conversation between
herself and Mickey Mouse.

7 y:leydl’lay Materials were The child uses the mobile in a very realistic way.

— The child makes sound and noises in accordance with the mood of the

8 Verbalisation .
conversation.

9 Tone of Voice The tone of the child’s voice is high-pitched. She is very expressive.

e . The child does not assume any role other than herself. However, she does

10 Role Identification ; . . .
imagine herself to be a friend of Mickey Mouse.

1 Engagement Level E?;V‘:i?;d s engagement level is high and she is attentive throughout the play

12 Eye Reaction The child’s eyes widen and narrow during different points of the play activity.

13 Cognitive Response The cognitive response is direct, quick and coherent.

14 Grammar and Linguistics The Chll'd makes gf‘arrgna'tlrcrally correct sentences except she does skip
supportive verbs like “will”.

15 Coherence The sentences made are coherent and in sync with the imaginative conversation.

Table 2 depicts a running hand description of the discussed parameters. These parameters are

then assigned real values by the expert. These values are discussed in Table 3.

Table 3. SVRNS for Example.

S.No Parameter Description SVRNS

1 T Enti.reb/ imaginative theme though the conversation was (0.75,0,0,0,0.25, 0)
realistic

2 PM Not a lot <0,0,0,0,0.25,0.75)

3 G Not a lot <0,0,0,0,0.25,0.75)

4 FE Cheerful, confident, serious (0,0.75,0.25,0, 0, 0)

5 Nol/Lol 1 minute; day-to-day, verbal {0.5,0.25,0.25,0, 0, 0)

6 PMU Mobile NA

7 WPMwu Realistic (0.75,0,0,0,0.25)

8 A% In accordance with imaginative play {0.5,0.25,0.25,0, 0, 0)

9 Tol In accordance with imaginative play; high pitched {0.5,0.25,0.25,0, 0, 0)

10 RI Self {0.5,0,0.25,0,0.25, 0)

11 EL High (0.5, 0.25,0.25, 0,0, 0)

12 ER Widening, narrowing; In accordance with imaginative play (0,0, 0.5, 0, 0.5, 0)

13 CR Direct; In accordance with imaginative play {0.75,0,0,0,0.25,0)

14 GaL Partially correct; In accordance with imaginative play (0.75,0,0.25,0, 0, 0)

15 C In accordance with imaginative play {0.75,0,0,0.25,0, 0)

Likewise the SVRNS tuples for the other data sets was done with the help of the expert. Then

these SVRNS sets are used for analysis using machine learning algorithms.
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6. Results and Discussions

Several libraries such as pandas, numpy, matplotlib, sklearn, seaborn and pylab associated
with Python were used for data visualization. Programming was carried out using python for the
visualization of the previous discussed algorithms, based on the result of elbow curve, K-means
clustering was done. Logical conclusions have been drawn from these visualizations and the role several
determinants play in determining the imaginative capabilities of the child has also been highlighted.

Heat map, which strongly demonstrates the factors of correlation and associativity, has a colour
scale in which lighter shades signify positive correlation and darker shades signify a negative correlation.
Correlation between any two parameters signifies their associated relation. Positive correlation happens
when an increase in one attribute shows an increase in another attribute as well. Negative correlation
happens when an increase in one attribute shows a decrease in another attribute. The heat map, which
strongly demonstrates the factors of correlation and associativity, has a colour scale in which lighter
shades signify positive correlation and darker shades signify a negative correlation. For example,
in Figure 3, which is a heat map for feature T, Grammar and Coherence show extremely positive
correlation whereas Eye Reaction and Role Identification show a negative correlation.

The results from the Figure 3 shows the heatmap for feature T (Truth membership).
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Figure 3. Heat map for feature T.

An elbow curve was plotted to determine the optimal number of clusters for K-means and PCA
K-means clustering. Figure 4 shows our elbow curve for feature T where we can see that the sharp
bend comes at k = 4, thus, 4 clusters are optimal.

In Figure 5, while testing K-means on feature T for the parameters ‘Facial Expression” on the
y-axis against ‘Imaginative Theme’ on the x-axis, it was found that higher concentration of points lies
near x =0.5and y =0.2.
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Figure 5. K-means for feature T.

Then, the data was resolved along its principal components, thus giving a new spatial arrangement
of the feature, which was then clustered again using K-Means. Figure 6 shows the output for PCA
K-Means Clustering for T. A significant deviation of the spatial arrangement of data points is seen
in the figure. Now, the higher concentration of points shift to x = 0.2, y = 0.08. ‘Tone of Voice’
and ‘Engagement Level” are similarly associated with ‘Role Identification” as the co-ordinate axis is
symmetrical about it, as shown in Figure 7.
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Figure 6. PCA K-means for feature T.
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Figure 7. PAC for feature T.

The comparative analysis in Table 4 focuses on five common factors between the four algorithms.
The correlation between any two parameters signifies their associated relation. A positive correlation
happens when an increase in one attribute shows an increase in another attribute as well. A negative
correlation happens when an increase in one attribute shows a decrease in another attribute. The heat
map, which strongly demonstrates the factors of correlation and associativity, has a colour scale in which
lighter shades signify positive correlation and darker shades signify a negative correlation. For example,
in Figure 3, which is a heat map for feature T, Grammar and Coherence show extremely positive
correlation whereas Eye Reaction and Role Identification show a negative correlation. The visibility of
data points is best observed in the PAC graph while the least was observed in the Heat Map, which
focused more on their associativity. Associativity, the reverse of this happened in PAC Graphs and Heat
Maps where associativity in the former decreased due to conflict of interest in the arrangement of axes.
The dynamicity of PAC, unlike for all other graphs, is the highest because the axes can be rearranged
to see which arrangement gives us the best results. However, in K-Means, PCA K-Means and Heat
map, the axes are static and rearranging them does not show any significant change. Scalability is a
measure of how many data points can be represented in the same graph without the loss of visibility.
This was found to be strongest in K-Means and PCA K-means as each point could be seen uniquely on
a 2D Cartesian space.

Table 4. Comparative Analysis.

Factors Heat Map K-Means PCA K-Means PAC Graph
Correlation Strong Weak Weak Weak
Visibility Weak Medium Medium Strong
Associativity Strong Strong Strong Medium
Dynamicity Medium Strong Strong Very Strong
Scalability Medium Strong Strong Medium

7. Conclusions and Future Work

The authors have defined the new concept of Single Valued Refined Neutrosophic Sets (SVRNS)
which is a generalized version of neutrosophic sets which functions using six memberships values.
Furthermore, these SVRNS make use of imaginary values for the memberships. This newly defined
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concept of SVRNS was used to study the imaginative play in children. The model proposed also
consists of distance measures such as Hamming distance and Euclidean distance for two given SVRNSs.

On the basis of expert opinion, the data was successfully transformed into SVRNS. These sets were
helpful in drawing clusters, heat maps, parallel axes coordinate and so on. The pictorial representation
of the results of these algorithms has helped to gain useful insight into the data collected. We were
able to objectively interpret, for instance, the role of factors such as grammar in imaginative play
in children.

On the basis of the data collected and processed to form SVRNSs, we will be able to successfully
develop an artificial neural network (ANN), decision trees and other supervised learning algorithms
in this domain for future research and they will be useful for drawing insights into the role of these
parameters by varying the values of the parameters. Other quality measures such as p-value, confusion
matrix and accuracy can also be drawn from it. Since the data under consideration were small, we
were not able to construct ANN.

For future work, we will study the mentally retarded children in this age group and perform a
comparative analysis with the normal children in this age group.

The model will help us in identifying children with autism and attention deficit hyperactivity
disorder (ADHD) and other psychological disorders. The detection of such disorders if any at an early
stage with the help of our model will help parents and doctors to use the necessary measures to treat
and control them quickly.

The model can be further used for other psychological studies like for modeling destructive
behaviours of alcoholics and bulimic children and/or adults.

With this given dataset, cross culture validation was not done. For future research, we shall
consider the study of cross culture among children and try to generate a variation from cross culture
and its effect or influence on the cognitive and language abilities of children.
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Abbreviations

The following abbreviations are used in this manuscript:

SVNS  Single Valued Neutrosophic Sets

SVRNS  Single Valued Refined Neutrosophic Sets

CNS Complex Neutrosophic Sets

DVNS  Double Valued Neutrosophic Sets

TRINS  Triple Refined Indeterminate Neutrosophic Sets
NCM Neutrosophic Cognitive Maps

PCA Principal Component Analysis

PAC Parallel Axes Chart

ANN Artificial Neural Networks

ADHD  Attention deficit hyperactivity disorder
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Abstract: In the modern world, the computation of vague data is a challenging job. Different theories
are presented to deal with such situations. Amongst them, fuzzy set theory and its extensions produced
remarkable results. Samrandache extended the theory to a new horizon with the neutrosophic set
(NS), which was further extended to interval neutrosophic set (INS). Neutrosophic cubic set (NCS) is
the generalized version of NS and INS. This characteristic makes it an exceptional choice to deal with
vague and imprecise data. Aggregation operators are key features of decision-making theory. In recent
times several aggregation operators were defined in NCS. The intent of this paper is to generalize these
aggregation operators by presenting neutrosophic cubic generalized unified aggregation (NCGUA)
and neutrosophic cubic quasi-generalized unified aggregation (NCQGUA) operators. The accuracy
and precision are a vital tool to minimize the potential threat in decision making. Generally, in
decision making methods, alternatives and criteria are considered to evaluate the better outcome.
However, sometimes the decision making environment has more components to express the problem
completely. These components are named as the state of nature corresponding to each criterion.
This complex frame of work is dealt with by presenting the multi-expert decision-making method
(MEDMM).

Keywords: neutrosophic cubic set (NCS); neutrosophic cubic generalized unified aggregation
(NCGUA); neutrosophic cubic quasi-generalized unified aggregation (NCQGUA); multi-expert
decision-making method (MEDMM)

1. Introduction

In real-life problems complex phenomena occur. One of the complex phenomena is to deal with the
vagueness and uncertainty in data. Because uncertainty is inevitable in problems in different areas of
life, conventional methods have failed to cope with such problems. The big task was to deal with
uncertain information for many years. Many models have been introduced to incorporate uncertainty
into the description of the system. Zadeh presented their theory of Fuzzy sets [1]. The possibilistic
nature of fuzzy set theory attracted researchers to apply it in different fields of sciences like artificial
intelligence, decision making theory, information sciences, medical sciences and more. Due to its
applicability in sciences and daily life problems, fuzzy set has been extended to interval valued fuzzy
sets (IVFS) [2,3], intuitionistic fuzzy sets (IFS) [4], interval valued intuitionistic fuzzy sets (IVIFS) [5],
cubic sets [6], etc. Over the last decades, researchers used it for decision making problems [7-12].
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Smrandache presented the idea of neutrosophic sets (NS) [13]. NS provide the more general plate
form to extend the ideas of classic theory and fuzzy set theory. The NS consists of three components:
truth, indeterminacy and falsehood; all three components are independent, and this makes NS more
general than IFS. In fact, NS is a generalization of IFS [14]. For sciences and engineering problems,
Wang et al. [15] presented single value neutrosophic set (SVNS), which is a class of NS. Wang et al. [16]
further characterized neutrosophic sets to interval neutrosophic set (INS). INS range to an interval
value within [0, 1], which comfort the selectors to make an appropriate choice. Jun et al. [17] combined
INS and NS to form neutrosophic cubic set (NCS). NCS enables us to choose both interval value and
single value membership and indeterminacy and falsehood components. The NCS is the generalization
of all abovementioned predeccessors. For example, if the interval part is not taken into account, the
set becomes NS, and if the second part is not considered, the NS is dealt with. Since the NS is a
generalization of IFS, it is concluded that NCS is the generalization of NS, INS, CS, IFS and fuzzy set.
Due to this nature of NCS, it provides more general plate form for uncertain and vague data.

The aggregation operators are an important component of decision making. The insufficient and
vague data make it challenging for a decision maker to compute the exact decision. This situation can be
minimized by the vague nature of NS and its extensions. The vague nature of NS attracted researchers to
implement it in the different fields of science, engineering and decision-making theory. The researchers
proposed different aggregation operators and multi-criteria decision-making methods in NS and
INS [18-27]. The NCS is the more general form of both NS and INS. This nature attracted researchers
to apply it in different fields like science, engineering and decision-making theory. Khan et al. [19]
presented neutrosophic cubic Einstein geometric aggregation operators. Zhan et al. [28] worked on
multi-criteria decision making on neutrosophic cubic sets. Banerjee et al. [29] used grey rational
analysis (GRA) techniques to neutrosophic cubic sets. Lu and Ye [30] defined cosine measure to
neutrosophic cubic set. Pramanik et al. [31] used similarity measure to neutrosophic cubic set. Shi and
Ji [32] defined Dombi aggregation operators on neutrosophic cubic sets. Ye [33] defined aggregation
operators over the neutrosophic cubic numbers. Alhazaymeh et al. [34] presented hybrid geometric
aggregation operator with application to multi-attribute decision-making method on neutrosophic
cubic sets.

Contribution. The methodologies to measure the generalized aggregations of neutrosophic
cubic values.

- First neutrosophic cubic generalized unified aggregation operators are proposed.

- Second neutrosophic cubic quasi-generalized unified aggregation operators are proposed.

- The multi-expert decision-making method is proposed.

- The method is furnished upon numeric data of EMU European Monitory union as an application.
- Comparison is given between some aggregation operators.

Organization. The remaining manuscript is structured as follows. In Section 2, the preliminary
work is reviewed. In Section 3, the NCGUA operators are defined. In Section 4, the NCQGU operators
are defined. In Section 5, MEDMM is proposed and applied to a numeric data of EMU as an application.
Lastly, the comparison of some aggregation operators is provided.

2. Preliminaries
This section consists of some work that provides the foundation for our work.
Definition 1. [13] A structure N = {(TN(u),IN(u),FN(u))|u eU} is NS, where

{Tn(u),In(u),FN(u) € [07,17]} and Tn(u),In(u),Fn(u) are truth, indeterminacy and falsehood
respectively.
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Definition 2. [15] A structure N = {(TN(u),IN(u),FN(u))|u eU} is SVNS, where
{Tn(u), In(u), Fn(u) € [0,1]} respectively called truth, indeterminancy and falsehood are simply denoted by
N = (Tn, In, EN).-

Definition 3. [16] An INS in U is a structure N = {(TN(u),‘fN(u),fN(u))’ueU} where
{TN(u),TN(u),fN(u) eD[O,l]} are respectively called truth, indeterminacy and falsehood in U, is
simply denoted by N = (TN,TN,I?N). For convenience denoted by N = (TN,TN,EN) by N =
(T = [T} TX] v = [ 1G] B = [ R D)

Definition 4. [16] A structure N = {(u,TN(u),TN(u),fN(u),TN(u),IN(u),FN(u))‘u € U} is NCS in U,
in which (TN = [TL,T%],TN = [IL,IIL\]I],fN = [FL,F%]) is an INS and (T, Iy, Fn) is NS in U, is simply
denoted by N = (T, In, Fn, Tn, In, Fn),[0,0] < Ty + Iy + Fy < [3,3], and 0 < Ty + Iy + Fy < 3.NY
denotes the collection of NCS in U, which is simply denoted by N = (TN,TN, EN, TN, IN, FN).

Definition 5. [28] The sum of two NCS, A = (?A,Zq,fA,TA,IA,FA), where TA = [Tg,Tg],TA =
[1L,15],Fa = [FL,F{] and B = (Ts,Is, Fp, Ts, I, F5), where Tg = |T%, T4 |, Tg = 1%, 1%/], Fp = [FL, FY]
is defined as

— L L LTL U u uru L L _JLjL U u uru LpL pUpu
AoB = (|5 + 1% - 418, T + T = TYTY | [ + 14 - 515, 1Y + 1Y — 1IY1Y], [FLF, FYUFY], TaTs, Ials, Fa + Fp — FaFs)

Definition 6. [28] The product of two NCS, A = (TA,a,fA, TA,IA,FA), where T"A = [TL,TX],TA =
[Ig,lg],fA = [PILA,Pg] and B = (Tp, I, Fp, Tp, Ip, Fi), where Tg = [Tlg, Tg],}}; — [IL,Ig],FB — [FL,Fg]
is defined as

A®B = (|T515, TYTY], [ 15, 181 | [FL + Fh - FLFL, FY + FY — FYFY], Ta + T — TaTs, Ia + I — Ialp, FAFs)
Definition 7. [28] The scalar multiplicationona NCS, A = (TA,E, fA, Ta,la, FA) where TA = [TL , Tg],a =
[Ill;‘, I%],fA = [FILL‘, Fg] and a scalar k is defined

kA = ([1 -1 S1-(- Tg)k], [1 —(-E)1-- Ig)k], [(Fg)k, (Pg)k], (TA), (1) 1-(1- FA)k)

Definition 8. [28] Let A = ([T, TY] [&f, 1Y, [FL, F{], T4, In, Fa), be an NCS and A* =
(11, 1], [1, 1], [0, O], O, O, 1) be maximum NCS, then the cosine measure (Cy,) is defined as
T

C(A) :{E(l—TgH—Ti{H—lg+1—1§{+Pg+F§+TA+1A+1—FA)}, Cl(A) € [0, 1]

For comparison of two NCS cosine measure is used.

3. The Neutrosophic Cubic Generalized Unified Aggregation Operator

The NCGUA operators are the generalization of many aggregation operators. The NCGUA
operators unify several aggregations operators consequent upon their importance to analyze the
imprecise data according to their importance. Moreover, it allows to use arithmetic, quadratic and
geometric aggregation operators. By including a wide range of systems, it can adopt different scenario
without losing any information.
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Definition 9. The NCGUA is defined as, NCGUA(A1, Ay, ..., Ay) =

'3

n Y 1/4;
Cj( Y w{Ai ]) where Cj is the
i=1

j=1

m .
relevance that each sub-aggregation has in the system with C; € [0, 1] and ¥, C; =1 ;wl]. is the ith weight of
j=1
the jth weighing vector W with wf € [0, 1],; = 1,Ay, is the parameter such that A; € R and A; is the argument
value of neutrosophic cubic value.

Definition 10. The further generalization can be expressed as,

5\1/0
m

n
NCGUA(A1, As, ..., Au) = [Z cj[z wlAY
i=1

j=1

1//\]‘]

where 6 € (—oco,00). Usually A remain same but for complex type of aggregation different values can be assumed.

The operation used on NC is defined by [28].
NCGUA operators accomplish properties like monotonicity, boundness and idempotency.

Families of NCGUA Operators

The main aspect of NCGUA operator is that it characterizes a variety of aggregation operators.
The aim of this section is to analyze these sub aggregations operators. First generalized NCOWA,
NCWA and NCPOWA operators are analyzed.

n n n
NCGUA(A4, As, ..., Ay) = G Z wlA; +Cy Z w?A; + Cs Z WA (1)
i=1 i=1 i=1

where A; is the ith largest of A, and w', w?, w® represent the weights corresponding to the NCOWA,

NCWA and NCPOWA operators, A; = 6 = 1.
Note that in NCOWA operator, an additional order is made of (A1, Ay, ..., An), thenitis weighted.

C1=1, Cy=C3=0= NCOWA )
Co=1,C, =C3=0= NCWA 3)
C3=1,C; = C, = 0= NCPOWA (4)

Some other family of aggregation operators can be analyzed by assigning values to A; and 6, these
values depend on the type of problem under discussion.

The averaging aggregation operators have a most practical operator among their competitors,
but in some situations, other operators like geometric, quadratic, cubic operators are in a much better
position to evaluate the values.

e If A =06 =1and for all j, the aggregation operator is deduced to NCUA.

m n
NCUA(A41, A, ..., Ay) = ZCijl].Ai (5)
=1 =1

e IfA—1,0=1 and forallj, the aggregation operator is deduced to NCUG.

m n
NCUG(Ay, Ag,..., A) =Y. G [ 4] ©6)
=1 =1
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e IfA =2, 0=1and forallj, the aggregation operator is deduced to NCUQA.

m

" 1/2
NCUQA(Ay, Ay, ..., Ay) = ch[z wa?] @)
i=1

=1

e IfA—0,0— 0 and forall j, the aggregation operator is deduced to NCGUG.

n

m
NCGUG(Ay, A, Ax) = [[ ¢ [ A )
=1 i=1

e IfA =2, 6=2and for allj, the aggregation operator is deduced to NCQUQA.

1/2

m n 1/2
NCQUQA(Ay, Ay, ..., Ay) = [Z C?(Z. w{Af] ] )
1 i=1

j=

The particular cases of NCUA operators can be analyzed by different values of A and 6 as shown
in Table 1.

Table 1. Types of family of neutrosophic cubic generalized unified aggregation (NCGUA) operators.

A=—00 A—0 A=2 A=c0

60 =—00 Min Min Min Max
6—-0 Min NCUGA Max

o6=1 Min NCUGA max

06=2 Min NCUGA Max

60 =00 Min NCUGA Max

A and 0 have different values in the sub-aggregation operators. Thus, the aggregation operators
have listed aggregation operators above. For further analysis, assume that aggregation operators follow
the weighted averaging aggregation approach. Observe that a different scenario may be constructed
by assigning different values to A and 0. Today’s world has much more complex phenomena; to deal
with such situation, complex aggregation operators become a vital tool. Note that the complex and
simple aggregation operators can be studied by assigning different values not only to A and 6 but to
the weight as well.

4. Neutrosophic Cubic Quasi-Generalized Unified Aggregation Operators

The NCGUA operator can further be generalized by quasi- arithmetic means by neutrosophic
cubic quasi-generalized unified aggregation (NCQGUA) operator. The characteristic of NCQGUA
operators is that they are a generalization of not only NCGUA operators but of some other aggregation
operators by the function introduced in NCQGUA.

1/2]

Definition 11. The NCQGUA operator can be defined as

1/2

NCQGUA(A1, As, ..., Ay) = f].—l[z mcjfj[g]fl[z wlgi(A)
i=1 im1

where f; and g; are strictly continuous monotone functions.

67



Symmetry 2020, 12, 496

The NCQGUA operator can be deduced to a wide range of aggregation operators. The Table 2
illustrates the range generated by NCQGUA operators.

Table 2. Types of family neutrosophic cubic quasi-generalized unified aggregation
(NCQGUA) operators.
gj=a f’.=C]~ NCAO Operator

gji= a? fj =C;j NCQA operator
gj= a! fi=¢G; NCHA operator
g = a® fi=¢C; NCCA operator
gji= a® fi=¢C ﬁ NCGA operator
gji= a? fi= C]. NCAUAQA operator
gji= a! fi= C]T NCHUHA operator
gj= a fi= C;‘ NCUCA operator
gji= a® fi= C? NCUGA operator

In Table 1 it is assumed that g1 = g» = ... = gy for all j.

5. The Application of NCQGUA and NCGUA Operators to Multi-Expert Decision-Making
Method

The NCQGUA and NCGUA aggregation operators are generalized forms of most of the aggregation
operators that can easily be deduced under some special conditions. This characteristic offers a great
advantage when applying them to different MCDM. For this purpose, the multi-expert decision-making
method MEDMM is proposed. This method is specially designed for complex situations where need of
more than one criterion has a further classification, which is the state of nature. In the modern world,
the areal study becomes a vital tool to set foreign policy or investments to a country or region. The
choice of country or region to invest is a risk-taking job. The countries and multinational companies
hire experts for these regions to come up with profitable decisions. For such situation MEDMM is

developed under a NC environment that is a neutrosophic cubic multi-expert decision-making method
(NCMEDMM).

5.1. Algorithm

This decision-making technique, which is specially designed for the problem, has different criteria,
and each criterion has different classifications named as state of nature. The choice of alternatives in
such a situation becomes different from the group decision making studied until now. Due to this
phenomenon the following method is proposed.

The problem consist of n alternatives A = {Aj, Ay As,..., Ay} corresponding to k C =
{C1,C2,C3,...,C} criteria and has S = {S1,52,53,...,5x} m state of nature corresponding to
each criterion.

> Construction of expert’s criteria matrices for each criterion corresponding to the given alternatives
and finite state of nature.

> Transformation of expert criteria matrices to general group expert’s matrix by aggregation operator.

> Transformation of all the general group experts’ matrices to a single matrix by aggregation operator.

> Ranking of alternatives.

5.2. Model Formulation

European Monetary Union EMU is an organization working for the benefit of the EU. The EMU
formation has a lot of micro- and macro-finance decisions to build a productive state. All the areas like
economics, finance, politics, marketing, management and EU laws are taken into account for making
any decision.
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Consider an illustrative example in multi-person decision making in the EMU [35-38]. This type
of problem in macroeconomics usually deals with huge amounts of capital or other variables. This
makes it critical to find the accurate decision; otherwise, a small deviation may cause huge economic
difference in the region. The two different criteria are considered to analyze MPDMM. It is very
common that a decision of EMU is usually influenced by several experts and criteria.

The model consists of the following data.

Criteria

Crl : Internal economic condition.
Cr2 : Global economic condition.

Alternative

A1 : Increase the rates 1%.
A, : Increase the rates 0.5%.
Ajz : No change in rates.

Ay : Decrease the rates 0.5%.
As : Decrease the rates 1%.

State of nature

S1 : Negative growth.
Sy : Growth close to 0.
S3 : Positive growth.

The company collected the data regarding these alternatives. The assumption is that this decision
has potential states of nature benefit corresponding to the two criteria.

Cr1 : Internal economic condition

S1 : Negative growth.

S, : Growth close to 0.

S3 : Positive growth.

Cr2 : Global economic condition.

S1 : Negative growth.

Sy : Growth close to 0.

S3 : Positive growth.

The EMU nominates individuals responsible for this decision which is divided into three groups;
each group provides their opinion regarding the outcome and the possible strategy. The data of expert
1 subject to criterion 1 is shown in Table 3.

Table 3. Expert 1-Criterion 1.

S Sy Ss3

[0.25,0.35], [0.35,0.45], [0.55,0.65], [0.45,0.55], [0.75,0.85], [0.87,0.97]
( 0.45,0.55],0.30, 0.40, 050) ( 0.75,0.85],0.60,0.70, 080) ( 0.75,0.85], 030050 060)
[0.45,0.60], [0.35,0.50], [0.85,0.95], [0.55,0.65], [0.45,0.55], [0.35, 0.48]
( 0.73,0.89],0.30,0.45,0.80 ( 0.30, 0.40],0.75,0.40, 059) ( 0.61,0.81], 040060 070)
As ( [0.45,0.55], [0.65, 0.75], ( [0.40,0.55],[0.43,0.53], ) [0.60,0.75],[0.25,0.35], )
0.25,0.45],0.50,0.30, 0.60 0.45,0.55],0.35,0.50,0.40 040 0.55], 070 0.20, 030
[ o) o ) Y

Aq

A

[0.28,0.37],]0.41,0.53], [0.40,0.50], [0.25,0.35], [0.28,0.40], [0.35,0.43],
0.65,0.78],0.30,0.50, 0.8
[0.60,0.70], [0.48,0.60],

070080 060050080

Ay
040050 03305205
[0.35,0.55], [0.30,0.50],

050060 0.30,0.40,0.40

025 0.45], 030020 0.5
[0.45,0.55],[0.53,0.65],
080085 050058070

|
|
|
|
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The data of expert 1 subject to criterion 2 is shown in Table 4.

Table 4. Expert 1-Criterion 2.

51

S

S3

[0.50,0.60], [0.25,0.35],
[0.45,0.55],0.55.40, 0.50

[0.25,0.35],[0.45,0.55],

050 0.60],0.30,0.45, 050

[0.35,0.45], [0.45,0.55],

050 0.55], 040 0.50, 060 )

[0.65,0.75],]0.50, 0.55],

075 0.85], 070 0.80,0.90

[0.25,0.35],[0.45,0.55],

075 0.85], 030 0.50,0.6

[0.55,0.65],[0.45,0.55],

075 0.85], 050 0.70,0.8

[0.20,0.30], [0.30, 0.40],

050 0.60], 030 0.40,0.60

[0.40,0.55],[0.35,0.45],
050 0.60],0.40, 0.50, 05
[0.65,0.75],[0.75,0.85],
085 0.95],0.70,0.80, 09
[0.45,0.55], [0.55,0.60],

070 0.80],0.50,0.50, 070

[0.60, 070] [0.55,0.65],

06 0.75],0.70,0.50, 070

0
0

[0.50,0.60], [0.55, 0.65],

065 0.75], 040 0.50, 06

[0.20,0.35],[0.35,0.45],

045 0.55], 030 0.40, 05

[0.45, 055] [0.50,0.55],

080 0.90],0.50, 0.60, 07

[0.35,0.45], [0.35,0.45],

[0.75,0.85],0.70,0.50,0.70

0
0
0

|
|
|
|

Subject to this information, the first criterion is weighted as 0.70 and the second criterion as 0.30.
The NCGUA operators are applied to form the general matrix, which represents the matrix of the

group of experts illustrated in Table 5.

Table 5. Expert 1-General result.

S S2 S3
[0.4967,0.5981], [0.4754,0.5785], [0.6670,0.7785],
Ay 0.3214,0.4217], [0.4500,0.5500], 0.7996,0.9324],
[0.4500, 0.5500], [0.6641,0.7656), [0.6641,0.7459],
0.3598, 0.4000, 0.5000 0.4873,0.6131,0.7367 0.3270,0.5000, 0.6000
0.5167,0.6526], 0.7726,0.9033], [0.4655,0.5656],
A 0.3992,0.5155], [0.4975,0.5992], 0.4179,0.5382],
[0.6314, 0.8618], [0.3497, 0.4517}, [0.6217, 0.7915],
0.3868,0.5348,0.8375 0.6211,0.4277,0.5648 0.4000, 0.56810,0.7121
[0.3964,0.4975], [0.4896,0.6227], [0.3502,0.6670],
As 0.5991,0.7017], [0.5549, 0.6663], 0.3500,0.4361],
[0.3476,0.5445], [0.7044, 0.6036], 0.2982,0.4779],
0.4289,0.3497,0.8375 0.4309,0.5757,0.8375 0.6131,0.2662,0.3868
0.3746,0.4718], 0.4155,0.5155], [0.3358, 0.4496],
Ay [0.4223,0.5361], [0.3565,0.4381], 0.3500,0.4360],
[0.4830,0.5862], [0.6646,0.7859], [0.3544, 0.5540],
0.3738,0.5139, 0.6202 0.3496,0.5000, 0.7741 0.3496,0.2780,0.5710
[0.3353,0.4862], 0.6000,0.7000], 0.3817,0.5228],
As 0.3000,0.4718], [0.5020,0.6157], 0.4819,0.5992],
0.5000, 0.6000], [0.6683, 0.7846], [0.7646,0.8500],
0.3000, 0.6000, 0.4687 0.6283,0.5000, 0.607741 0.6328,0.5547,0.7000

The data of expert 2 subject to criterion 1 is shown in Table 6.
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Table 6. Expert 2—Criterion 1.

S S2 S3
A ( [0.22,0.35], [0.40, 0.50], ) ( [0.70,0.75],[0.75,0.85], ) ( [0.70,0.85],[0.15,0.30], )
0.45,0.55],0.30,0.45,0.55 0.70,0.80], 0.60, 0.70, 0.85 0.25,0.35], 080 0.50, 020
Ay ( [0.20,0.30], [0.30, 0.40], ) ( [0.35,0.45],[0.45,0.60], ) ( [0.50,0.60], [0.45,0.55], )
0.60,0.70],0.25,0.45,0.70 0.30,0.40],0.15,0.40,0.1 0.40,0.53], 070 0.30, 060
As ( [0.10,0.25], [0.25,0.75], ) ( [0.25,0.35],[0.40,0.55], ) ( [0.60,0.75],[0.20,0.35], )
0.25,0.45],0.30,0.20,0.50 0.40, 0.50],0.35,0.50, 0.4 0.45,0.55], 070 0.20, 040
Ay ( [0.55,0.65], [0.40, 0.50], ) ( [0.60,0.70],[0.25,0.35], ) ( [0.25,0.40], [0.35,0.43], )
0.45,0.50],0.70,0.50, 0.40 0.45,0.55],0.80,0.50, 0.3 0.75,0.85], 030 0.40, 085
As ( [0.70,0.85], [0.20, 0.40], ) ( [0.70,0.90], [0.40,0.50], ) ( [0.15,0.25],[0.25,0.35], )

0.40,0.50],0.90, 0.20, 0.40

0.50,0.60],0.90, 0.50, 0.40

0.80,0.85], 030 0.30, 070

The data of expert 2 subject to criterion 2 is shown in Table 7.

Table 7. Expert 2—Criterion 2.

S

S

S3

[0.40,0.50], [0.50,0.60],
([055 0.65],0.55.20,0.60
0.30,0.45], [0.50,0.55),
070080 0.20,0.60,0.70
[0.70,0.85], [0.45,0.55),
025 0.35],0.80, 0.50, 0.40
[0.55,0.65], [0.25,0.35],
085095 0.50,0.30,0.80
[0.70,0.80], [0.30,0.40],
( 0.40,0.60],0.85,0.40,0.35

|
|

|
|
|

[0.55,0.65], [0.40, 0.50],
( 0.50,0.65],0.60, 0.45, 06()
[0.10,0.20], [0.30, 0.40],
040 0.50],0.10, 0.40, 045
[0.15,0.25], [0.70, 0.80],
075 0.85],0.20,0.80,0.90
[0.35,0.45], [0.55, 0.60],
ozo 0.30],0.50, 0.50, 030
[0.30,0.40], [0.55, 0.65],
( 0.40,0.50], 0.40, 0.50, 0.50

[0.15,0.25], [0.35,0.55],
0.55,0.65), 040 0.50, 070 )
[0.40,0.50], [0.25,0.35],
0.65,0.75], 040 0.30, 060
[0.30,0.45], [0.35,0.45],
0.55,0.65), 030 0.40, 065
[0.50, o5o] 0.50,0.55],
[040 0.50],0.50, 0.50, 045
[0.35,0.45], [0.35,0.45],
[0.70,0.80],0.40,0.40, 0.70

RE
) o
RE

Subject to this information, the first criterion is weighted as 0.70 and the second criterion as 0.30.
The NCGUA operators are applied to form the general matrix, which represents the matrix of the
group of experts illustrated in Table 8.

Table 8. Expert 2-General result.

S Sz S3
[0.2832,0.4235), [0.6235,0.7135], 0.3523,0.5515),
A [0.4489, 0.5625), [0.6145,0.7023], 0.2523,0.3124],
[0.5423,0.6235), [0.6235,0.7235), 0.3931, 0.4956),
0.4623,0.3233,0.5436 0.6000,0.6123,0.7127 0.6123,0.5000, 0.4456
[0.2645,0.3845], [0.2345,0.3325], 0.4659,0.7152],
Ay 0.4124,0.5142], 0.3854,0.5123], 0.3645,0.4153],
(0.6496,0.7485], [0.3485,0.4489], 0.5189,0.6478],
0.2124,0.5217,0.7000 0.1223,0.4000, 0.6625 0.6478,0.2485,0.5123
[0.4125,0.5689), 0.2134,0.3125], [0.4691,0.6123),
As 0.4351,0.6628), 0.5681,0.7125], 0.3500, 0.4485],
[0.2500, 0.3485], [0.5678, 0.5000} , [0.5986, 0.7458],
0.5489,0.5000, 0.4658 0.2189,0.6456,0.6478 0.3000, 0.4489,0.7674
0.5500,0.6500), [0.4875,0.5825), [0.3825, 0.4658),
Ay (0.3456, 0.4657), [0.3645,0.5621), 0.4360, 0.5032],
(0.6647, 0.7456), [0.3245, 0.6987), 0.5687,0.6689),
0.5987,0.3985, 0.6123 0.4989, 0.6487,0.3000 0.3958,0.4489, 0.6658
[0.7000, 0.8354], [0.5125, 0.6652] , [0.2145, 0.3641],
As 0.2658,0.4680], [0.4658,0.5684], 0.3125,0.4128],
(0.4000,0.5489], [0.4458,0.5482], [0.7458,0.8285],
0.887200,0.3152,0.3254 0.6685,0.5000, 0.4458 0.3456,0.3456,0.7000
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The data of expert 3 subject to criterion 1 is shown in Table 9.

Table 9. Expert 3—Criterion 1.

S S, S3
A ( [0.20,0.40], [0.30, 0.40], [0.55,0.65], [0.60,0.75], ) ( [0.30,0.40], [0.40,0.50],
0.55,0.65],0.30,0.40, 060 [0.70,0.80], 060 0.70,0.75 0.60,0.70],0.30,0.45, 065
Ay ( [0.35, 045] [0.35,0.45], [0.50,0.60], [0.55, 0.65], ) ( [0.50, 060] [0.40,0.50],
0.60,0.75],0.30,0.45, 070 [0.20,0.30], 050 0.55,0.20 0.60,0.75],0.50, 0.50, 070
As ( 055065] [0.60,0.75], ) ( [0.55,0.65], [0.60,0.75], ) ( 060075] [0.25,0.35], )
0.70,0.80], 0.60,0.70,0.75 [0.70,0.80],0.60,0.70,0.75 0.50, 0.60], 0.70,0.20, 0.50
Ay ( 060075] [0.25,0.35], ) ( [0.55,0.65], [0.60,0.75], ) ( 060075] [0.25,0.35], )
0.50, 0.60], 0.70,0.20, 0.50 [0.70,0.80],0.60,0.70,0.75 0.50, 0.60], 0.70,0.20, 0.50
As ( 030040] [0.30,0.40], ) ( [0.60,0.70], [0.45,0.60], ) ( 020040] [0.30,0.40], )
0.55,0.65],0.30,0.40, 0.60 [0.65,0.80],0.60,0.50,0.70 0.55,0.65],0.30,0.40, 0.60

The data of expert 3 subject to criterion 2 is shown in Table 10.

Table 10. Expert 3—Criterion 2.

S, S, S3
A ( [0.35,0.45], [0.35,0.45], [0.55,0.65], [0.60,0.75], ) ( [0.20,0.40], [0.30, 0.40],
0.60,0.75],0.30,0.45, 070 [0.70,0.80], 060 0.70,0.75 0.55,0.65],0.30,0.40, 060
Ay ( [0.55, 065] [0.60,0.75], [0.40,0.55], [0.35,0.45], ) ( [0.35, 045] [0.35,0.45],
0.70,0.80], 0.60, 0.70, 075 [0.50,0.60], 040 0.50,0.50 0.60,0.75],0.30,0.45, 070
As ( 045055] [0.20,0.30], ) [0.45,0.55], [0.20, 0.30], ) ( 060070] [0.55,0.65], )
0.60,0.75],0.50,0.20, 0.60 [0.60,0.75],0.50,0.20, 0.60 0.45,0.55],0.70,0.40, 0.60
Ay ( 055065] [0.45,0.55], ) ( [0.45,0.55], [0.55,0.60], ) ( 035045] [0.35,0.45], )
0.75,0.85],0.50,0.70, 0.80 [0.70,0.80],0.50,0.50,0.70 0.60,0.75],0.30,0.45,0.70
As ( 035045] [0.35,0.45], ) ( [0.45,0.55],[0.20,0.30], ) ( 035045] [0.30,0.40], )
0.60,0.75],0.30,0.45,0.70 [0.60,0.75],0.50, 0.20, 0.60 0.75,0.85],0.70,0.50, 0.70

Subject to this information, the first criterion is weighted as 0.70 and the second criterion as 0.30.
The NCGUA operators are applied to form the general matrix, which represents the matrix of the
group of experts illustrated in Table 11.

Table 11. Expert 3-General result.

51 Sz S3

0.2325,0.4103], 0.5500, 0.6500), [0.2145, 0.4000],

Ay 0.3102,0.4103], 0.6000,0.7500], 0.3185,0.4152],

[0.5645,0.6625], [0.7000, 0.8000], [0.5624,0.6625],
0.3000,0.4102,0.6354 0.6000, 0.7000, 0.7500 0.3000,0.4123,0.6124

0.3960, 0.4952], [0.4215,0.5685], 0.4730,0.5736],

Ay [0.4101, 0.4963], [0.3925, 0.4952}, [0.3912, 0.4925],

0.6000, 0.7652], [0.2402, 0.3446), [0.6000, 0.7500],
0.3446,0.4915,0.7124 0.4781,0.5396, 0.2235 0.4623,0.4921,0.7000

0.5315,0.6319], 0.5315,0.6319], 0.6000,0.7407],

Az [0.5405, 0.6928)], [0.5405, 0.6928), [0.3228,0.5344],

[0.6725, 0.7821], [0.6721, 0.7808}, [0.4852, 0.5842],
0.5748,0.6289,0.7253 0.5742,0.6235,0.7253 0.7000,0.2347,0.5218

0.5904, 0.6500], 0.5315,0.6319), [0.5592,0.7072],

Ay 0.2951,0.3960], 0.5904, 0.7253], (0.2711,0.3713],

0.5547,0.6672], 0.7000,0.8000], (0.5182,0.6235],
0.6581,0.3324,0.5837 0.5714,0.6582,0.7407 0.6446,0.2577,0.5485

[0.3713,0.4103], [0.5736, 0.6746}, [0.2325, 0.4103],

As 0.3102,0.4103], [0.4072,0.5526], (0.3000, 0.4000],

0.5886, 0.6758], [0.4458,0.5482], [0.5823,0.6952],
0.3000,0.4101, 0.6822 0.5972,0.4475, 0.6822 0.6321,0.4103,0.6223

72




Symmetry 2020, 12, 496

Now applying NCGUA operator subject to the weight (0.45,0.35,0.20), the following matrix is

obtained illustrated in Table 12.

Table 12. Collective results of experts.

$1 s> S3

[0.3802,0.5076], [0.5470, 0.6452], 0.5009, 0.6539],

Ay 0.3670,0.5291], (0.5443, 0.6537], 0.5941,0.7656],

[0.5026,0.5964], [0.6565,0.7572], [0.5347,0.6313],
0.3787,0.3731,0.5453 0.6000,0.6123,0.6293 0.4003,0.4811,0.5544

[0.4145, 0.5426], [0.5808, 0.7435], [0.4771, 0.6266],

A [0.4060,0.5112], [0.4399,0.5504], [0.3943, 0.4888],

0.6232,0.8101], [0.3240, 0.3805), 0.5794,0.6548],
0.3064,0.5213,0.7742 0.5053,0.4376,0.5529 0.4874,0.4579,0.6167

[0.4316,0.6806], [0.4178,0.5368], [0.4869,0.6263],

As 0.5354, 0.6867], [0.5523, 0.6884], 0.3764,0.4808],

[0.3534,0.5007], [0.5812, 0.5949], 0.4194,0.4701],
0.4957,0.4457,0.7262 0.3600, 0.6088, 0.7634 0.4902,0.3178,0.5282

[0.4879,0.5788], [0.4659, 0.5647], 0.4512,0.5314],

Ay 0.3720,0.4862], [0.4492, 0.5537], 0.3764,0.5032],

[0.5552, 0.6544], [0.5225,0.7569], 0.4512, 0.6059],
0.4935,0.4309, 0.6104 0.4368,0.5786, 0.6550 0.4126,0.3178,0.6028

[0.5024, 0.6455], [0.5658, 0.6821], 0.2979,0.4495],

As [0.2903,0.4587], [0.4715,0.5874], [0.3925,0.5034],

0.4777,0.5955], [0.5348, 0.6441], 0.7177,0.7881],
0.4384,0.4438,0.4788 0.6356,0.4890, 0.5755 0.5119, 0.4425, 0.6860

Now applying NCGUA operator subject to the weight (0.33,0.33,0.34) the following matrix is

obtained illustrated in Table 13.

Table 13. Aggregated result of experts.

Aq

[0.4808,0.6079),

[0.5117,0.6644],

0.5606, 0.6578],
0.4491,0.4790, 0.5778

Ay

[0.5358, 0.5426),
[0.4135,0.5172],
[0.4899,0.5872],
0.4232,0.4708,0.6613
[0.4467,0.6191],
[0.4927,0.6286),
[0.4414,0.5187],
0.4443,0.4403, 0.6860
[0.4684, 0.5585),
[0.4000,0.5151],
0.5071,0.6688],
0.4460,0.4282,0.6214
[0.4670,0.6028],
0.3892,0.5193],
0.5694,0.6722],
0.5224,0.4577,0.5900

For comparison of NC values, the cosine measure is computed of the alternatives, so that the
values are ranked.

C(A71) = 0.04055,C(A;) = 0.4058, C(As3) = 0.04394, C(A4) = 0.03890, C(As) = 0.03750.
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From this data the ranking is Az > Ay > A1 > Ay > As.

For comparison purposes, some other aggregation operators are considered, and their results
are computed.

The aggregation operators like neutrosophic cubic weighted geometric (NCWG), neutrosophic
cubic probabilistic (NCP), neutrosophic cubic maximum (NCmax) and neutrosophic cubic minimum
(NCmin) operators are also applied to the data. The following results are obtained.

The graphical comparison of these operators is shown in the following figure.

Figure 1: Graphical representation of Operators.

Comparetive Analysis

0.12 T
0.1
0.08
[¢P]
& 0.06
o
Q
N
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0 %
NCWA NCWG NCmax NCmin
Aggegation Operators
mAl mA2 mA3 A4 H A5

Figure 1. Graphical Comparison of different methods.

The following table also illustrates the comparison of these aggregation operators under
the MPDMM.

From the above table with the different alternatives of each decision maker, the alternative in
closest accordance to his interests will be selected; this data indicates that the optimal decision is As.
Thus, the optimal alternative is As.

6. Discussion

Jose et al. [39] analyze the data on fuzzy sets and conclude with the following results.

Comparison of Tables 14 and 15. It is observed that in both tables, the optimal alternative is As,
although individually, some aggregation operators may have different results. The reason may be that
NC has more components compared to the FS, like indeterminate and falsehood. Overall comparison
has the same result, which ensures the validity of this method. But the advantage of NCS over table FS
is that NCS is a generalized version of FS. That is, it enables the expert to deal with inconsistent and
indeterminate data more efficiently than the FS.

74



Symmetry 2020, 12, 496

Table 14. Ranking using different operators.

Operators Ranking
NCWA Ag > Ay > A1 > Ay > Az
NCWG Ay > A1 >A3> A4 > As

NCP As>A3>A1>Ay > Ay
NCmax A5 > Az > A1 > Ay > Ay
NCmin A3 > A5 > Az > A1 > A4

Table 15. Ranking using different operators in fuzzy data.

Operators Ranking
FWA A5 > A3z > A1 > Ay > Ay
FOWA A3 >As>Ary>A1> Ay
FPA A5 > Az > Ap > A1 > Ay
FMax A5 > A3z > A1 > Ay > Ay
FMin Ay >A3 >A5>A1 >A4

7. Conclusions

This paper generalized aggregation operators, such as NCGUA operators, which provide a single
plate form for researchers and experts to deal with different types of aggregation operators. This
generalization helps to work in a complex frame of work where more than one operator is required.
The data involves inconsistent and indeterminate factors and is furnished upon a daily life problem.
The NCGUA operator is further generalized to NCQGUA aggregation operators. Moreover, it can
include complex aggregation operators that deal with complex environments such as problems with a
wide range of sub-aggregations. It is shown that some particular aggregation operators like NCWA,
NCOWA, NCGA, NCOGA, NCmax, NCmin and other aggregation operators can easily be deduced
from NCQGUA or NCGUA operator. A new decision-making method is formed to deal with the
problem in which each criterion is further classified into nature of stats. A numeric example involving
the EMU is provided as an application. It is concluded that the proposed method provides the best
results in comparison to the method previously proposed due to the indeterminate factors involved
in data.

Author Contributions: The author contributed as follow. “Conceptualization, M.K. and M.G.; methodology, M.K.
and M.G.; software, M.K,; validation, M.A., W.C. And M.G.; formal analysis, M.K. and M.G; investigation, M. A.
and W.C,; resources, M.G.; data curation, M.A.; writing—original draft preparation, M.K.; writing—review and
editing, M.K. and M. Gulistan.; visualization, M.K.; supervision, M. Gulistan and M.A.; project administration,
W.C,; funding acquisition, W.C.”. All authors have read and agreed to the published version of the manuscript.

Funding: The authors extend their appreciation to the Deanship of Scientific Research at Majmaah University for
funding this work under Project Number No. RGP-2019- 5.

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

References

Zadeh, L.A. Fuzzy sets. Inform. Control 1965, 8, 338-353. [CrossRef]
Zadeh, L.A. Outline of a new approach to the analysis of complex system and decision processes
interval-valued fuzzy sets. IEEE Trans. 1973, 1, 28—44.

3. Turksen, I.B. Interval-valued strict preference with Zadeh triples. Fuzzy Sets Syst. 1996, 78, 183-195.
[CrossRef]

4. Atanassov, K.; Gargov, G. Interval-valued intuitionistic fuzzy sets. Fuzzy Sets Syst. 1989, 31, 343-349.
[CrossRef]

5. Atanassov, K. Intuitionistic fuzzy sets. Fuzzy Sets Syst. 1986, 20, 87-96. [CrossRef]

6. Jun, Y.B,;Kim, C.S,; Yang, K.O. Cubic sets. Ann. Fuzzy Math. Inform. 2012, 1, 83-98.

75



Symmetry 2020, 12, 496

10.

11.
12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Garg, H.; Singh, S. A novel triangular interval type-2 intuitionistic fuzzy sets and their aggregation operators.
Iran. J. Fuzzy Syst. 2018, 15, 69-93.

Kumar, K.; Garg, H. TOPSIS method based on the connection number of set pair analysis under interval-valued
intuitionistic fuzzy set environment. Comput. Appl. Math. 2018, 37, 1319-1329. [CrossRef]

Kaur, G.; Garg, H. Cubic intuitionistic fuzzy aggregation operators. Int. J. Uncertain. Quantif. 2018, 8,
405-427. [CrossRef]

Rani, D.; Garg, H. Distance measures between the complex intuitionistic fuzzy sets and its applications to
the decision—Making process. Int. ]. Uncertain. Quantif. 2007, 7, 423-439. [CrossRef]

Xu, Z.S. Intuitionistic fuzzy aggregation operators. IEEE Trans. Fuzzy Syst. 2007, 15, 1179-1187.

Xu, Z.S.; Yager, R.R. Some geometric aggregation operators based on intuitionistic fuzzy sets. Int. J. Gen.
Syst. 2006, 35, 417-433. [CrossRef]

Smarandache, F. A Unifying Field in Logics: Neutrosophic Logic. Neutrosophy, Neutrosophic Set, Neutrosophic
Probability; American Research Press: Rehoboth, NM, USA, 1999.

Smarandache, F. Neutrosophic Set—A Generalization of the Intuitionistic Fuzzy Set. In Proceedings of the
IEEE International Conference on Granular Computing, Atlanta, GA, USA, 10-12 May 2006.

Wang, H.; Smarandache, F.; Zhang, Y.Q.; Sunderraman, R. Single valued neutrosophic sets. Multispace
Multistruct. 2010, 4, 410-413.

Wang, H.; Smarandache, F.; Zhang, Y.Q. Interval Neutrosophic Sets and Logic: Theory Applications Computing;
Hexis: Phoenix, AZ, USA, 2005.

Jun, Y.B.; Smarandache, F.; Kim, C.S. Neutrosophic cubic sets. New Math. Nat. Comput. 2015, 8, 41. [CrossRef]
Liu, P; Wang, Y. Multiple attribute decision-making method based on single-valued neutrosophic normalized
weighted bonferroni mean. Neural Comput. Appl. 2014, 25, 2001-2010. [CrossRef]

Abdel-Basset, M.; Zhou, Y.; Mohamed, M.; Chang, V. A group decision making framework based on
neutrosophic vikor approach for e-government website evaluation. J. Intell. Fuzzy Syst. 2018, 34, 4213-4224.
[CrossRef]

Nancy, G.H.; Garg, H. Novel single-valued neutrosophic decision making operators under frank norm
operations and its application. Int. J. Uncertain. Quantif. 2014, 6, 361-375. [CrossRef]

Peng, X.D.; Dai, ].G. A bibliometric analysis of neutrosophic set: Two decades review from 1998-2017. Artif.
Intell. Rev. 2018. [CrossRef]

Li, B.; Wang, J.; Yang, L.; Li, X. A novel generalized simplified neutrosophic number Einstein aggregation
operator. Int. J. Appl. Math. 2018, 48, 67-72.

Biswas, P; Pramanik, S.; Giri, B.C. Topsis method for multi-attribute group decision-making under
single-valued neutrosophic environment. Neural Comput. Appl. 2016, 27, 727-737. [CrossRef]

Ye, J. Exponential operations and aggregation operators of interval neutrosophic sets and their decision
making methods. SpringerPlus 2016, 5, 1488. [CrossRef]

Garg, H.; Nancy, G. Multi-criteria decision-making method based on prioritized muirhead mean aggregation
operator under neutrosophic set environment. Symmetry 2018, 10, 280. [CrossRef]

Garg, H.; Nancy, B. Some hybrid weighted aggregation operators under neutrosophic set environment and
their applications to multicriteria decision-making. Appl. Intell. 2018, 1-18. [CrossRef]

Jha, S.; Kumar, R.; Chatterjee, ].M.; Khari, M.; Yadav, N.; Smarandache, F. Neutrosophic soft set decision
making for stock trending analysis. Evol. Syst. 2019, 1-7. [CrossRef]

Khan, M.; Gulistan, M.; Khan, M.; Smaradache, F. Neutrosophic cubic Einstein geometric aggregatio
operatorswith application to multi-creiteria decision making theory method. Symmetry 2019, 11, 247.
Zhan, ].; Khan, M.; Gulistan, M.; Ali, A. Applications of neutrosophic cubic sets in multi-criteria decision
making. Int. J. Uncertain. Quantif. 2017, 7, 377-394. [CrossRef]

Banerjee, D.; Giri, B.C.; Pramanik, S.; Smarandache, F. GRA for multi attribute decision making in neutrosophic
cubic set environment. Neutrosophic Sets Syst. 2017, 15, 64-73.

Lu, Z.; Ye, J. Cosine measure for neutrosophic cubic sets for multiple attribte decision making. Symmetry
2017, 10, 121-131.

Pramanik, S.; Dalapati, S.; Alam, S.; Roy, S.; Smarandache, F. Neutrosophic cubic MCGDM method based on
similarity measure. Neutrosophic Sets Syst. 2017, 16, 44-56.

Shi, L.; Ye, ]. Dombi aggregation operators of neutrosophic cubic set for multiple attribute deicision making.
Algorithms 2018, 11, 29. [CrossRef]

76



Symmetry 2020, 12, 496

34.

35.

36.

37.

38.

39.

Ye, J. Operations and aggregation methods of neutrosophic cubic numbers for multiple attribute
decision-making. Soft Comput. 2018, 22, 7435-7444. [CrossRef]

Alhazaymeh, K.; Gulistan, M.; Khan, M.; Kadry, S. Neutrosophic cubic Einstein hybrid geometric aggregation
operators with application in prioritization using multiple attribute decision-making method. Mathematics
2019, 7, 346.

Figueira, J.; Greco, S.; Ehrgott, M. Multiple Criteria Decision Analysis: State of the Art Surveys; Springer: Boston,
MA, USA, 2005.

Zavadskas, E.K.; Turskis, Z. Multiple criteria decision making (MCDM) methods: An overview. Technol.
Econ. Dev. Econ. 2011, 17, 397-427. [CrossRef]

Zhou, L.G.; Wu, ].X.; Chen, H.Y. Linguistic continuous ordered weighted distance measure and its application
to multiple attributes group decision making. Appl. Soft Comput. 2014, 25, 266-276. [CrossRef]

Merigo, ].M.; Gil-Lafuente, A.M.; Yu, D.; Llopis-Albert, C. Fuzzy decision making in complex frameworks
with generalized aggregation operators. Appl. Soft Comput. 2018. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

77






g symmetry MPY

Article

Triangular Single Valued Neutrosophic Data
Envelopment Analysis: Application to Hospital
Performance Measurement

Wei Yang !, Lulu Cai %, Seyed Ahmad Edalatpanah 3* and Florentin Smarandache *

1 STATE GRID Quzhou Power Supply Company, Quzhou University, Quzhou 324000, China;
easteryang@163.com

2 Department of Electrical Automation, Quzhou University, Quzhou 324000, China; ysu-fbg@163.com
3 Department of Applied Mathematics, Quzhou University, Quzhou 324000, China
4 Department of Mathematics, University of New Mexico, Gallup, NM 87301, USA; smarand@unm.edu
*  Correspondence: saedalat@yahoo.com
check for
Received: 22 February 2020; Accepted: 18 March 2020; Published: 8 April 2020 updates

Abstract: The foremost broadly utilized strategy for the valuation of the overall performance
of a set of identical decision-making units (DMUs) that use analogous sources to yield related
outputs is data envelopment analysis (DEA). However, the witnessed values of the symmetry or
asymmetry of different types of information in real-world applications are sometimes inaccurate,
ambiguous, inadequate, and inconsistent, so overlooking these conditions may lead to erroneous
decision-making. Neutrosophic set theory can handle these occasions of data and makes an imitation
of the decision-making procedure with the aid of thinking about all perspectives of the decision.
In this paper, we introduce a model of DEA in the context of neutrosophic sets and sketch an
innovative process to solve it. Furthermore, we deal with the problem of healthcare system evaluation
with inconsistent, indeterminate, and incomplete information using the new model. The triangular
single-valued neutrosophic numbers are also employed to deal with the mentioned data, and the
proposed method is utilized in the assessment of 13 hospitals of Tehran University of Medical Sciences
of Iran. The results exhibit the usefulness of the suggested approach and point out that the model has
practical outcomes for decision-makers.

Keywords: single-valued neutrosophic set; triangular neutrosophic number; data envelopment
analysis; healthcare systems; performance evaluation

1. Introduction

As a strong analytical tool for benchmarking and efficiency evaluation, DEA (data envelopment
analysis) is a technique for evaluating the relation efficiency of decision-making units (DMUs),
developed initially by Charens et al. [1] on a printed paper named the Charnes, Cooper, and Rhodes
(CCR) model. They extended the nonparametric method introduced by Farrell [2] to gauge DMUs
with multiple inputs and outputs. The Banker, Charnes, and Cooper (BCC) model is an extension of
the previous model under the assumption of variable returns-to-scale (VRS) [3]. With this technique,
managers can obtain the relative efficiency of a set of DMUs. In time, many theoretical and empirical
studies have applied DEA to several fields of science and engineering, such as healthcare, agriculture,
banking supply chains, and financial services, among others. For more details, the reader is referred to
the studies of [4-14].

Conventional DEA models require crisp information that may not be permanently accessible in
real-world applications. Nevertheless, in numerous cases, data are unstable, uncertain, and complicated;
therefore, they cannot be accurately measured. Zadeh [15] first proposed the theory of fuzzy sets (FSs)
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against certain logic. After this work, many researchers studied this topic; details of some approaches
can be observed in [16-20]. Several researchers also proposed some models of DEA under a fuzzy
environment [21-25].

However, Zadeh's fuzzy sets consider only the membership function and cannot deal with other
parameters of vagueness. To overcome this lack of information, Atanassov [26] introduced an extension
of FSs called intuitionistic fuzzy sets (IFSs). There are also several models of DEA with intuitionistic
fuzzy data: see [27-30].

Although the theory of IFSs can handle incomplete information for various real-world issues,
it cannot address all types of uncertainty such as inconsistent and indeterminate evidence. Therefore,
Smarandache [31,32] established the neutrosophic set (NS) as a robust overall framework that
generalizes classical and all kinds of fuzzy sets (FSs and IFSs).

NSs can accommodate indeterminate, ambiguous, and conflicting information where the
indeterminacy is clearly quantified, and define three kinds of membership function independently.

In the past years, some versions of NSs such as interval neutrosophic sets [33,34], bipolar
neutrosophic sets [35,36], single-valued neutrosophic sets [37-39], and neutrosophic linguistic sets [40]
have been presented. In addition, in the field of neutrosophic sets, logic, measure, probability, statistics,
pre-calculus and calculus, and their applications in multiple areas have been extended: see [41-44].

In real circumstances, some data in DEA may be uncertain, indeterminate, and inconsistent,
and considering truth, falsity, and indeterminacy membership functions for each input/output of
DMUs in the neutrosophic sets help decision-makers to obtain a better interpretation of information.
In addition, by using the NSin DEA, analysts can better set their acceptance, indeterminacy, and rejection
degrees regarding each datum. Moreover, with NSs, we can obtain a better depiction of reality through
seeing all features of the decision-making procedure. Therefore, the NS can embrace imprecise,
vague, incomplete, and inconsistent evidence powerfully and efficiently. Although there are several
approaches to solve various problems under neutrosophic environments, there are not many studies
that have dealt with DEA under NSs.

The utilization of neutrosophic logic in DEA can be traced to Edalatpanah [45]. Kahraman et al. [46]
proposed a hybrid algorithm based on a neutrosophic analytic hierarchy process (AHP) and DEA for
bringing a solution to the efficiency of private universities. Edalatpanah and Smarandache [47], based
on some operators and natural logarithms, proposed an input-oriented DEA model with simplified
neutrosophic numbers. Abdelfattah [48], by converting a neutrosophic DEA into an interval DEA,
developed a new DEA model under neutrosophic numbers. Although these approaches are interesting,
some restrictions exist. One of them is that these methods have high running times, mainly when
we have many inputs and outputs. Furthermore, the main flaw of [48] is the existence of several
production frontiers in the steps of efficiency measure, and this leads to the lack of comparability
between efficiencies.

Therefore, in this paper, we design an innovative simple model of DEA in which all inputs and
outputs are triangular single-valued neutrosophic numbers (TSVNNSs), and establish a new efficient
strategy to solve it. Furthermore, we use the suggested technique for the performance assessment of
13 hospitals of Tehran University of Medical Sciences (TUMS) of Iran.

The paper unfolds as follows: some basic knowledge, concepts, and arithmetic operations on NSs
and TSVNNSs are discussed in Section 2. In Section 3, some concepts of DEA and the CCR model are
reviewed. In Section 4, we establish the mentioned model of DEA under the neutrosophic environment
and propose a method to solve it. In Section 5, the suggested model is utilized for a case study of
TUMS. Lastly, conclusions and future directions are presented in Section 6.

2. Preliminaries

In this section, we discuss some basic definitions related to neutrosophic sets and single-valued
neutrosophic numbers, respectively.
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Smarandache put forward an indeterminacy degree of membership as an independent component
in his papers [31,32], and since the principle of excluded middle cannot be applied to new
logic, he combines non-standard analysis with three-valued logic, set theory, probability theory,
and philosophy. As a result, neutrosophic means “neutral thinking knowledge.” Given this meaning
and the use of the term neutral, along with the components of truth (membership) and falsity
(non-membership), its distinction is marked by fuzzy sets and intuitionistic fuzzy sets. Here, it is
appropriate to give a brief explanation of the non-standard analysis.

In the early 1960s, Robinson developed non-standard analysis as a form of analysis and a branch
of logic in which infinitesimals are precisely defined [49]. Formally, x is called an infinitesimal number
if and only if for any non-null positive integer n we have |x| < 1. Let & > 0 be an infinitesimal number;
then, the extended real number set is an extension of the set of real numbers that contains the classes of
infinite numbers and the infinitesimal numbers. If we consider non-standard finite numbers 17 =1+ ¢
and —0 = 0 — ¢, where 0 and 1 are the standard parts and ¢ is the non-standard part, then 70,17 is
a non-standard unit interval. It is clear that 0, 1, as well as the non-standard infinitesimal numbers
that are less than zero and infinitesimal numbers that are more than one belong to this non-standard
unit interval. Now, let us define a neutrosophic set:

Definition 1 ([31,32,41]) (neutrosophic set). A neutrosophic set in universal U is defined by three membership
functions for the truth, indeterminacy, and falsity of x in the real non-standard ]~0, 1% [, where the summation of
them belongs to [0, 3].

Definition 2 ([34]). If the three membership functions of a NS are singleton in the real standard [0, 1], then a
single-valued neutrosophic set (SVNS) 1 is denoted by:

Y= {(x, Tw(x), L¢(x), v¢(x))|x € U},
which satisfies the following condition:
0 < 7y (x) + 1y (x) +vy(x) < 3.

Definition 3 ([38]). A TSVNN AN = <(a’,am,a“),(bl, bm,b“), (c’, cm,c“)) is a particular single-valued
neutrosophic number (SVNN) whose T 4x (x), t4x (x), and v 4x (x) are presented as follows:

_ Al
M al < x <am™,
(um_al)
1 x=a",
TAN (X) = u_ ’
M am < X < au
(at—a™) -
0 otherwise.
(b"~x) I < m
() b <x<b™,
L (x) = 0 x =b",
AN o (x=b") m u
m " <x<b ,
1 otherwise.
(C"l—x) l < m
(o) c<x<c"
0 c=c",
X) = 7
VAN( ) M Cm <Xx < Cu
(Cu_cm) — 7
1 otherwise.
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Definition 4 ([38]). Let AN = <(al,am,a”), (bl, b, b”), (c’, ™, c”)> and BY = <<dl,dm,d”),
(el,em,e”), (fl,f’",f”)> be two TSVNNs, where their elements are in [L1, Uy]. Then, Equations (1) to (3)
are true:

()AN@B® = <(min(a’+dl Ul) min(a™ +d™, Uy), min(a" + d*, Uy);
(mm(lere ul) min(b™ + €™, Uy ), min(b* + e, Uy ); (1)

(mm(c + f, Ul),mm( + f™,Uy), min(c* + f*,Uy) >
(ii) _AN _ <(_au, _am, —al),(—bu,—bm,—bl), (—Cu,—Cm,—Cl)>, (2)
(iii) AAN = ((Ad', Aa™, Aa"), AV, Ab™, AB"), (Ac, Ac™, Ac*)), A > 0. 3)

Definition 5 ([38]). Consider AN = <(al,am,a”), (bl, bm,b”), (cl, cm,c”)> as a TSVNN. Then, the ranking
function of AR can be defined with Equation (4):

d b )+ 2(a" + B+ )+ (@ B+ )

a_
g(AN) = - 4)
Definition 6 ([20]). Suppose PX and QN are two TSVNNS, then:
(i) PN < QNifand only if &(PY) < &(QN),
(ii) PN < QN ifand only if &(PV) < &(Q).
3. Data Envelopment Analysis
Let a set of n DMUs, with each DMUj (j = 1,2,...,n) using m inputs p;; (i = 1,2,...,m) produce

s outputs g,i(r =1,2,...,s). If DMUj is under con51derat10n then the input-oriented CCR multiplier
model for the relative efficiency is computed on the basis of Equation (5) [1]:

s
Zr 1 9rqro
UiPio

)

0," = max

s.t: ;
Zr=llir%/' <1’ ]':1/2,...,7’1

?1:1”1771']' -
v,u; 20r=1,...,s,i=1,...,m.

where v, and u; are the related weights. The above nonlinear programming may be converted as
Equation (6) to simplify the computation:

S

o' = max Z Or{ro (6)

r=1
s.t:

m

Y uipip =1

i=1
S m ]
Zvrqrj_zuipijSO, i=12,...,n
r=1 i=1

v,u; 20r=1,...,s,i=1,...,m.

The DMU, is efficient if 6,* = 1; otherwise, it is inefficient.
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4. Neutrosophic Data Envelopment Analysis

Like every other model, DEA has been the subject of evolution. One of the critical improvements
in this field is related to circumstances where the information of DMUs is characterized and measured
beneath conditions of uncertainty and indeterminacy. Indeed, one of the traditional DEA models’
assumptions is their crispness of inputs and outputs.

However, it seems questionable to assume the data and observations are crisp in situations
where uncertainty and indeterminacy are inevitable features of a real environment. In addition, most
management decisions are not made based on known calculations, and there is a lot of uncertainty;,
indeterminacy, and ambiguity in decision-making problems. The DEA under a neutrosophic
environment is more advantageous than a crisp DEA because a decision-maker, in the preparation of the
problem, is not obliged to make a subtle formulation. Furthermore, because of a lack of comprehensive
knowledge and evidence, precise mathematics are not sufficient to model a complex system. Therefore,
the approach based on neutrosophic logic seems fit for such problems [31,32]. In this section, we
establish DEA under a neutrosophic environment.

Consider the input and output for the jth DMU as follows:

as by by b3 €1 € 3
Pi]‘] ’ [sz/ Pij pij]f [Pij/ Pij pij]>/

ai b ¢ ap a4y
Pij =\Pij Pij Pij) = <[pijfpij'

a; bl‘ Ci a ap as bl bz Z73 1 Co Cc3
qi’j = <qrj' qrj’ qr]> :<[qr]/ qrj/ qr]] ’ [qrj’ qrj’ qrj]/ [qrj’ qrj/ qr]]>/
which are TSVNNSs. Then, the triangular single-valued neutrosophic CCR model called TSVNN-CCR

is defined as follows: .

ON" = max Z 0 9 1o 7)
r=1
s.t:
m “ee
Y uiPip =1

=1
S e m l..- .
Zvr‘hj—.Z M{PijSO, j=12,...,n
r=1 i=1
v,u; 20r=1,...,5,i=1,...,m.

Next, to solve Model (7), we propose the following algorithm:
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Algorithm 1. The solution of TSVNN-CCR Model

Step 1. Construct the problem based on Model (8).

Model (8):
- 5 a a a b b b c c c
9? = max Z <[Urf/]1m/ Ur qzru’ Urqzjro]' [UV qlro’ r qzro’ Or qsra]f [Urqlm' Z}"[’ira’ UT‘;mD (8)
r=
s.t:

m a ap a3 by by b3 1 I c3
_Zl [WiPigs WiPior WiP iol + (Wi ior WiP igr iP io ], [WiPigs UiPior Ui ] ) = 1
i=

S

a a a3 by by by c [} [
Zl [0rq,j,0rq 1o 0rq ], (00,1 00 G 00 s [00q 00 100G 5] )@
r=
m as a a b3 by b c3 o I3
‘Zl<[_uipij' “UiPjjs —”il’i]'] ’ [—”if’ij/ “Uipjjs —”iPij]/ - [uipij' “UibPij, —”ipij]> <0,
i=

v, up 20r=1,...,s,i=1,...,m.

Step 3. Transform Model (8) into the following model:
. S a S a S a S b S b S b S c S c S 3
o8 = marl( £, 0y £ 00y £ ) (£ 0 £ 0 £ 0l (£, 000 E 0 £ 0l 0
r=1 r=1 r=1 r=1 r=1 r=1 r=1 r=1 r=1
s.t:

m a m
Y UiPiy
i=1 iz

(

¢ m ¢ 5 . m ¢ 5 ¢ m ¢
(Z vrql,j@ z _”ir;,']‘/ x Urqzrj@ z _”iﬁi]‘/ x Urfir]»ﬂ) z _”iplij)> <0,
r=1 i=1 r=1 i=1 r=1 i=1
v u;20r=1,...,5,i=1,...,m.
Step 4. Based on Definitions 4-5, convert TSVNN-CCR Model (9) into crisp Model (10):

a m az m bl m hz m b3 m a1 m c m c3
UiPior ‘21 ”il’io)f():l UiPior ‘21 UipPjos ,Zl UiPio |, '21 UiPjos '21 UiPjos ‘21 uipi ) =1
1= 1= 1= 1= 1= 1= 1=

-

ay m a5 m m » S a m P
U, ® 'Zl —UiPjjs ):1 Urq,;® 'Zl —UiPjjs ):1 Urq,;® _):1 —uipijl,
i= r= i= r= i=

fra- Lo

by m by s by m by s by m by
Vr, i ® Y, —UiPis, X0 ® Y, —uUiPi, X 0rq® Y —uip;il,
] i=1 ] r=1 ] i=1 ] r=1 / i=1 /

B —

ot~ E(0)) = (10)
S a ap as by by b ] c c3
max Zl £(<[Urqm, Urqro' v"qra] ’ [Ur qm’ Or qra’ Urqra]f [quro' Urﬂmr vrqro]>)
r=
s.t:

m a a as b b; b c c 3
'Zl é(<[uipli0’ ”fpzia' uipio} ’ [uiplio’ u,-pziu, ufpio]f [uiﬁio/ uiﬁiu’ uipia] >) =1
i=
S a a a b b b c c c
Z é(<[qulrj/ Or qzrj’qusrj]r [qulrj’ Or qzrj/ UV‘;rj] ’ [qulrj/ U,qzy]-,er;rj]»GB
r=1
m a3 az ay by by by C3 C2 C1
);,1 5(<[—”ipii, —UiPijs —uipij] , [—uz‘P,‘jI —UiPjjs _uipij]r [—uilﬂi,-, —UiPjj —llipi/']>) <0,
v, 20r=1,...,s,i=1,...,m.
Step 5. Run Model (10) and get the optimal efficiency of each DMU.

i

5. Numerical Experiment

In this section, a case study of a DEA problem under a neutrosophic environment is used to reveal
the validity and usefulness of the proposed model.

Case Study: The Efficiency of the Hospitals of TUMS

Performance assessments in healthcare frameworks are a noteworthy worry of policymakers
so that reforms to improve performance in the health sector are on the policy agenda of numerous
national governments and worldwide agencies. In the related literature, various methods such as
least squares and simple ratio analysis have been applied to assess the performance of healthcare
systems (see for instance: [50-52]). Nonetheless, due to the applicability of DEA in the solution of
problems with multiple inputs and outputs, it is most commonly used in healthcare systems [53].
The utilizations of DEA in the healthcare sector can be found in several works of literature, including for
crisp data [54-56], fuzzy data [57,58], and intuitionistic fuzzy data [59]. To the best of our knowledge,
none of these current works assessed the efficiency of healthcare organizations with neutrosophic sets.
Therefore, to assess the efficiency of the mentioned systems under a neutrosophic environment, we
used the proposed model to evaluate 13 hospitals of TUMS. It is worth emphasizing that due to privacy
policies, the names of these hospitals are not shared. Furthermore, for the selection of the most suitable
and acceptable items of the healthcare system, which are commonly used for measuring efficiency
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in the literature, we considered two inputs, namely the number of doctors and number of beds, and
three outputs, namely the total yearly days of hospitalization of all patients, number of outpatient
department visits, and overall patient satisfaction.

For each hospital, we gathered the related data from the medical records unit of the hospitals,
Center of Statistics of the University of Medical Sciences, the reliable library, online resources, and the
judgments of some experts. After collecting data, we found that the information was sometimes
inconsistent, indeterminate, and incomplete. The investigation revealed that several reforms by the
mentioned hospitals and other issues have led to considerable uncertainty and indeterminacy about
the data. As a result, we identified them as triangular single-valued neutrosophic numbers (TSVNNSs).
For example, for “Patient Satisfaction,” we collected data in terms of “satisfaction,” “dissatisfaction,”
and “abstention,” and for each term, the related data was expressed by a triangular fuzzy number.
In addition, each triangular fuzzy number was constructed based on min, average, and max. All data
were expressed by using TSVNNSs, and can be found in Tables 1 and 2.

Table 1. Input information of the nominee hospitals.

bMU Numlﬁ:rlJ :ft Sgoctors Nur:l;l: :)szBeds

1 ([404, 540, 674],[350, 440, 560], [420, 645,700]) {[520, 530, 535],[520, 525, 530], [532, 534, 540])
2 ([119, 136, 182],[122, 125, 137], [125, 178,200]) ([177,180, 188],[173, 175, 179], [185, 189, 195])
3 ([139, 145, 158], [139, 140, 147], [146, 155, 167]) ([208, 214, 218],[195, 209, 215], [210, 217, 230])
4 ([86, 93,151], [83, 85, 87], [89, 138, 160]) ([114, 116, 118],[114, 115, 117], [116, 118, 125])
5 ([84, 93, 143], [84, 89, 120], [90, 140, 155]) ([110, 117,121], [105, 112,120], [113, 119, 128])
6 ([101, 113, 170], [110, 112, 115], [112, 120, 177]) ([101,107, 111], 95, 100, 104], [108, 112, 115])
7 ([561, 694, 864],[510, 640, 750], [582, 857, 930]) {[492, 495, 508], 492, 494, 500 |, [493, 506, 520])
8 ([123, 179, 199], [122, 125, 130], [195, 200, 205]) ([66, 68, 73], (63, 67, 69], (68, 70, 78])

9 ([101, 153, 155],[140, 145, 150], [145, 149, 167]) ([192,195, 198],[185, 193, 197], [194, 196, 205])
10 ([147, 164, 170], 147, 160, 167], [165, 169, 180]) ([333, 340, 357],[335, 338, 350], [338, 347,364])
11 ([130, 158, 192],[110, 144, 173], [146, 177,205]) (|96, 100,114],[97, 99,103], [99, 110, 129])
12 ([128, 137, 187], [128, 133, 164], [134, 184, 199]) ([213, 220, 224], 208, 215, 223], [216, 222, 231])
13 ([151,160,210], [151, 156, 187], [157,207, 222]) ([320,327,331], [315, 322, 330], [323,329,338])

Next, we used Algorithm 1 to solve the performance valuation problem. For example, Algorithm 1
for DMUj can be used as follows:
First, we construct a DEA model with the mentioned TSVNNs:

max 61 ~ ([121.13, 139.24, 140.04], [138.64, 139.14, 139.81],[139.14, 140.02, 141.17))0;®
([38,41, 45],[38, 40, 43], [41, 44, 49])v,&
([104.23, 114.04, 278.51],[102.37, 109.15, 235.72], [104.81, 275.25, 279.88])vs

s.t:
([404, 540, 674],[350, 440, 560], [420, 645,700])u

@([520, 530, 535], [520, 525, 530], [532, 534, 540])u = 1,

(([121.13, 139.24, 140.04], [138.64, 139.14, 139.81], [139.14, 140.02, 141.17))v; & ([38,41, 45],[38, 40, 43],
[41, 44, 49))v; ® ([104.23, 114.04, 278.51],[102.37,109.15, 235.72], [104.81,275.25, 279.88])03)—
(([404, 540, 674],[350, 440, 560], [420, 645,700])u; @ ([520, 530, 535],[520, 525, 530], [532, 534, 540])u>) <0,

(([31.54, 34.93, 38.89],[31.54, 34.15, 38.27],[34.86, 38.15, 39.83])v; @ ([40, 44, 47], [35, 52, 45),
[41, 46, 50])v, & ([34.54, 36.98, 54.82 ], [36.45, 36.80, 41.57], [47.61, 54.25, 55.35] > v3))—
((< [109, 126, 172] , [112, 115, 127], [115, 168,190])u; & [(177,180, 188], [173,175,179], [185,189,195])us) <0,
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(([81.62,82.07,85.51], [81.41,81.94,83.35], [81.78, 85.49,88.16])0; ®([18,20, 29], [19,21,23],
[28,30,35])0, @ [(157.75, 177.57, 264.52 |, [157.75,176.68, 250.75], [180.29, 263.98, 272.16])v3)—
(([139,145,158], [139,140,147], [146,155,167])u; @ ([208,214,218], [195,209,215], [210,217,230])u;) <0,

({[19.54, 20.41, 20.59],[20.15, 20.25, 20.32],[20.54, 20.58, 20.70]yv; @ ([18, 21, 25], [15, 19, 23],
20, 24, 30])v, ®([32.89, 35.56, 87.74 |,[35.25, 35.50, 35.61], [87.50, 87.94, 88.30])v3)—
(([86, 93,151], [83, 85, 87], [89, 138, 160])u; & ([114, 116, 118], [114, 115, 117, [116, 118, 125])u) <0,

(([23.89,24.60,26.09] , [23.56,23.60,23.68], [25.97, 26.35,26.72]) v, & {[30, 36, 41], [34,35,37),
[35,40,57))0, & {[63.23, 69.58, 120.73 ], [63, 65.17, 94.93], [64.47, 118.75, 124.75 |)v3)—
(([84, 93, 143], [84, 89, 120], [90, 140, 155))uy & {[110, 117,121], [105, 112,120], [113, 119, 128])u;) <O,

(([21.33, 21.49, 23.31],[20.94, 24.25, 22.68 |, [21.38, 23.14, 23.94 |)v; & ([50, 55, 60], [50, 53, 57],
56, 59, 70])0, & ([72.84, 82.84, 94.18 |, [82.15, 82.68, 84.89 ], [85.75, 93.50, 97.18 |)v3)—
(([101, 113, 170],[110, 112, 115, [112, 120, 177))u; &([101,107, 111], [95, 100, 104], [108, 112, 115])u,) <O,

(([145.77,148.28,169.01], [145.77,147.16,168.31], [150.69, 168.95,175.18])0; & ([40, 44, 46], [42,43,45],
43, 44,55] )0, @ ([147.59, 150.37,227.12 ], [147.30, 147.45,148. 25), [218.24,224.61,229.63])v3) -
(([561,694, 864], [510,640,750], [582,857,930])u; @ ([492,495,508], [492,494,500 |, [493,506,520])u) < O,
(([11.56, 11.74, 12.96], [11.42, 11.61, 11.98],[11.58, 12.64, 13.16])0; &([60, 75,80], [55,60,62],
[78,83,85])0, @ ([189.37, 202.08, 284.99 ], [189.37, 200.52, 281.63], [270.16, 284.55, 289.12])v3)—
(([123, 179, 199], [122, 125, 130], [195, 200, 205])u; & ([66, 68, 73], [63, 67, 69], [68, 70, 78])uz) < O,

(([57.55,62.67,63.03], [62.15, 62.50, 62.93],[62.50,62.97,63.61])v; & ([32,35,38], [32,33,35],
[34,36,45])v, @ ([14.63,14.85, 29.40], [14.70, 14.75,15.25], [24.75, 28.36, 32.64])v3)—
(([101,153,155], [140,145,150], [145,149,167])u; & ([192,195,198], [185,193,197], [194,196,205])u5) < 0,

(([73.21, 76.03, 81.90 |, [75.76,76.05,76.25), [81.67, 82.27, 82.64]yv; @ ([22,25,40], [20,24,27],
[23,25,29])0, @ ([96.77,97.27,110.39], [96.77,96.89, 105.14], [99.76,108.62, 115.27]yv3 ) —
(([147,164,170], [147,160,167], [165,169,180])u; & ([333, 340,357], [335,338,350], [338,347,364])u2) < 0,

({[22.90,27.71,35.56], [22.90, 26.45, 31.28], [27.92, 34.62,39.41])v; @ ([20, 23,26], [21,22,24],
22, 25,30])0, ® ([171.53,182.46,384.99 |, [171.12, 178.65,210.34], [175.59,270.65, 400.12]yv3 ) —
({[130,158,192], [110,144,173], [146,177,205])u; & ([96,100,114],,[97,99,103], [99, 110, 129])u5) < 0,

(([58.41, 59.12, 60.61], [58.08, 58.12, 58.20], {[60.49, 60.87, 61.24 |)o; ®([25, 31,37], [29,30,32],
([30, 35,52)yv, & ( [59.87, 66.22, 117.37 ], [59.64, 61.81, 9157, [61.11, 115.39, 12139 |)v3)—
(([128, 137, 187, [128, 133, 164], [134, 184, 199])u; & ([213, 220, 224], [208, 215, 223], [216, 222, 231])u,) <0,

(([66.97, 67.68, 69.17], [66.64, 66.68, 66.76],[69.05, 69.43, 69.80])0; @([20, 27,31], [23,26,28],
[24, 30,46))0, ® ([96.97, 103.32, 154.47 |, [96.74, 98.91, 128.67], [98.21, 152.49, 158.50 |)v3)—
({[151,160,210], [151,156,187], [157,207, 222]yu; &{[320,327,331], [315,322,330], [323,329, 338])u5) <0,

v,u; >20,r=1,2,3,i=1,2.
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Table 2. Output information of the nominee hospitals.

DMU

Outputs 1
Days of Hospitalization
(in Thousands)

Outputs 2
Patient Satisfaction (%)

Outputs 3
Number of Outpatients
(in Thousands)

([121.13, 139.24, 140.04],
[138.64, 139.14, 139.81],
[139.14, 140.02, 141.17])

([38,41, 45],
38, 40, 43],
41, 44, 49])

([104.23, 114.04, 278.51],
[102.37, 109.15, 235.72],
[104.81, 275.25, 279.88])

([31.54, 34.93, 38.89],
([31.54, 34.15, 38.27],
)

([40, 44, 47,
35, 42, 45],
(41, 46, 50])

([34.54, 36.98, 54.82],
[36.45, 36.80, 41.57),
[47.61, 54.25, 55.35])

([34.86, 38.15, 39.83]
]/

([81.62, 82.07, 85.51
81.41, 81.94, 83.35],
[81.78, 85.49, 88.16])

([18,20,29],
[19,21,23],
[28,30,35])

([157.75, 177.57, 26452 ],
[157.75,176.68, 250.75),
[180.29, 263.98, 272.16])

([19.54, 20.41, 20.59],
[20.15, 20.25, 20.32],
[20.54, 20.58, 20.70])

([18, 21, 25],
[15, 19, 23],
20, 24, 30])

([32.89, 35.56, 87.74],
[35.25, 35.50, 35.61],
[87.50, 87.94, 88.30])

([23.89, 24.60, 26.09],
23.56, 23.60, 23.68],
[25.97, 26.35, 26.72 ])

([30, 36,41],
34,35, 37],
[35, 40, 57])

([63.23, 69.58, 120.73 ],
(63, 65.17, 94.93],
[64.47, 118.75, 124.75 ])

([21.33, 21.49, 23.31],
[20.94, 24.25, 22.68 ],
[21.38, 23.14, 23.94 ])

([50, 55, 60],
50, 53, 57],
(56, 59, 70])

([72.84, 82.84, 94.18],
[82.15, 82.68, 84.89 |,
85.75, 93.50, 97.18 ])

([145.77, 148.28, 169.01],
[145.77, 147.16, 168.31],
[150.69, 168.95, 175.18])

([40, 44, 46],
[42, 43,45],
43, 44,55])

([147.59, 150.37, 227.12],
[147.30, 147.45, 148.25),
[218.24, 224.61, 229.63])

([11.56, 11.74, 12.96],
[11.42, 11.61, 11.98],
[11.58, 12.64, 13.16])

([60, 75,80],
(55,60, 62],
(78,83, 85])

([189.37, 202.08, 284.99],
[189.37, 200.52, 281.63],
[270.16, 284.55, 289.12])

([57.55, 62.67, 63.03],
[62.15, 62.50, 62.93 ],
[62.50, 62.97, 63.61])

([32, 35,38],
32, 33, 35],
34, 36, 45])

([14.63, 14.85, 29.40 ],
[14.70, 14.75, 15.25 ],
24.75, 28.36, 32.64 ])

10

([73.21, 76.03, 81.90 ],
[75.76, 76.05, 76.25),
81.67, 82.27, 82.64])

([22, 25, 40],
[20, 24, 27],
23, 25, 29])

([96.77, 97.27, 110.39 ],
96.77, 96.89, 105.14],
[99.76, 108.62, 115.27])

11

([22.90, 27.71, 35.56 ],
[22.90, 26.45, 31.28],
[27.92, 34.62, 39.41])

([20, 23, 26],
21,22, 24],
[22, 25,30])

([171.53, 182.46, 384.99 ],
[171.12, 178.65, 210.34],
[175.59, 270.65, 400.12])

12

([58.41, 59.12, 60.61],
58.08, 58.12, 58.20],
[60.49, 60.87, 61.24])

([25, 31,37],
[29, 30, 32],
30, 35, 52])

([59.87, 66.22, 117.37 ],
[59.64, 61.81, 91.57],
[61.11, 115.39, 121.39 )

13

([66.97, 67.68, 69.17],
[66.64, 66.68, 66.76),
(69.05, 69.43, 69.80])

(|20, 27, 31],
[23, 26, 28],
24, 30, 46])

[96.97, 103.32, 154.47 ],
96.74, 98.91, 128.67),
([98.21, 152.49, 158.50 |)

Finally, based on Definition 4, we convert the above model to the following model:

max 0 ~ 138.0608v, +420; + 175.203
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s.t:
529.8333u7 + 529.5833uy, =1,

138.0608v1 +42v; 4 175.2v3 —529.8333u1— 529.5833u, < 0,
35.7792v1 + 43.5v5 + 43.8667v3 —146.916711— 182.0833u, < 0,
83.4025v1 + 24.5v, + 209.9733v3 —148u1— 213up < 0,
20.36v1 + 21.5833v, + 57.1075v3 —104.3333u1— 116.8333u, < 0,
24.9175v14-38v, + 86.5092v3 —110u1— 116.0833u, < 0,
22.6117v1 + 56.4167v, + 86.2525v3 —122.9167u1— 106u, < 0,
156.95920; + 44.4167v, + 180.2492v3 —714.91671u1— 499.5833u, < 0,
12.05330v1 + 71.3333v;, 4 239.9117v3 —165.166711— 68.9167u, < 0,
62.3375v1 + 35.33330, + 20.6075v3 —14611— 194.9167u, < 0,
78.344201 + 25.75v, + 102.4717v5 —163.5u1— 343.9167u, <0,
29.7942v1 + 23.58330, + 231.4342v5 —159.5u1— 104.6667u, < 0,
59.4375v1 + 33.08330, + 83.1492v3 —15411— 219.0833u;, < 0,
67.997501 4 28.1667v, + 120.25v5 —177uq1— 326.0833u, < 0,
v,u; >20,r=1,2,3,i=1,2.

After computations with Lingo, we obtained 6] = 0.6673 for DMU;. Similarly, for the other
DMUs, we reported the results in Table 3. From these results, we can see that DMUs 3, 6, 8, and 11 are
efficient and others are inefficient.

Table 3. The efficiencies of the decision-making units (DMUs) by the triangular single-valued
neutrosophic number-Charnes, Cooper, and Rhodes (TSVNN-CCR) model.

DMUs ErFiciENcY  Ranking

1 0.6673 9
2 0.8057 6
3 1.00 1
4 0.5950 10
5 0.8754 4
6 1.00 1
7 0.7024 7
8 1.00 1
9 0.9116 2
10 0.8751 3
11 1.00 1
12 0.8536 5
13 0.7587 8

To authenticate the suggested efficiencies, these efficiencies were compared with the efficiencies
obtained by the crisp CCR (Model (6)), and are given in Figure 1. In this figure, the efficiencies of
DMUs are found to be smaller for TSVNN-CCR compared to crisp CCR.

It is interesting that DMU 12 is efficient in crisp DEA, but it is inefficient with an efficiency score
of 0.8536 using TSVNN-CCR. Therefore, TSVNN-CCR is more realistic than crisp CCR. In addition,
crisp CCR and TSVNN-CCR may give the same efficiencies for certain data. However, the crisp CCR
model does not deal with the uncertain, indeterminate, and incongruous information. Therefore,
TSVNN-CCR is more realistic than crisp CCR.
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Figure 1. Comparison of suggested and crisp models.

6. Conclusions and Future Work

In this paper, a new approach for data envelopment analysis was proposed in that indeterminacy,
uncertainty, vagueness, inconsistent, and incompleteness of data were shown by neutrosophic sets.
Furthermore, the sorting of DMUs in DEA has been presented, and using a de-neutrosophication
technique, a ranking order has been extracted. The efficiency scores of the proposed model have a
similar meaning and interpretation with the conventional CCR model. Finally, the application of
the proposed model was examined in a real-world case study of 13 hospitals of TUMS. The new
model is appropriate in situations where some inputs or outputs do not have an exact quantitative
value, and the proposed approach has produced promising results from computing efficiency and
performance aspects.

The proposed study had some barriers: first, the indeterminacy, uncertainty, and ambiguity
in the present report was limited to triangular single-valued neutrosophic numbers, but the other
forms of NSs such as bipolar NSs and interval-valued neutrosophic numbers can also be used to
indicate variables characterizing the neutrosophic core in global problems. Second, the presented
model was investigated under a constant returns-to-scale (CRS), but the suggested method can also be
extended under a VRS assumption, so we plan to extend this model to the VRS. Moreover, although
the arithmetic operations, model, and results presented here demonstrate the effectiveness of our
methodology, it could also be considered in other types of DEA models such as network DEA and its
applications to banks, supplier selection, tax offices, police stations, schools, and universities. While
developing data envelopment analysis, models based on bipolar and interval-valued neutrosophic
data is another area for further studies. As for future research, we intend to study these problems.
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Abbreviations: List of Acronyms

DEA Data Envelopment Analysis
DMU Decision-Making Units
CCR model Charnes, Cooper, Rhodes model

BCC model Banker, Charnes, Cooper model

CRS Constant Returns-to-Scale

VRS Variable Returns-to-Scale

AHP Analytic Hierarchy Process

TUMS Tehran University of Medical Sciences

FS Fuzzy Set

IFS Intuitionistic Fuzzy Set

NS Neutrosophic Set

SVNS Single-Valued Neutrosophic Set

TSVNN Triangular Single-Valued Neutrosophic number
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Abstract: Dynamic multi-criteria decision-making (DMCDM) models have many meaningful
applications in real life in which solving indeterminacy of information in DMCDM s strengthens the
potential application of DMCDM. This study introduces an extension of dynamic internal-valued
neutrosophic sets namely generalized dynamic internal-valued neutrosophic sets. Based on this
extension, we develop some operators and a TOPSIS method to deal with the change of both criteria,
alternatives, and decision-makers by time. In addition, this study also applies the proposal model to
a real application that facilitates ranking students according to attitude-skill-knowledge evaluation
model. This application not only illustrates the correctness of the proposed model but also introduces
its high potential appliance in the education domain.

Keywords: generalized dynamic interval-valued neutrosophic set; hesitant fuzzy set; dynamic
neutrosophic environment; dynamic TOPSIS method; neutrosophic data analytics

1. Introduction

Multi-criteria decision-making (MCDM) in real world is often dynamic [1]. In the dynamic MCDM
(DMCDM) model, neither alternatives nor criteria are constant throughout the whole problem and do
not change over time. Besides, the DMCDM model has to cope with both dynamic and indeterminate
problems of data. For example, when ranking tertiary students during learning time in a university by
the set of criteria based on attitudes-skills-knowledge model (ASK), the criteria, students and lecturers
are changing during semesters. The lecturers’ evaluations using scores, or other ordered scales, are also
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subject to indeterminacy because of lecturers’ personal experiences and biases. Therefore, a ranking
model that can handle these issues is necessary.

In [2], Smarandache introduced neutrosophic set including truth-membership, an indeterminacy-
membership and a falsity-membership to well treat the problem of information indeterminacy. Since
then, variant forms of MCDM and DMCDM models have been proposed as in [3-15]. In order to
consider the time dimension, Wang [16] proposed the interval neutrosophic set and its mathematical
operators. Ye [9] proposed MCDM in interval-valued neutrosophic set. Dynamic MCDM for
dynamic interval-valued neutrosophic set (DIVNS) was proposed in [14]. The authors have developed
mathematical operators for TOPSIS method in DIVNSs.

In some cases, criteria, alternatives and decision-makers are changing by time. This fact requires
a new method for DMCDM using TOPSIS method in the interval-valued neutrosophic set [17] with
diversion of history data. The TOPSIS method for DIVNS in [14] did not solve the problem with
the changing criteria, alternatives, and decision-makers. Liu et al. [13] combined the theory of both
interval-valued neutrosophic set and hesitant fuzzy set to solve the MCDM problem. However,
this study did not use TOPSIS method, and it did not consider the change of criteria also. In order
to take the history data into account, Je [10] proposed two hesitant interval neutrosophic linguistic
weighted operators to ranking alternatives in dynamic environment. In short, the DMCDM model in
DIVNS based on TOPSIS method has not been addressed before.

The purpose of this paper is to deal with the change of criteria, alternatives, and decision-makers
during time. We define generalized dynamic interval-valued neutrosophic set (GDIVNS) and some
operators. Based on mathematical operators in GDIVNS (distance and weighted aggregation operators),
a framework of dynamic TOPSIS is introduced. The proposed method is applied for ranking students
of Thuongmai University, Vietnam on attributes of ASK model. ASK model is applicable for evaluation
of tertiary students’ performance, and it gives more information that support employers besides a set
of university exit benchmark. It also facilitates students to make proper self-adjustments and help them
pursue appropriate professional orientation for their future career [18-21]. This application proves the
suitability of the proposed model for real ranking problems.

This paper is structured as follows: The Section 1 is an introduction, and the Section 2 provides the
brief preliminaries for DMCDM model in both legacy environment and interval-valued neutrosophic
set. The Section 3 presents the definition of GDIVNS and some mathematical operators on this
set. The Section 4 introduces the framework of dynamic TOPSIS method in GDIVNSs environment.
The Section 5 presents the application of dynamic TOPSIS method in the problem of ranking students
based on attributes of ASK model. The Section 6 compares the result of proposed model with previous
TOPSIS model in DIVNS. The last section mentions the brief summary of this study and intended
future works.

2. Preliminary

2.1. Multi-Criteria Decision-Making Model Based on History

A dynamic multi-criteria decision-making model introduced by Campanella and Ribeiro [1] is a
DMCDM in which all alternatives and criteria are subject to change. The model gives decisions at all
periods or just at the last one. The final rating of alternatives is calculated as:

Ri(a), a € ANHTL,
E¢(a) ={ Dg(E-1(a),Re(a)), a€AnHL, @
Ei1(a), a€H \A;

where Ay is a set of alternatives at period ¢, Hf_ L isa historical set of alternatives at period t — 1 (Hgl =),
Ry(a) is rating of alternative a at period t, and D is an aggregation operator.
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2.2. Dynamic Interval-Valued Neutrosophic Set and Hesitant Fuzzy Set

Thong et al. [14] introduced the concept of dynamic interval-valued neutrosophic set (DIVNS).

Definition 1. [14] Let U be a universe of discourse, and A be a dynamic interval-valued neutrosophic Set
(DIVNS) expressed by,

A= ([TH), T [ (), (0)] [F (o), Fé ()] )| e 1 2)

where Ty, Iy, Fx are the truth-membership, indeterminacy-membership, falsity-membership respectively,
T = {19, T2, ..., Tk} is set of time sequence and

[T(0), T ()] € 0,1); [1o(), 14(0)] € [0,1) [Fh (o), ¥ (0)] < (0,1
Example 1. A DIVNS in time sequence T = {11, T2} and universal U = {x1,x2, x3} is:

x1,{([0.5,0.6],[0.1,0.3], [0.2,0.4]), ([0.4,0.55], [0.25,0.3], [0.3,0.42]))
A =1 x,(([0.7,0.81],[0.1,0.2],0.1,0.2]), ([0.72,0.8],[0.11,0.25], [0.2,0.4] )}
x3,(([0.3,0.5],[0.4,0.5], [0.6,0.7]), ([0.4,0.5], [0.5,0.6], [0.66,0.73] )

Hesitant fuzzy set (HFS) first introduced by Torra and Narukawa [19] and Torra [20] is defined
as follows.

Definition 2. [20] A hesitant fuzzy set E on U is defined by the function hg(x). When hg(x) is applied to U,
it returns a finite subset of [0, 11, which can be represented as

E = {(x he(x))|x e U) 3)
where hg(x) is a set of some values in [0, 1].

Example 2. Let X = {x1,x,x3} be the discourse set, and hg(x1) = {0.1,0.2}, hg(xp) = {0.3} and hg(x3) =
{0.2,0.3,0.5}. Then, E can be considered as a HFS:

E = {(x1,{0.1,0.2}), {x2,{0.3}), (x3,{0.2,0.3,0.5})}

3. Generalized Dynamic Interval-Valued Neutrosophic Set

Extending DIVNS by the concept of HFS is considered how to express the criteria, alternatives,
and DMs that are changing during time criteria, alternatives and decision-makers are changing by time.

In this section, we propose the concepts of generalized dynamic interval-valued neutrosophic
set (GDIVNS) and generalized dynamic interval-valued neutrosophic element (GDIVNE) including
fundamental elements, operational laws as well as the score functions. Then, GDIVNS's theory is
applied for the decision-making model in Section 4.

Definition 3. Let U be a universe of discourse. A generalized dynamic interval-valued neutrosophic set
(GDIVNS) in U can be expressed as,

E = {(x,hg(x(t) ) € U; Vit € ;) (4)

where Zg(x(t,)) is expressed for importing HFS into DIVNS. Zg(x(tr)) is a set of DIVNSs at period t, and

t = {t1,tp,t3,...,ts}, which denotes the possible DIVNSs of the element x € X to the set E, Ef(x(tr)) can
be represented by a generalized dynamic interval-valued neutrosophic element (GDIVNE). When s = 1 and
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eh = E y|y € .},
y = ([T (o), T ()] [1-(e(0)), M (x(2)), [FL<x<T>>,F”<x<r>>])

is a dynamic interval-valued neutrosophic number.

[z (xe(t)| =

where

Example 3. Let t = {t1,t2}; T = {11, T2} and an universal X = {x1,x2,x3}. A GDIVNS in X is given as:
. 0.2,0.33],[0.4,0.5],[0.6,0.7]), ([0.24,0.39], [0.38,0.47], [0.56,0.7] ) ),
b 0.29,0.37],10.3,0.5],[0.4,0.58]), ([0.4,0.5],[0.2,0.3],[0.35,0.42] ) )

«
«l
(([0.8,0.9],10.1,0.2],]0.1,0.2]), ([0.72,0.8], [0.11,0.25], [0.23,0.45] ) ),
<x2, { (( [0.4, 0.6], [0.2, 0.4], 0.3, 0.4] ), ([0.41, 0.5], [0.26, 0.39], [0.2, 0.3] )) }>’
A
< 3'{ (

[

0.6,0.7],[0.2,0.3],[0.4,0.5]), ([0.52, 0.66], [0.34,0.4], [0.6,0.77]) ),
0.54,0.62],[0.15,0.3], [0.2,0.4]), ([0.4,0.5], [0.25,0.32],[0.39,0.43] ) )

Definition 4. Let I, hy and hy be three GDIVNEs. When A > 0, the operations of GDIVNEs are defined

as follows:

)
I

(i) Addition

El ®hy = Uv}/leﬁl;v}fzeﬁz{yl @2}

_ < T}, (x(2)) + T, (x(0)) = T, (x <>>x7¢( <>>7“( (1) + T, (x(1)) = T (x uo>xT%<xu>ﬂ,>
15, (e()) % 1, (x()), 15, (x(2)) > I3 (x(0)) ], [, () > B (x(0), B, (x(2)) x FY (x(7))]

(if) Multiplication

Zl ®’E2

:|<

(iif) Scalar Multiplication

Vy1€h1 Vyzehz{yl ® VZ}
7L (x(1)) % Tk, (x(1)), TS (x(2)) x T8 (x(1))],
I)Lq(X(T))HL( x(1)) - 1 ( (7)) X I, (x(7)), Iy (x(1)) + I, (x(1)) = I
Fy, (x(0)) + B, (x(7)) = Fy, (x(1)) X F}, (x(1)), B} (x(1)) +FU (x(1)) = Fil (x(7)) x FY (x(1)) |

2

/\Z: UV)/EE{AJ/}
- ~< 1- (1= T (x(0))) ", 1 - (1= TU(x(x )))A]/ >
el (IL(x(T)))/\'(IU(X(T)))A]'[(FL(J‘( )))A (Fu( (v )))A]

(iv) Power

EA = UV;/EZ{)/\} A N A A
N ~< @%wﬂ»,@Wﬂﬂ»}h—@—ﬂwu»)ﬂ—@—ﬂuw»)}>
N - (- P)) - (1 - FU(x(T)))"]

Definition 5. Let h be a GDIVNE. Then, the score functions of the GDIVNE T are defined by,

V)/hil
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where T = {11, 72,..., T}, and #1 is number of elements inh. Obwiously, S(h) € [0,1]. If S(’ﬂl) > S(P;z>, then
El > Fﬁz.

Example 4. Let three GDIVNEs:

= {([1,1],[0,0], [0,0]), ({1,111, 0,01, [0, 0])), (([1, 1], [0, 0], [0,0]), ([, 1], [0, 0], [0, 0])}}
= {(([0,0], [1,1],[0,0]), ([0, 01, [1,1], [0, 0])), <([0, 0}, [1, 1], [0,0]), ([0, 0], [1,1], [0, 0])}
hs = {(([0,0], [1,1], [1,1]), ([0,0], [1,1], [1,1})),<([0, 01, [1,1], {1, 1]), ([0, 0], [1,1], [1,1]))}

According to Equation (5), we have 5@1) =1; 5@2) = % ; 5@3) = 0. Thus, E >i1'2 >E3.

Definition 6. Let E( j=1,2,...,n) be a collection of GDIVNEs. Generalized dynamic interval-valued
neutrosophic weighted average (GDIVNWA) operator is defined as

=1
- fia-rh )" fio-m o)) ©
= Y - n . n = n n
ot |y o 18 0)” | 1 8 0" F o)
j=1 j=1 j=1 j=1

Theorem 1. Let E( j=1,2,...,n) be the collection of GDIVNEs. The result aggregated from GDIVNWA
operator is still a GDIVNE.

Proof. The Equation (6) is proved by mathematical inductive reasoning method. O

When n = 1, Equation (6) holds because it simplifies to the trivial outcome, which is obviously
GDIVNE as,

([T @) - (-1 ),
o) = o e o !
Let us assume that (6) is true for n = z,
For - fio-mo - fl-myer o
wihj = ~ Y ~ z - w w-_ z w; 2 w 8
=1 yi€h,y2ehy,...yzeh: L]'[1 (2. (0) ]rnl(%(f)) ]]I[].Hl (F5,(0) ]'jl;ll(FVu](T)) ]]
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Whenn=z+1

z+1  —
Z w]h = Z w]h eawz-i—lhz-i-l
= =

wj z wj
{1— (=75 ()" 1- T (1- T4 (1)) f],

L L
_ U j j

y1€hy,y2€hn, ...y € Lﬁ (IL.(T)) i (I ](T)) ] L_l (F)L,/_(T))wj,jfll(F%(T))wj]
@[ [1-(1- Tu,]k (D) 1;(1 Tym T))“’;“] ) ] 9)
(., () (1, (o) )”][( L) (V”f( )]
1- 11 (1 T (1), 1-T1 i I1(1-14(0)"|,

j=1 j=1

= U
T w; 1 wj | |54 wj 24
V1€h1,Y2€h2, /2 41€0211 [H (y]( )) J’]El(l%(,[)) ]]/ [].Hl (FJL/,'(T)) Jljl;ll(F)L/lj(T>) j
It follows that if (6) holds for n = z, then it holds for n = z + 1. Because it is also true for n = 1,
according to the method of mathematical inductive reasoning, Equation (6) holds for natural numbers
N and Theorem 1 is proven.

Definition 7. Let E( j=1,2,...,n) be a collection of GDIVNEs. Generalized dynamic interval-valued
neutrosophic weighted geometric (GDIVNWG) operator is defined as

GDIVNWG(El,Ez, . .,7{,,) _ ]li[lz;vf
[ 1 (7%,(0))", 11 (Tybg.m)‘"f], [1 ST 1 ()7 1= (-1 (0)) (10)
U B j=1 . j=1 . j=1 j=1
V1€t y2&he ey nhn [1 - ]1;[1(1 ~FL (1)",1- ]1;11(1 —F (1)) }

Theorem 2. Let E( j=1,2,...,n) be the collection of GDIVNEs. The result aggregated from GDIVNWG
operator is still a GDIVNE.

Proof. The Equation (10) is proved by mathematical inductive reasoning method. O

When n = 1, Equation (10) is true because it simplifies to the trivial outcome, which is
obviously GDIVNE,

(10 @) T - (- - (- )
GDIVNWG(E)_[[ S0 lE T)Zl,l (1-ri (T))le] 2 (11)

Let us assume that (10) is true for n = z.

z T (7L (), THTY () |1 - TT( =15 (0)), 1= T1(1-1Y ()|,
M- . []Hl( H@) (T () H 0(-8,@)" - [ (-10) ]
= / ’/1€E1,’/2€E2,---, o€l _ z T wi . u wj
j=1 ? [1 jl;Il(l L)1 (1 F (1)) ]

]_
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Whenn =z+1
z+1 ) z 0 T,
17 = [T o
k w;: k wi k w k w
£ (15 o) 1 0)" || 1= B0t 0)" 1 Fra-50)7)
= _u ~ j=1 . j=1 . j=1 =1
Y1€h1,y2€h,,...,y-€h; 1- ],1;[1(1 _ F)L,f(’[))w/, 1— 1;11(1 _ F%(T))M}
®{ (78,0 (L, () 1= (-1 o) 1= (-1 ()] 1
[1 B (1 - FJL/zH (T)) m’ 1- (1 - F)L’IzAl (T)) ZH]
z+1 w: 1 w
(5 o) T ) |1 T )1 T )
= U ~ i w  zt] w; -
V1€h1,y2€hs,...,Y241€h2 41 [1 _ I:I (1 _ F)I;j(T)) 11— ].1;[1(1 _ F%;lj (T)) ]

It follows that if (10) holds for n = z, then it holds for n = z + 1. Because it is also true forn =1,
according to the method of mathematical inductive reasoning, Equation (10) holds for all natural
numbers N and Theorem 2 is proven.

Herein, we define the generalized dynamic interval-valued neutrosophic hybrid weighted
averaging (GDIVNHWA) operator to combine the effects of attribute weight vector and the positional
weight vector, which are mentioned in Definitions 6 and 7.

Definition 8. Let A > 0 and E( j=1,2,...,n) be a collection of GDIVNEs. Generalized dynamic
interval-valued neutrosophic hybrid weighted averaging (GDIVNHWA) operator is defined as,

— — n —\*
DIVHNWG(hy, Iy, .. Ttn) = [ y w]h;\]
j=1

- (14)
~ (1 fi

71 Gﬁh)’z Gﬁzlw)/n Gﬁn

Theorem 3. Let E( j=1,2,...,n) be the collection of GDIVNESs. The result aggregated from GDIVNHWA
operator is still a GDIVNE.

Proof. The Equation (14) can be proved by mathematical inductive reasoning method. O

We first prove that (15) is a collection of GDIVNEs,

:1 ) jli(l - (T)ef(T))A)wj/ - Jli(l - (T%(T))/\)wj],
; wl} = e ]fll(l (-1, (T))/\)wj’ 1- ,f[l(l -(1- I%(T))/\)wf}, (15)
-0 s
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When n = 1, Equation (15) is true because it simplifies to the trivial outcome, which is

obviously GDIVNE,
- (=) - (-]
wih} = [1—(1—(1—1L (T))A)wl,l—(1—(1—131(1))A)wl],
[1 (1 (1-F (x ))A)wl,l—(1—(1—F;§(T))A)wl]

Let us assume that (15) is true for n = z,

1= - (15 0) ) - - ()Y
z. i z A\Wj z A\Wj
2 wjh} :yleﬁme%z ,,,, i =1_]-1:[1(1_<1_I’L”'(T)) ) ,1—j1:[1(1—(1—13j(7)) ) f],
z W) z A\Wj
_1—j1:[1(1—(1—F)L//(T)) ) ,1—j[11(1—(1—Pyj(1)) ) ]
Whenn =z+1,
z+1 =
Z w] Z w]h @wz+1hz+1
j=
z A\Wj z A\Wj
zl—jl:jl(l—(T)L,j( 7)) ) ! 1—]H1(1—(Tyj(r)) ) ]],
z A\Wj z A\Wi
:ylezme% ,,,, 0 :1—j1_11(1—(1—17€j(r)) ) ,1—j[[1(1—(1—13].(r)) ) }
z A\Wj z A\Wj
1—j1_11(1—(1—P§j(T)) ) ’,1—j[11(1—(1—1?yj(7:)) ) ’]

[1—(1—<T%m<fif)“’”%1 - >>A>””]1'W
{1(1(1 1%17 ) 1( 1 % ( )) ]
)

A\Yz+1
L u
1—(1—(1—1:),2“ ) 1= ( 1 FVH T) ) ]

5%

k+1 i k+! A\Wj
u
]_1(1 ) =T
k+1 w;i k+1 A\Wj
- U H(l @) ) =T (- (- o)) /],
V1€h1,y2€h,.. Vir1 €Mkt j=1 j=1
k+1 /\ i k+1 A\Wj
1-(1-F (c Y 1-(1-Fi(0)")’
j=1 j=1 Yi

(16)

(17)

(18)

It follows that if (15) holds for n = z, then it holds for n = z + 1. Because it is also true forn =1,
according to the method of mathematical inductive reasoning, Equation (15) holds for natural numbers

N. According to Equation (15) and Definition 4, we have,
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DIVHNWG(hy, ha, ... Ity) = (]é w;@]/‘
[1 . jf[l(1 - (T)L,/(T))A)w]]A, (1 - ]ﬁ(l - (14 (T))/\)wj)/\],

- Lu o 1—(1—Jf{l(l—(1—I%J(T))A)wj]ﬂ,l—(1—]f[l(1 (1 I%.(r)))\)w]]/‘,
>1 - (1 - ,fll(l -(1- F)ljj(T))/\)wj)A, 1- (1 - ]fll(1 -(1- F%;I/(T))/\)wj]/\:i

Thus, Theorem 3 is proven.

4. Dynamic TOPSIS Method

Based on the theory of GDVINS, the dynamic decision-making model is proposed to deal with
the change of criteria, alternatives, and decision-makers during time.
ts}, assume Z(tr) ={A1,A2,..., Ay} and E(t,) = {C1,C2,...,Cnr}
Dh,} being the sets of alternatives, criteria, and decision-makers at period rth
h,, the evaluation of an alternative A,,;;m = 1,...,v,,

For each period t = {t1,13,...,
and 5(tr) = {Dl,Dz, ceny
r=1{1,2,...,s}. Foradecision-maker Dg;q =1,...,
on a criteria Cp;p =1,...,
decision matrix RI(t,) = (Eznp(T)) ;=

() (T ), 1 (g, ), P ) )

taken by GDIVNSs evaluated by decision maker Dj.
Step 1. Calculate aggregate ratings at period rf.

Let  xipq (7)) {[T'%Pfl(xﬂ) T"LfW(xTI)]' [I,[;qu(xT,) I"LfW(xTI)]' [F %wq(xﬁ) F nqpq(xﬂ)]} be the
appropriateness rating of alternative A, for criterion C, by decision-maker D; in time sequence

ny, in time sequence T = {Tl, To,..., Tky} is represented by the Neutrosophic

1,2,...,k,. where

Ehp(0) = (+]

dmp

7;, where: m =1, . L Unp = 1,...,n59=1,...,h;1=1,..., k. The averaged appropriateness rating
Xmp = {[T,%w Tu o (x ) [Iﬁp(x),lnqp(x)], [P%p(x),l-"nqp(x)]} can be evaluated as:
Nt Nt
b | [ | ¥
1-41-]1- q§1 Tpmq(xT,) 1-11-|1- q§1 Tpmq(xT,) ,
1 [ g (o iy

—_— % r XKy r XKy 19
W e Xy < (Z pmq("ﬁ)) (Z Pm”l<le)) ] > 4

h

[t

Y

o
. F r%[mq(xfz)] }

Step 2. Calculate 1mp0rtance weight aggregation at period M.

Let ypg(m1) = {[T5a(ver), Thi ()] (B0 ) 55 () [ Fh (), Fpi ()} e the weight of Dy to
criterion Cp in time sequence 7, where: p = 1,...,n,;,9 = 1,...,hy;1 = 1,..., k. The average weight

Wy = {[T’%(y),T;,J(y)], [Iﬁ(y),l}f(y)], [FrL,(y),Fy(y)]} can be evaluated as:
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1
r

1- 1—[1—%1:%(%,)]% ,1—{1 (1—2 (yf,))hr} ,
=

— 1 [ : e Tk

% = i (; )| (£, )| ] ) @

[E o)) £, )| ]

Step 3. Evaluation for aggregate ratings of alternatives with history data.
Using Equation (21), evaluate aggregate ratings and importance weight aggregation.

=

A(£) = {A1, Ag, ..., A JUA (L)

o A € A(tr)\A(t—1)&Cp € C(t)\C(tr1)
Xy if or Ap eA( r-1)\A(t)&Cy € C(tr) C(tr-1)
or Am GA(tr)\A( — 1)&Cp € C( ~1)\C(t)

- ~ 21
Fnp Xy ® Xy if A € A(ty) N A(t,—1)&Cp € C(t) N C(t1) @D

Yl if  Am € Alt)\A(t)&Cy € Clt,-)\C(8)

Step 4. Evaluation for importance weight aggregation of criteria with history data.
Using Equation (22), evaluate aggregate ratings and importance weight aggregation.

C(t) ={C1,Ca, .., C JUC(ty1)

wy if CpeC(t)\Clt1)
wy =1 wew, " if C,eC(t)NClt) (22)
w)! if CpeC(t-1)\C(t)

Step 5. Calculate the average weighted ratings at period .
The average weighted ratings of alternatives at period t,, can be calculated by:

1 % —
On =— X *w;,;mzl,.. wp=1,...,n; (23)
n,p:1 4

Step 6. Determination of A,", A7 and d,",d; at period rth.
Interval-valued neutrosophic positive ideal solution (PIS, A;") and interval-valued neutrosophic
negative ideal solution (NIS, A;) are:

A = {x{([1,1),0,0], [0,0])s, ([1,1],[0,0],[0,0))5, -, ([1,1],10,0], [0,0]),,:}} (24)

A7 = {3 {(10,0], 11,1, 11,1, (10,0, [1,1], [1,1]) ..., (10,01, [1,1],[1,1]),. 25)

The distances of each alternative A,,,m = 1,2,...,n* from Af and A; at period t,, are calculated as:

d = (@ -AF) (26)
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dy = \(On - A7) (27)

where d,; and d;, respectively represent the shortest and farthest distances of Ay,.

Step 7. Determination the closeness coefficient.

The closeness coefficient at period t,, is calculated in Equation (28), where an alternative that
is close to interval-valued neutrosophic PIS and far from interval-valued neutrosophic NIS, has
high value:
iy

BC, = —"—
"y,

(28)

Step 8. Rank the alternatives.
The alternatives are ranked by their closeness coefficient values. See Figure 1 for illustration.

Interaction ¢,

= - -

___________

Historic data

M p—p——

_____E__“_,

Repeat until stopping criterion is met

Figure 1. Dynamic TOPSIS method.
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5. Applications

5.1. ASK Model for Ranking Students

Human resources recruitment plays a pivotal role in any enterprise as it exerts tremendous impact
on its sustainable development. Thus, the selection of competent and job-relevant staff will lay the
solid foundation for the successful performance of an enterprise. Notably, every year most of the
businesses invest a large sum of money for job vacancy advertisements (on newspapers, websites,
and in job fairs) and recruitment activities including application screening and interview. However,
to recruit new graduated student the organizations are likely to encounter high potential risks as
there are definitely inevitable employee turnovers or the selected candidates fall short of employers’
expectation [22]. Mis-assessment of candidate’s competence might be rooted from assessors’ criteria
and model for new graduated student evaluation.

The above problems underline the need for making the right assessment of potential employees.
Currently, ASK model (attitude, skill and knowledge) has been widely used by many organizations
because of its comprehensive assessment. This model was initially proposed by Bloom [11] with
three factors including knowledge which is acquired through education, comprehension, analysis,
and application skills which are the ability to process the knowledge to perform activities or
tasks, and attitude which is concerned with feeling, emotions, or motivation toward employment.
These elements are given divergent weights in the assessment model according to positions and
requirements of the job. ASK is applicable to evaluate tertiary students’ performance to give more
information that support employers besides a set of university exit benchmark. It also facilitates
students to make proper self-adjustments and pursue appropriate professional orientation for their
future career [23,24]. Ranking students based on attributes of ASK model requires a dynamic
multi-criteria decision-making model that is able to combine the estimations of different lecturers in
different periods. The proposed DTOPSIS completely fit to this complex task, and the application
model is depicted bellow.

5.2. Application Model

As mentioned above, the proposed method is applied to rank students of Thuongmai University,
Hanoi, Vietnam. In this research, the datasets were surveyed through three consecutive semesters
under three criteria (attitudes-skills-knowledge). Each student will be surveyed at the beginning
of semester and by the end of semester. With the model assessing student competence, it will be
conducted over semesters and over school years. This is the way of setting the time period in the
decision-making model of this research.

Figure 2 shows the ASK model for ranking students where three lectures i.e., D1, Dy, D3 are chosen.
According to the language labels shown in Tables 1 and 2, rating of five students and criteria” weights
are done by the lectures based on fourteenth criteria in three groups: attitude, skill, and knowledge.
The attitude group includes five criteria [25], the skill group includes six criteria [26], and the knowledge
group includes three criteria [23].

The criteria used for ranking Thuongmai university’s students contain 14 criteria divided into
three groups (attitudes-skills-knowledge) in the ASK model. In the early stage of each semester,
the knowledge criteria will not cause many impacts on student competency assessment so that we
only pay attention to 11 criteria in the two remaining groups: attitudes and skills. In the following
semesters, the knowledge criterion shall be supplemented that why all 14 criteria in three group shall
be conducted.

(1) Period t; (the first semester): the decision-maker provides assessments of three students
A1,Ay, Az according to 11 criteria in two groups: attitude, skill. Tables 3 and 4 show the steps of the
model at time #; and Table 5 shows the ranking order as A1 > Ay > A3. Thus, the best student is A;.
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Figure 2. Attitudes-skills-knowledge (ASK) model for recruitment of ternary students.
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Table 1. Appropriateness ratings.

Language Labels Values

Very Poor ([0.1, 0.26], [0.4, 0.5, [0.63, 0.76])
Poor ([0.26, 0.38], [0.47, 0.6], [0.51, 0.6])
Medium ([0.38, 0.5], [0.4, 0.61], [0.44, 0.55])
Good ([0.5, 0.65], [0.36, 0.5], [0.31, 0.48])
Very Good ([0.65, 0.8], [0.1, 0.2], [0.12, 0.2])

Table 2. The importance of criteria.

Language Labels Values

Unimportant ([0.1, 0.19], [0.32, 0.47], [0.64, 0.8])

Slightly Important ([0.2,0.38], [0.46, 0.62], [0.36, 0.55])

Important ([0.45, 0.63], [0.41, 0.53], [0.2, 0.42])

Very Important ([0.66, 0.8], [0.3, 0.39], [0.22, 0.32])
Absolutely Important ([0.8,0.94], [0.18, 0.29], [0.1, 0.2])

Table 3. Aggregated ratings at period ¢;.

Students
Criteria
A Ay As

c (10.463, 0.606], [0.018, 0.054], ((0.38, 0.5], [0.022, 0.082], ([0.43, 0.577], [0.021, 0.053],
1 [0.014, 0.044]) [0.029, 0.059]) [0.017, 0.048])

c ([0.488, 0.632], [0.005, 0.025], (10.419,0.578], [0.011,0.037], ([0.419,0.578], [0.011,0.037],
2 [0.008, 0.021]) [0.011,0.026]) [0.011,0.026])

c (10.463, 0.606], [0.018, 0.054], ([0.463, 0.606), [0.018, 0.054], ([0.423, 0.556], [0.02, 0.066],
8 [0.014, 0.044]) [0.014, 0.044]) [0.02, 0.051])

c ([0.423, 0.556], [0.02, 0.066], (10.463, 0.606], [0.018, 0.054], ([0.388, 0.523], [0.023, 0.065],
4 [0.02, 0.051]) [0.014, 0.044]) [0.024, 0.056])

c (10.523, 0.673], [0.005, 0.021], (10.423, 0.556], [0.02, 0.066], ([0.43,0.577], [0.021, 0.053],
5 [0.005, 0.018]) [0.02, 0.051]) [0.017, 0.048])

c ([0.43, 0.577], [0.021, 0.053], ((0.38, 0.5], [0.022, 0.082], ([0.342, 0.463], [0.026, 0.081],
6 [0.017, 0.048]) [0.029, 0.059]) [0.034, 0.065])

c ([0.38, 0.5], [0.022, 0.082], ([0.388, 0.523], [0.023, 0.065], ([0.342, 0.463], [0.026, 0.081],
7 [0.029, 0.059]) [0.024, 0.056]) [0.034, 0.065])

c (10.26, 0.38], [0.036, 0.078], ((0.38, 0.5], [0.022, 0.082], ([0.38, 0.5], [0.022, 0.082],
8 [0.046, 0.078]) [0.029, 0.059]) [0.029, 0.059])

c (10.463, 0.606], [0.018, 0.054], (10.523, 0.673], [0.005, 0.021], (10.463, 0.606], [0.018, 0.054],
K [0.014, 0.044]) [0.005, 0.018]) [0.014, 0.044])

c ([0.5, 0.65], [0.016, 0.044], ((0.38, 0.5], [0.022, 0.082], ([0.43,0.577], [0.021, 0.053],
10 [0.01, 0.038]) [0.029, 0.059]) [0.017, 0.048])

cn ([0.463, 0.606], [0.018, 0.054], (10.302, 0.423], [0.03, 0.079], (10.38, 0.5], [0.022, 0.082],

[0.014, 0.044])

[0.04, 0.071])

[0.029, 0.059])

Table 4. Aggregated weights at period f;.

Criteria Importance Aggregated Weights

Cy ([0.963, 0.996], [0.022, 0.06], [0.004, 0.027])
(@) ([0.908, 0.968], [0.041, 0.094], [0.017, 0.056])
Cs ([0.758, 0.89], [0.077, 0.174], [0.014, 0.097])
Cy ([0.648, 0.816], [0.087, 0.204], [0.026, 0.127])
Cs ([0.604, 0.794], [0.06, 0.154], [0.046, 0.185])
Ce ([0.963, 0.992], [0.022, 0.06], [0.004, 0.0277)
Cy ([0.834, 0.925], [0.069, 0.149], [0.008, 0.074])
Cs ([0.758, 0.89], [0.077, 0.174], [0.014, 0.097])
Co ([0.758, 0.89], [0.077, 0.174], [0.014, 0.097])
Cio ([0.936, 0.975], [0.037, 0.081], [0.01, 0.043])
Cnn ([0.897, 0.959], [0.05, 0.11], [0.009, 0.056])
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Table 5. Weighted ratings at period #;.

Students Weighted Ratings
Aq ([0.368, 0.409], [0.069, 0.168], [0.03, 0.114])
Ay ([0.34, 0.382], [0.071, 0.181], [0.035, 0.12])
Az ([0.338, 0.377], [0.072, 0.178], [0.035, 0.121])

(2) Period t; (the second semester): At this stage, a new student A4 is added with new criteria in
knowledge group. The steps are shown in Tables 6-12. Finally, the ranking is obtained: A; > Ap >
Az > Ay. Thus, the best student is A;.

Table 6. The distance of each student from A?l' and A; at period f;.

Students d;'l d;,
Aq 0.364193 0.773329
Ay 0.380989 0.763987
As 0.382736 0.763579

Table 7. Closeness coefficient at period ¢;.

Students Closeness Coefficients ~ Ranking Order
Ay 0.679837 1
Ar 0.667251 2
Az 0.666116 3

Table 8. Aggregated ratings at period f;.

Students
Criteria
Aq Ay Aj Ay

c ([0.699, 0.83], [0.001, 0.005],  ([0.566, 0.75], [0.001,0.009],  ([0.637, 0.759], [0.001, 0.007], ([0.5, 0.6], [0.022, 0.046],
1 [0, 0.002]) [0.001, 0.003]) [0.001, 0.003]) [0.009, 0.022])

c ([0.707, 0.852], [0.001, 0.007],  ([0.686, 0.834], [0.001, 0.008],  ([0.72, 0.862], [0.001, 0.006],  ([0.498, 0.6], [0.023, 0.049],
2 [0, 0.002]) [0, 0.003]) [0, 0.002]) [0.009, 0.023])

c ([0.709, 0.848], [0.003, 0.016],  ([0.643, 0.783], [0.003, 0.018],  ([0.603, 0.767], [0.003, 0.019],  ([0.56, 0.669], [0.008, 0.029],
3 [0, 0.005]) [0, 0.006]) [0.001, 0.006]) [0.004, 0.016])

c ([0.598, 0.766], [0.004, 0.022],  ([0.639, 0.782], [0.004, 0.021],  ([0.634, 0.793], [0.004, 0.02],  ([0.506, 0.643], [0.009, 0.034],
4 [0.001, 0.007]) [0.001, 0.007]) [0.001, 0.008]) [0.006, 0.021])

c ([0.721, 0.866], [0.002, 0.012],  ([0.651, 0.823], [0.002, 0.013],  ([0.616, 0.765], [0.002, 0.014],  ([0.461, 0.604], [0.013, 0.042],
5 [0.001, 0.015]) [0.002, 0.016]) [0.002, 0.017]) [0.009, 0.035])

c ([0.685, 0.81], [0.001, 0.005],  ([0.623, 0.803], [0.001,0.007],  ([0.546, 0.72], [0.001, 0.009], ([0.3,0.5], [0.022, 0.08],
6 [0, 0.002]) [0, 0.002]) [0.001, 0.004]) [0.022, 0.044])

c (10.62,0.802], [0.002, 0.013],  ([0.618, 0.769], [0.002, 0.013],  ([0.543,0.72], [0.002, 0.015],  ([0.438, 0.569], [0.024, 0.061],
7 [0, 0.004]) [0.001, 0.005]) [0.001, 0.006]) [0.012, 0.03])

c ([0.491, 0.648], [0.005, 0.025],  ([0.686, 0.862], [0.004, 0.02],  ([0.499, 0.709], [0.005, 0.025],  ([0.43, 0.567], [0.026, 0.071],
8 [0.002, 0.013]) [0, 0.006]) [0.001, 0.009]) [0.012, 0.033])

c ([0.702, 0.847], [0.004, 0.021],  ([0.761, 0.891], [0.004, 0.019],  ([0.682, 0.828], [0.004, 0.022],  ([0.488, 0.598], [0.026, 0.062],
o [0, 0.007]) [0, 0.006]) [0, 0.007]) [0.009, 0.027])

c ([0.687,0.8], [0.002,0.01],  ([0.663, 0.836], [0.001, 0.008],  ([0.718, 0.842], [0.001, 0.008],  ([0.534, 0.636], [0.012, 0.032],
10 [0, 0.003]) [0, 0.003]) [0, 0.003]) [0.006, 0.018])

c ([0.608, 0.751], [0.001, 0.009],  ([0.557,0.722],[0.001,0.01],  ([0.565,0.75], [0.001,0.011],  ([0.499, 0.6], [0.023, 0.048],
1 [0.001, 0.003]) [0.001, 0.006]) [0.001, 0.004]) [0.009, 0.023])

c ([0.36, 0.533], [0.043, 0.12], ([0.4,0.516], [0.049,0.11],  ([0.463, 0.606], [0.033,0.089],  ([0.258, 0.439], [0.049, 0.133],
12 [0.021, 0.06]) [0.023, 0.065]) [0.012, 0.047]) [0.037, 0.087])

c (10.229, 0.373], [0.05,0.119],  ([0.229, 0.373], [0.05,0.119],  ([0.43, 0.568], [0.038,0.095],  ([0.43, 0.568], [0.038, 0.095],
13 [0.055, 0.108]) [0.055, 0.108]) [0.017, 0.047]) [0.017, 0.047])

c ([0.284, 0.408], [0.083,0.167],  ([0.284, 0.408], [0.083,0.167],  ([0.269, 0.486], [0.071,0.179],  ([0.431, 0.592], [0.061, 0.137],
14 [0.046, 0.123]) [0.046, 0.123]) [0.03, 0.098]) [0.017, 0.076])
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Table 9. Aggregated weights at period f;.

Criteria Importance Aggregated Weights
Cy ([0.999, 1], [0, 0.003], [0, 0.001])
(@) ([0.997, 1], [0.001, 0.006], [0, 0.002])
Cs ([0.985, 0.998], [0.003, 0.014], [0, 0.004])
Cy ([0.978, 0.997], [0.003, 0.016], [0, 0.005])
Cs ([0.959, 0.993], [0.002, 0.011], [0.001, 0.015])
Ce ([0.999, 1], [0, 0.003], [0, 0.001])
Cy ([0.993, 0.999], [0.002, 0.009], [0, 0.002])
Cs ([0.975, 0.997], [0.004, 0.019], [0, 0.005])
Co ([0.975, 0.997], [0.004, 0.019], [0, 0.005])
Cio ([0.996, 1], [0.001, 0.006], [0, 0.002])
Cnn ([0.998, 1], [0.001, 0.005], [0, 0.001])
Ci2 ([0.963, 0.996], [0.022, 0.06], [0.004, 0.0277)
Ci3 ([0.977, 0.998], [0.016, 0.044], [0.005, 0.02])
Cua ([0.897, 0.973], [0.05, 0.11], [0.009, 0.056])

Table 10. Weighted ratings at period f;.

Students Weighted Ratings
Ay (10.605, 0.76], [0.004, 0.02], [0.001, 0.009])
Ar ([0.594, 0.761], [0.004, 0.02], [0.001, 0.009])
Az ([0.581, 0.744], [0.004, 0.021], [0.001, 0.009])
Aq ([0.458, 0.588], [0.022, 0.058], [0.011, 0.031])

Table 11. The distance of each student from A;: and A at period f.

Students d:; d,
Aq 0.188874 0.901553
Ay 0.192392 0.900405
Az 0.200641 0.896588
Ay 0.279475 0.848118

Table 12. Closeness coefficient at period t;.

Students Closeness Coefficients Ranking Order

Aq 0.826789 1
Ay 0.823945 2
Az 0.817138 3
Ay 0.752149 4

(3) Period t3 (the third semester): At this stage, a new student As is considered and an existing
student A is discarded. The criteria remain the same as in the previous period ;. Tables 13-17 show
the steps of this stage. Finally, the ranking is obtained: As > A4 > Ay > A; > A3z. Thus, the best student
is A5.

5.3. Comparison with the Related Methods

The proposed dynamic TOPSIS method has superior features compared to the method in [14].
In Table 18, the ranking order of five students in three periods are presented. We can observe that at
period t1, the results of the both methods are the samei.e., A1 > Ay > A3.
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Table 13. Aggregated ratings at period t3.

Students
Criteria
Aq Ay Az Ay As
c ([0.794, 0.9], [0, 0], ([0.51, 0.75], ([0.764, 0.893], ([0.711, 0.822], ([0.441, 0.569], [0.022, 0.053],
1 [0, 01) [0, 0.006], [0, 0.002]) [0, 01, [0, 01) [0, 0.003], [0, 0.001]) [0.012, 0.027])
c ([0.871, 0.951], ([0.675,0.818], ([0.881, 0.9¢], [0, 0], ([0.788, 0.891], ([0.441, 0.569], [0.022, 0.053],
2 [0, 01, [0, 1) [0, 0.002], [0, 0.001]) [0, 0) [0, 0.001], [0, 0]) [0.012, 0.027])
([0.608, 0.785],
C ([0.829, 0.918], [0.001, 0.005] ([0.728, 0.884], ([0.817,0.91], ([0.569, 0.67], [0.005, 0.016],
3 .001, 0.005],
[0, 0.001], [0, 0]) [0, 0.001]) [0, 0.001], [0, O]) [0, 0.001], [0, O) [0.004, 0.012])
c ([0.711, 0.875], ([[(())‘(]6((])18,(()).()7(2)355]]’ ([0.816, 0.922], ([0.663, 0.795], ([0.569, 0.67], [0.005, 0.016],
4 [0, 0.001], [0, 0]) iO 0’061]) ’ [0, 0.001], [0, O]) [0, 0.002], [0, 0.001]) [0.004, 0.012])
c ([0.81,0.912], ([0.635, 0.804], (10.777, 0.889], ([0.751, 0.872], ([0.48, 0.608], [0.011, 0.032],
5 [0,0.001], [0,0.001]) [0, 0.003], [0, 0.001]) [0, 0.001], [0,0.001]) [0, 0.001], [0, 0.001]) [0.008, 0.021])
([0.832, 0.923], ([0.608, 0.785], ([0.744, 0.902], ([0.482, 0.69], ([0.536, 0.637], [0.011, 0.026],
Ce [0,0,10,0) [0,0004],[0,0.001) [0,0]0,0]) [0.001, 0.006], [0.006, 0.016])
O 1 y D019, B O 1S [0.001, 0.003]) Rt
([0.591, 0.759], ([0.586, 0.733],
s M T TN s N i T L
PR [0, 0.002]) PR [0.001, 0.002]) e
c ([0.751, 0.898], ([0.662, 0.822], ([0.732, 0.89], (10.699, 0.83], (10.268, 0.441], [0.027, 0.079],
8 [0, 0.001], [0, 0]) [0, 0.003], [0, 0.001]) [0, 0.001], [0, 0]) [0, 0.004], [0, 0.001]) [0.033, 0.062])
c ([0.874, 0.95], ([0.749, 0.861], (10.889, 0.963], ([0.743, 0.853], (10.418, 0.578], [0.011, 0.039],
9 [0, 0.002], [0, 0]) [0, 0.002], [0, 0.001]) [0, 0.002], [0, 0]) [0, 0.003], [0, 0.001]) [0.011, 0.026])
c ([0.757, 0.891], ([0.636, 0.804], ([0.837, 0.926], ([0.712, 0.818], (105, 0.6, [0.022, 0.044],
1o [0, 0], [0, 0]) [0, 0.003], [0, 0.001]) [0, 0], [0, 0]) [0, 0.002], [0, 0.001]) [0.009, 0.022])
([0.521, 0.71], ([0.651, 0.769],
Ci ([0.753,[(5).?)?)], [0, 0], [0.001,0.005], [(()[06609061,]0.5)7531,) [0.001, 0.004], ([0.569i(§).0607£1, ([)00(;(;.”]); 0.015],
' [0.001, 0.003]) OO0 Y [0, 0.002]) U
(10753, 0.884], (10.53, 0.662], (10.778, 0.903], (10.544, 0.72],
Cio [0.001, 0.007], [0.002, 0.011], [0.001, 0.007], [0.002, 0.013], ([0’534’[%33?’0[%5);]2' 0.032],
[0, 0.002]) [0.001, 0.007]) [0, 0.002]) [0.001, 0.005]) 006, 0.018))
([0.338, 0.521], ([0.699, 0.83],
o Gl fevon ot [l evseme oo
PR [0.003, 0.009]) Lo [0, 0.001]) e
([0.688, 0.8371, ([0.407, 0.555], ([0.777, 0.916], (10.699, 0.826],
Cia [0.001, 0.005], [0.002, 0.008], [0.001, 0.005], [0.001, 0.007], (1044, 0(')506192]' ([)0(')(;293' 0.057],
[0, 0.001]) [0.002, 0.008]) [0, 0.001]) [0, 0.002]) 10.012, 0.029])
Table 14. Aggregated weights at period f3.
Criteria Importance Aggregated Weights
C1 ([0.99999, 1], [0, 0.00009], [0, 0.00001])
Cy ([0.99995, 1], [0.00001, 0.00019], [0, 0.00002])
Cs ([0.99964, 1], [0.00005, 0.00062], [0, 0.00009])
Cy ([0.99912, 0.99998], [0.00009, 0.00097], [0, 0.00018])
Cs ([0.99776, 0.99995], [0.00004, 0.00077], [0.00001, 0.00053])
Ce ([0.99999, 1], [0, 0.00006], [0, O])
Cy ([0.99985, 1], [0.00003, 0.00039], [0, 0.00005])
Cs ([0.99907, 0.99999], [0.00009, 0.00114], [0, 0.00015])
Coy ([0.99842, 0.99996], [0.00014, 0.00154], [0, 0.00024])
C1o ([0.99991, 1], [0.00002, 0.00029], [0, 0.00004])
Cu ([0.99997, 1], [0.00001, 0.00016], [0, 0.00001])
C12 ([0.99615, 0.99988], [0.00112, 0.00657], [0.00004, 0.00152])
Ci3 ([0.99969, 1], [0.00016, 0.00145], [0.00001, 0.00026])
Cus ([0.99762, 0.99993], [0.00082, 0.00483], [0.00004, 0.00116])

Table 15. Weighted ratings at period 3.

Students Weighted Ratings
Ay (10.78, 0.901], [0, 0.001], [0, 0])
Ay ([0.589, 0.759], [0.001, 0.004], [0, 0.002])
Az ([0.785, 0.91], [0, 0.001], [0, 0])
Aq ([0.693, 0.822], [0, 0.003], [0, 0.001])
As ([0.476, 0.599], [0.014, 0.037], [0.009, 0.022])
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Table 16. The distance of each student from Ag and A} at period f3.

Students dg dt_3
Aq 0.37844 0.776416
Ay 0.352522 0.752181
As 0.381797 0.777005
Ay 0.358066 0.764391
As 0.325366 0.738391

Table 17. Closeness coefficient at period t3.

Students Closeness Coefficients Ranking Order

Aq 0.672305 4
Ap 0.680890 3
Az 0.670525 5
Ay 0.680998 2
As 0.694135 1

Table 18. The dynamic rankings obtained at periods.

Time Period The Method in [14] The Proposed Method
t A1>A2>A3 A1>A2>A3
ty A4>A2>A3>A1 A1>A2>A3>A4
t3 As > Az > Ay > Aq As > Ay > Ay > A1 > Az

At period tp, the method in [14] and the proposed method show difference in ranking order of A;
and Ay. In this period, Ay > A3 according to both methods, and the method in [14] ranks A4 at the top,
meanwhile, A; is ranked at the top by the proposed method. The reason is that A4 is evaluated at the
first time and it has not appeared while A; has historical data, particularly A; were ranked at the top
in the previous period. In this circumstance, the proposed model better utilizes the effect of historical
data on the alternatives A; and A4. The result of the dynamic TOPSIS model is time-dependent and
combines the effect of current and historical data.

At period t3, the result shows difference in the number of ranked alternatives and in their
preferential order. In this period, the alternative A; is not evaluated by decision-makers and it has only
historical data. The method in [14] could not process alternative A, meanwhile the proposed model
could. Moreover, the alternative As is highly ranked by both methods. However, there is a change in
the relative order of A3z and A4. The method in [14] ranks A3 > A4, but the proposed method ranks
A4 > A3.

The comparison between the methods again illustrates the effect of historical data over the output
of the proposed decision-making model. If an alternative is considered and it has good evaluation in
the previous periods, this alternative will have high potential to reach high order. From that point of
view, the proposed model presents good compliance with the perceived dynamic rules. It illustrates
the advantage and applicability of the model.

6. Conclusions

The proposed dynamic TOPSIS (DTOPSIS) model in dynamic interval-valued neutrosophic sets
presents its advantages to cope with dynamic and indeterminate information in decision-making
model. DTOPSIS model handles historical data including the change of criteria, alternatives,
and decision-makers during periods. The concepts of generalized dynamic interval-valued
neutrosophic set, GDIVNS, and their mathematical operators on GDIVNSs have been proposed.
Distance and weighted aggregation operators are used to construct a framework of DTOPSIS in DIVNS
environment. The proposed DTOPSIS fulfills the requirement of an issue that is evaluates tertiary
students’ performance based on the attributes of ASK model. Data of Thuongmai University students
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were used to illustrate the proper of DTOPSIS model which opened the potential application in larger
scale also. For the future works, we will extend generalized dynamic interval-valued neutrosophic sets
for some other real-world applications [27-35]. Furthermore, we hope to apply GDIVNS for dealing
with the unlimited time problems in decision-making model in dynamic neutrosophic environment
based on the idea in [36,37].
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Abstract: The associative law reflects symmetry of operation, and other various variation associative
laws reflect some generalized symmetries. In this paper, based on numerous literature and related
topics such as function equation, non-associative groupoid and non-associative ring, we have
introduced a new concept of Tarski associative groupoid (or transposition associative groupoid
(TA-groupoid)), presented extensive examples, obtained basic properties and structural characteristics,
and discussed the relationships among few non-associative groupoids. Moreover, we proposed a
new concept of Tarski associative neutrosophic extended triplet groupoid (TA-NET-groupoid) and
analyzed related properties. Finally, the following important result is proved: every TA-NET-groupoid
is a disjoint union of some groups which are its subgroups.

Keywords: Tarski associative groupoid (TA-groupoid); TA-NET-groupoid; semigroup; subgroup

1. Introduction

Generally, group and semigroup [1-5] are two basic mathematical concepts which describe
symmetry. As far as we know the term semigroup was firstly introduced in 1904 in a French book (see
book review [1]). A semigroup is called right commutative if it satisfies the identity a*(x*y) = a*(y*x) [4].
When we combine right commutative with associative law, we can get the identity:

(x *y) *z =x *(z *y) (Tarski associative law).

In this study we focused on the non-associative groupoid satisfying Tarski associative law (it
is also called transposition associative law), and this kind of groupoid is called Tarski associative
groupoid (TA-groupoid). From a purely algebraic point of view, these structures are interesting. They
produce innovative ideas and methods that help solve some old algebraic problems.

In order to express the general symmetry and algebraic operation laws which are similar with
the associative law, scholars have studied various generalized associative laws. As early as in 1924,
Suschkewitsch [6] studied the following generalized associative law (originally called “Postulate A”):

(x*a)*b=x*c,
where the element ¢ depended upon the element 4 and b only, and not upon x. Apparently, the

associative law is a special case of this Postulate A when ¢ =a * b, and Tarski associative law explained

113



Symmetry 2020, 12, 714

above is also a special case of this Postulate A when ¢ = b * a. This fact shows that Tarski associative
groupoid (TA-groupoid) studied in our research is a natural generalization of the semigroup. At the
same time, Hosszu studied the function equations satisfying Tarski associative law in 1954 (see [7-9]);
Thedy [10] studied rings satisfying x(yz) = (yx)z, and it is symmetric to Tarski associative groupoid,
since defining x*y = yx, x(yz) = (yx)z is changed to (z*y)*x = z*(x*y); Phillips (see the Table 12 in [11])
and Pushkashu [12] also referred to Tarski associative law. These facts show that the systematic study
of Tarski associative groupoid (TA-groupoid) is helpful to promote the study of non-associative rings
and other non-associative algebraic systems.

In recent years, a variety of non-associative groupoids have been studied in depth (it should
be noted that the term “groupoid” has many different meanings, such as the concept in category
theory and algebraic topology, see [13]). An algebraic structure midway between a groupoid and a
commutative semigroup appeared in 1972, Kazim and Naseeruddin [14] introduced the concept of
left almost semigroup (LA-semigroup) as a generalization of commutative semigroup and it is also
called Abel-Grassmann'’s groupoid (or simply AG-groupoid). Many different aspects of AG-groupoids
have been studied in [15-22]. Moreover, Mushtaq and Kamran [19] in 1989 introduced the notion of
AG*-groupoids: one AG-groupoid (S, *) is called AG*-groupoid if it satisfies

x*y)*z=y*(x*z),foranyx,y,z€S.

Obviously, when we reverse the above equation, we can get (z*x)*y = z*(y*x), which is the Tarski
associative law (transposition associative law). In [23], a new kind of non-associative groupoid (cyclic
associative groupoid, shortly, CA-groupoid) is proposed, and some interesting results are presented.

Moreover, this paper also involves with the algebraic system “neutrosophic extended triplet
group”, which has been widely studied in recent years. The concept of neutrosophic extended triplet
group (NETG) is presented in [24], and the close relationship between NETGs and regular semigroups
has been established [25]. Many other significant results on NETGs and related algebraic systems can be
found, see [25,26]. In this study, combining neutrosophic extended triplet groups (NETGs) and Tarski
associative groupoids (TA-groupoids), we proposed the concept of Tarski associative neutrosophic
extended triplet groupoid (TA-NET-groupoid).

This paper has been arranged as follows. In Section 2, we give some definitions and properties
on groupoid, CA-groupoid, AG-groupoid and NETG. In Section 3, we propose the notion of
Tarski associative groupoid (TA-groupoid), and show some examples. In Section 4, we study
its basic properties, and, moreover, analyze the relationships among some related algebraic systems.
In Section 5, we introduce the new concept of Tarski associative NET-groupoid (TA-NET-groupoid)
and weak commutative TA-NET-groupoid (WC-TA-NET-Groupoid), investigate basic properties of TA—-
NET-groupoids and weak commutative TA-NET-groupoids (WC-TA-NET-Groupoids). In Section 6,
we prove a decomposition theorem of TA-NET-groupoid. Finally, Section 7 presents the summary and
plans for future work.

2. Preliminaries

In this section, some notions and results about groupoids, AG-groupoids, CA-groupoids and
neutrosophic triplet groups are given. A groupoid is a pair (S, *) where S is a non-empty set with a
binary operation *. Traditionally, when the * operator is omitted, it will not be confused. Suppose (S, *)
is a groupoid, we define some concepts as follows:

(1) Va, b, ceS, a*(b*c) = a*(c*b), S is called right commutative; if (a*b)*c = (b*a)*c, S is called left
commutative. When S is right and left commutative, then it is called bi-commutative groupoid.

(2) Ifa? = a (a€S), the element a is called idempotent.

(3) If for all x, y€S, a*x = a*y = x = y (xa = y*a = x = y), the element a€$ is left cancellative
(respectively right cancellative). If an element is a left and right cancellative, the element is
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cancellative. If (Ya€S) a is left (right) cancellative or cancellative, then S is left (right) cancellative
or cancellative.

(4) IfVa, b, ceS, a*(b*c) = (a*b)*c, S is called semigroup. If Va, beS, a * b = b * a, then a semigroup (S, *)
is commutative.

(5) If Ya€S$, a® = a, a semigroup (S, *) is called a band.

Definition 1. ([14,15]) Assume that (S, *) is a groupoid. If S satisfying the left invertive law: VY a, b, ¢ €S,
(a*b)*c = (c*b)*a. S is called an Abel-Grassmann'’s groupoid (or simply AG-groupoid).

Definition 2. ([21,22]) Let (S, *) be an AG-groupoid, for all a, b, c€eS.

(1) If (a*b)*c = b*(a*c), then S is called an AG*-groupoid.
(2)  Ifa*(b*c) = b*(a*c), then S is called an AG**-groupoid.
(3)  Ifa*(b*c) = c*(a*b), then S is called a cyclic associative AG-groupoid (or CA-AG-groupoid).

Definition 3. [23] Let (S, *) be a groupoid. S is called a cyclic associative groupoid (shortly, CA-groupoid), if S
satisfying the cyclic associative law:Va, b, c €S, a*(b*c) = c*(a*b).
Proposition 1. [23] Let (S, *) be a CA-groupoid, then:

(1) Foranya,b,c,d, x,yeS, (a*b)*(c*d)=(d *a) *(c *b);
(2) Foranya,b,c,d x,yeS, (a*b)*((c*d) *(x*y)) =(d*a) *((c*b) * (x *y)).

Definition 4. ([24,26]) Suppose S be a non-empty set with the binary operation *. If for any a € S, there is a

“_r “_r

neutral “a” (denote by neut(a)), and the opposite of “a” (denote by anti(a)), such that neut(a) €S, anti(a) €S,
and: a * neut(a) = neut(a) *a = a; a * anti(a) = anti(a) * a = neut(a). Then, S is called a neutrosophic extended
triplet set.

Note: For any a €5, neut(a) and anti(a) may not be unique for the neutrosophic extended triplet set
(S, ). To avoid ambiguity, we use the symbols {neut(a)} and {anti(a)} to represent the sets of neut(a) and
anti(a), respectively.

Definition 5. ([24,26]) Let (S, *) be a neutrosophic extended triplet set. Then, S is called a neutrosophic extended
triplet group (NETG), if the following conditions are satisfied:

(1) (S, %) is well-defined, that is, foranya, b€ S, a * b €S.
(2) (S, %) is associative, that is, for any a, b, c €S, (a *b) *c=a * (b *¢).

A NETG S is called a commutative NETG ifa *b=1b *a, Va, b €S.
Proposition 2. ([25]) Let (S, *) be a NETG. Then (Va€S) neut(a) is unique.

Proposition 3. ([25]) Let (S, *) bea groupoid. Then S isa NETG ifand only if it is a completely regular semigroup.

3. Tarski Associative Groupoids (TA-Groupoids)

Definition 6. Let (S, *) be a groupoid. S is called a Tarski associative groupoid (shortly, TA-groupoid), if S
satisfying the Tarski associative law (it is also called transposition associative law): (a *b) *c=a*(c*b), Y a,
b, ceS.
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The following examples depict the wide existence of TA-groupoids.

Example 1. For the reqular hexagon as shown in Figure 1, denote S = {6, G, G?, G3, G*, G°}, where G, G2, G3,
G GPand 0 represent rotation 60, 120, 180, 240, 300 and 360 degrees clockwise around the center, respectively.

Figure 1. Regular hexagon.

Define the binary operation o as a composition of functions in S, that is, ¥ U, V€S, UoV is that the
first transforming V and then transforming U. Then (S, o) is a TA-groupoid (see Table 1).

Table 1. Cayley table on S = {0, G, G?, G3, G4, G°).

o 0 G e G3 G* G°
0 0 G G2 G3 G* G°
G G G? G3 G* G° 0
G? G? G? G* G 9 G
G3 G3 G* G° 0 G G2
G* G* G° 0 G G2 G3
G° G° 0 G G2 G3 G*

Example 2. Let S = [n, 2n] (real number interval, n is a natural number), ¥ x, yeS. Define the multiplication
*by
{x+y—n, if x+y<3n
Xry = .
x+y-2n, ifx+y>3n

Then (S, *) is a TA-groupoid, since it satisfies (x *y) *z=x*(z *y), V¥ x, y, z € S, the proof is as follows:

Casel: x+y+z—n<3n Itfollowsthaty +z<x+y+z-n<3nandx+y<x+y+z-n<3n.
Then (x*y)z=(x+y—n)*z=x+y+z-2n=x*(z+y—n)=x*(z*y).

Case2: x+y+z—-n>3n,y+z<3nandx+y<3n. Then(x *y)z=(x+y—-n)lic=x+y+z-3n=
x*(z+y-n)=x*(z*y).

Case3: x+y+z—n>3ny+z<3nand x +y > 3n. It follows that x + y + z=2n < x+3n —2n=x+n
<3n. Then (x*y)*z=(x+y—-2n)c=x+y+z-3n=x*(z+y—n)=x*(z*y).

Cased: x+y+z—-n>3ny+z>3nandx +y <3n. It follows that x + y+z —=2n<3n+c—-2n=z+
n<3n. Then (x*y)*z=(x+y—-n)*z=x+y+z-3n=x*z+y—-2n)=x*(z*y).

Case5: x+y+z—n>3n,y+z>3nandx+y>3n. Whenx+y+c—2n<3n, (x*y)*z=(x+y—2n)
Z=x+y+z-3n=x*z+y-2n)=x*z*y; Whenx+y+z-2n>3n (x*y)*z=(x+y—-2n)z=x+
y+z—4dn=x*(z+y-2n)=x*(z*y).
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Example 3. Let

S= x 0 : x is a integralnumber ;U 10 10
“Wo o) rEamE ¢ o1)\o -1/

Denote 51={( g 8 ): aisaintegralnumber}, Szz{( (1) (1) ), ( (1) _01 )} Define the operation * on

1
S:V x, yeS, (1) if x S or ye Sq, x*y is common matrix multiplication; (2) if x€ Sy and yeS,, x*y = ( 0 (1) )

Then (S, *) is a TA-groupoid. In fact, we can verify that (x*y)*z = x* (z*y) ¥ x, y, z€S, since
(i) ifx, y, z€Sq, by the definition of operation * we can get (x*y)*z = x* (y*z) =x* (z*y);

(i) ifx, y, z€ Sy, then (x*y)*z = ( (1) (1) ) = x* (z*y), by (2) in the definition of operation *;

(iii) if x€ Sy, y, z€ Sy, then (x*y)*z = y*z = z*y = x* (z*y), by (1) in the definition of operation *;
(iv) ifx€ Sy, Y€ Sy, z€ Sy, then (x*y)*z =( (1) (1J )*z =z = z*y = x* (2*y), by the definition of operation *;
(v) ifxe Sy, ye Sy, z€ Sy, then (x*y)*z = y*z = y = z*y = x* (z*y), by the definition of operation *;

(vi) ifxe Sq,y€ Sy, z€ S, then (x*y)*z = x*z = x* (z*y), by (1) in the definition of operation *;

(vii) if x€ S1, ye S1, z€ Sy, then (x*y)*z = x*y = x* (z*y), by (1) in the definition of operation *;

0 ) = x*(z*y), by (1) and (2) in the definition of

(vii) if X€Sq, YESy, Z€Sy, then (x*y)z = x*z=x = x*( 0 1

operation *.

Example 4. Table 2 shows the non-commutative TA-groupoid of order 5. Since (b*a)*b#b*(a*b), (a*b) *b
#(b*b) *a,so0 (S, *) is not a semigroup, and it is not an AG-groupoid.

Table 2. Cayley tableon S ={a, b, ¢, d, e}.

* a b c d e
a a a a a a
b d d c c b
c d c c c c
d d d c c c
e d c c c e

From the following example, we know that there exists TA-groupoid which is a non- commutative
semigroup, moreover, we can generate some semirings from a TA-groupoid.

Example 5. As shown in Table 3, put S = {s, t, u, v, w}, and define the operations * on S. Then we can verify
through MATLAB that (S, *) is a TA-groupoid, and (S, *) is a semigroup.

Table 3. Cayley table on S = {s, t, u, v, w}.

* s t u v w
S S S S S S
t t t t t t
u S S u u S
v S S u v S
w t t w w t
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Now, define the operation + on S as Table 4 (or Table 5), then (VYm, n, peS) (m+n) *p=m*p +n *p and
(S; +, %) is a semiring (see [27]).

Table 4. A Commutative semigroup (S, +).

+ s t u v w
s S t u u w
t t s w w u
u u w u u w
v u w u u w
w w u w w u

Table 5. Another commutative semigroup (S, +) with unit s.

+ s t u v w
s s t u v w
t t t w w w
u u w u u w
v [ w u u w
w w w w w w

Proposition 4. (1) If (S, *) is a commutative semigroup, then (S, *) is a TA-groupoid. (2) Let (S, *) be a
commutative TA-groupoid. Then (S, *) is a commutative semigroup.

Proof. It is easy to verify from the definitions. O

4. Various Properties of Tarski Associative Groupoids (TA-Groupoids)

In this section, we discussed the basic properties of TA-groupoids, gave some typical examples,
and established its relationships with CA-AG-groupoids and semigroups (see Figure 2). Furthermore,
we discussed the cancellative and direct product properties that are important for exploring the
structure of TA-groupoids.

Commutative
Semigroup

TA-groupoid

Figure 2. The relationships among some algebraic systems.
Proposition 5. Let (S, *) be a TA-groupoid. Then ¥ m, n, p, t, s, t €S:

(1) (m*n) *(p*r) = (m*r)*(p*n);
(2)  ((m*n)*(p*r)*(s*t) = (m*r)*((s*t)*(p*n)).
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Proof. (1) Assume that (S, *) is a TA-groupoid, then for any m, n, p, r € S, by Definition 6, we have
m*n)*(p*r)=m*((p*r)*n)=m*p*m*r)=m*m*r) *p=~(m*r)*n) *p=m*r) *(p *n).
(2) For any m, n, p, 1, 5, t €S, by Definition 6, we have
(m*n)*(p*r)*(s*t)=m*n)*((s*) *(p*r) =(m*n)*((s*r)*(p*t) =((m*n)*(p*t) *(s*r)

= ((m*n)*r)*(s* (p*t)) = (m*n) *r)*((s*t) *p) = (m*n) *p)*((s*t) *r)
= (m*(p*n))*((s*t)*r) = (m*r)*((s*t)*(p*n)). O

Theorem 1. Assume that (S, *) is a TA-groupoid.

(1)  If de€S such that (Va€S) e*a=a, then (S, *) is a commutative semigroup.

(2) IfeeSis a left identity element in S, then e is an identity element in S.

(3) If S is a right commutative CA-groupoid, then S is an AG-groupoid.

(4) If S is a right commutative CA-groupoid, then S is a left commutative CA-groupoid.
(6) If S is a left commutative CA-groupoid, then S is a right commutative CA-groupoid.
(6) IfSis a left commutative CA-groupoid, then S is an AG-groupoid.

(7)  If S is a left commutative semigroup, then S is a CA-groupoid.

Proof. It is easy to verify from the definitions, and the proof is omitted. O

From the following example, we know that a right identity element in S may be not an identity
element in S.

Example 6. TA-groupoid of order 6 is given in Table 6, and eg is a right identity element in S, but e is not a left
identity element in S.

Table 6. Cayley table on S = {ey, e, €3, e4, €5, 5}

*

(4] e e3 €q es €6
e1 €1 €1 €1 €1 €1 €1
e €2 €2 €2 € €2 €2
€3 €1 €1 €4 €6 €1 €3
eq €1 €1 €6 €3 €1 €4
es €2 €2 €5 €5 €2 5
e6 €1 €1 €3 €4 €1 [

By Theorem 1 (1) and (2) we know that the left identity element in a TA-groupoid is unique.
But the following example shows that the right identity element in a TA-groupoid may be not unique.

Example 7. The following non-commutative TA-groupoid of order 5 given in Table 7. Moreover, x1 and x, are
right identity elements in S.

Table 7. Cayley table on S = {x4, x2, X3, X4, X5}.

X1 X2 X3 X4 X5
X1 X1 X1 X3 X3 X5
X2 X2 X2 X4 X4 X5
X3 X3 X3 X1 X1 X5
X4 X4 X4 X2 X2 X5
X5 X5 X5 X5 X5 X5
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Theorem 2. Let (S, *) be a TA-groupoid.

(1)
(2)
(3)
4)
(5)

If S is a left commutative AG-groupoid, then S is a CA-groupoid.

If S is a left commutative AG-groupoid, then S is a right commutative TA-groupoid.
If S is a right commutative AG-groupoid, then S is a left commutative TA-groupoid

If S is a right commutative AG-groupoid, then S is a CA-groupoid.

If S is a left commutative semigroup, then S is an AG-groupoid.

Proof. It is easy to verify from the definitions, and the proof is omitted. O

Theorem 3. Let (S, *) be a groupoid.

(1)
(2)
(3)
4)

If S is a CA-AG-groupoid and a semigroup, then S is a TA-groupoid.

If S is a CA-AG-groupoid and a TA-groupoid, then S is a semigroup.

If S is a semigroup, TA-groupoid and CA-groupoid, then S is an AG-groupoid.

If S is a semigroup, TA-groupoid and AG-groupoid, S is a CA-groupoid.

Proof. (1) If (S, *) is a CA-AG-groupoid and a semigroup, then by Definition 2, V a, b, ceS:

b*(c*a)=c*@a*b)=(c*a)*b=(b*a) *c.

It follows that (S, *) is a TA-groupoid by Definition 6.
(2) Assume that (S, *) is a CA-AG-groupoid and a TA-groupoid, by Definition 2, ¥ a, b, c€S:

a*(b*c)=c*@*b)=(c*b)*a=(a*b)*c.

This means that (S, *) is a semigroup.

(3) Assume that (S, *) is a semigroup, TA-groupoid and CA-groupoid. Then, we have (V a, b, c€S):

(a*b)*c=a*Mb*c)=c*@*b)=(c*b) *a.

Thus, (S, *) is an AG-groupoid.

(4) Suppose that (S, *) is a semigroup, TA-groupoid and AG-groupoid. ¥ a, b, c€S:

c*(b*a)=(c*b)*a=(@@*b)*c=a*(c*Db).

That is, (S, *) is a CA-groupoid by Definition 3. O

Example 8. Put S ={e, f, g, h, i}. The operation * is defined on S in Table 8. We can get that (S, *) is a
CA-AG-groupoid. But (S, *) is not a TA-groupoid, due to the fact that (i * h) *i#i* (i * h). Moreover, (S, *) is

not a semigroup, because (i * i) *i# i * (i *i).

Table 8. Cayley tableon S = {e, f, g, I, i}.

* e f g h i
e e e e e e
f e e e e e
g e e e e f
h e e e e f
i e e e g h

From Proposition 4, Theorems 1-3, Examples 4-5 and Example 8, we get the relationships among
TA-groupoids and its closely linked algebraic systems, as shown in Figure 2.

120



Symmetry 2020, 12, 714

Theorem 4. Let (S, *) be a TA-groupoid.

(1)  Every left cancellative element in S is right cancellative element;

(2) if x, yeS and they are left cancellative elements, then x™*y is a left cancellative element;
(3) if xis left cancellative and y is right cancellative, then x*y is left cancellative;

(4) if x*y is right cancellative, then y is right cancellative;

(5) Ifforall aeS, a? = a, then it is associative. That is, S is a band.

Proof. (1) Suppose that x is a left cancellative element in S. If (¥p, g €S5) p*x = g*x, then:

x¥(x¥(x*p)) = (x*(x*p))*x = ((x*p)*x)*x = (x*p)*(x*x)
= x*((x*x)*p) = x*(x*(p*x)) = x*(x*(q*x))
= x*((x*x)*q) = (x*q)*(x*x) = ((x*q)*x)*x
= (x*(x*q))*x = x*(x*(x*q)).
From this, applying left cancellability, x*(x*p) = x*(x*q). From this, applying left cancellability two
times, we get that p= q. Therefore, x is right cancellative.

(2) If x and y are left cancellative, and (¥p, g€S) (x*y)*p = (x*y)*q, there are:

(¥ (y*p)) = xX((x*p)*y) = (x*y)*(x*p)

= (x*p)*(x*y) (by Proposition 5 (1))
= x((x*y)*p) = x((xy)*p) = x((xy)*q) = x((x*y)*q)
= (xX*g)*(x*y) = (x*y)*(x*q) = x*((x*q)*y)
=x *(x*(y*q)).
Applying the left cancellation property of x, we have y*p = y*7. Moreover, since y is left cancellative,
we can get that p = g. Therefore, x*y is left cancellative.

(3) Suppose that x is left cancellative and y is right cancellative. If (Vp, g€S) (x*y)*p = (x*y)*g,
there are:
xX*(p*y) = (x*y)*p = (x*y)*q = x*(q*y).

Applying the left cancellation property of x, we have p*y = q*y. Moreover, since y is right
cancellative, we can get that p = q. Therefore, x*y is left cancellative.

(4) If x*y is right cancellative, and p*y = q*y, p, g€S, there are:
p¥(x*y) = (p*y)*x = (q%y)*x = q*(x*y).

Applying the right cancellation property of x*y, we have p = q. Hence, we get that y is
right cancellative. O

5) Assume that for all a€S, a?=a. Then, V 1, s, t€S,
(

r¥(s*t) = (r*(s*t))*(r*(s*t)) = r*((r*(s*t))*(s*t))
= r*(r*((s*t)*(s*t))) = r(r*(s*t)).

Similarly, according to (1) we can get *(t*s) = r*(r*(t*s)). And, by Proposition 5 (1), we have

r¥(r*(s*t)) = r((r*t)*s) = (r*s)*(r*t) = (r*t)*(rs)
= 1r¥((r*s)*t) = r*(r*(t*s)).
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Combining the results above, we get that r*(s*t) = r*(r*(s*t)) = r*(r*(t*s)) = r*(t*s). Moreover, by
Definition 6, (r*s)*t = r*(t*s). Thus
(r*s)*t = r*(t's) = r*(s*t).

This means that S is a semigroup, and for all a€S$, a®> = a.

Therefore, we get that S is a band. O

Example 9. TA-groupoid of order 4, given in Table 9. It is easy to verify that (S, *) is a band, due to the fact that
x*x=x,y*y=yz*z=z,uu=u.

Table 9. Cayley table on S = {x, y, z, u}.

* x y z u
x x x x x
y y y z y
z u u z u
u u u u u

Definition 7. Assume that (S1, *1) and (S, *;) are TA-groupoids, S1XS, = {(a, b)la€S;, beS,}. Define the
operation * on 51 X Sy as follows:

(ﬂ], le) * (b], bz) = (Ll] *1 b], 612*2172), for any (Ll], 012)/ (b], bz)ES]XSz.
Then (S1XSy, *) is called the direct product of (S1, *1) and (Sp, *»).
Theorem 5. If (S1, *1) and (S,, *») are TA-groupoids, then their direct product (S; X Sy, *) is a TA-groupoid.

Proof. Assume that (a1, a»), (b1, bp), (c1, ¢2)€S1 X S5. Since

(a1, ap) * ((b1, b2)) * (c1, ¢2) = (a1 *1 by, a2 *2 bo) * (c1, ¢2)
= ((a1 *1 b1)*161, (@2 *2 bp)*2 ¢2) = (a1 *1 (c1 %1 b1), a2 *2 (c2 *2 b2))
= (a1, a2) * (c1 *1 b1, ©2*2 b2) = (a1, az) * ((c1, ¢2) * (b1, b2)).

Hence, (51 X Sy, *) is a TA-groupoid. O

Theorem 6. Let (S7, * 1) and (S, * ;) be two TA-groupoids, if x and y are cancellative (x €51, y €S,), then (x,
y) €S1 XSy is cancellative.

Proof. Using Theorem 5, we can get that S; X S, is a TA-groupoid. Moreover, for any (s;, sp), (t1, t2) €
S1 X Sp,1f (x, y) * (s1, 52) = (x, y) * (1, t;), there are:

(xsll ]/SZ) = (xtll ytZ)
xs1 = xty, Ysp = yto,

Since x and y are cancellative, so s; = t1, 55 = tp, and (51, 52) = (f1, t2)-
Therefore, (x, y) is cancellative. O

5. Tarski Associative Neutrosophic Extended Triplet Groupoids (TA-NET-Groupoids) and Weak
Commutative TA-NET-Groupoids (WC-TA-NET-Groupoids)

In this section, we first propose a new concept of TA-NET-groupoids and discuss its basic
properties. Next, this section will discuss an important kind of TA-NET-groupoids, called weak
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commutative TA-NET-groupoids (WC-TA-NET-groupoids). In particular, we proved some well-known
properties of WC-TA-NET-groupoids.

Definition 8. Let (S, *) be a neutrosophic extended triplet set. If

(1) (S, %) is well-defined, that is, (Vx, y€S) x*y € S;
(2) (S, %) is Tarski associative, that is, for any x, y, z €S (x*y)*z = x*(z*y).

Then (S, *) is called a Tarski associative neutrosophic extended triplet groupoid (or TA-NET-groupoid). A
TA-NET-groupoid (S, *) is called to be commutative, if (Y x, y € S) x*y = y*x.

According to the definition of the TA-NET-groupoid, element 2 may have multiple neutral
elements neut(a). We tried using the MATLAB math tools to find an example showing that an element’s
neutral element is not unique. Unfortunately, we did not find this example. This leads us to consider
another possibility: every element in a TA-NET-groupoid has a unique neutral element? Fortunately,
we successfully proved that this conjecture is correct.

Theorem 7. Let (S, *) be a TA-NET-groupoid. Then the local unit element neut(a) is unique in S.
Proof. For any a€S, if there exists s, t €{neut(a)}, then I m, neS there are:
a*s=s*a=aanda*m=m*a=s;a*t=t*a=aanda*n=n*a="=.

(1) s =t *s. Since
s=a*m=0(t*a)*m=t*(m*a)=t%s.

(2) t =t *s. Since
t=n*a=n*(*a)=m=*a)*s=t%s.

Hence s = t and neut(a) is unique for any a€S. O

Remark 1. For element a in TA-NET-groupoid (S, *), although neut(a) is unique, we know from Example 10
that anti(a) may be not unique.

Example 10. TA-NET-groupoid of order 6, given in Table 10. While neut(A) = A, {anti(A)} ={A, T, 1, 9, K}.

Table 10. Cayley tableon S ={A, T, I, 9, K, A}.

* A r I 9 K A
A A A A A A A
r A T I J K A
I A I K r 9 A
9 A 3 r K I A
K A K 3 I T A
A A A A A A A

Theorem 8. Let (S, *) be a TA-NET-groupoid. Then YV x€S:

(1) neut(x) *neut(x) = neut(x);
(2) neut(neut(x)) = neut(x);
(3) anti(neut(x))€ {anti(neut(x))}, x = anti(neut(x)) *x.

Proof. (1) For any x€S, according to x*anti(x) = anti(x)*x = neut(x), we have

neut(x)*neut(x) = neut(x)*((anti(x)*x) = (neut(x)*x)*anti(x) = x*(anti(x)) = neut(x).
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(2) Vx€S, by the definition of neut(neut(x)), there are:
neut(neut(x))*neut(x) = neut(x)*neut(neut(x)) = neut(x).
Thus,

neut(neut(x))*x = neut(meut(x))*(x*neut(x)) = (neut(neut(x))*neut(x))*x = neut(x)*x = x;
x*neut(neut(x)) = (x*neut(x))*neut(neut(x)) = x*(neut(neut(x))*neut(x)) = x*neut(x) = x.

Moreover, we can get:
anti(neut(x))*neut(x) = neut(x)*anti(neut(x)) = neut(neut(x)).
Then,

(anti(neut(x))*anti(x))*x = anti(neut(x))* (x*anti(x)) = anti(neut(x))*neut(x) = neut(neut(x));
x*(anti(neut(x))*anti(x)) = (x*anti(x))*anti(neut(x)) = neut(x)*anti(neut(x)) = neut(neut(x)).

Combining the results above, we get

neut(neut(x))*x = x*neut(neut(x)) = x;
(anti(neut(x))*anti(x))*x = x*(anti(neut(x))*anti(x)) = neut(neut(x)).

This means that neut(neut(x)) is a neutral element of x (see Definition 4). Applying Theorem 6, we
get that neut(neut(x)) = neut(x).

(3) For all xeS§, using Definition 8 and above (2),

anti(neut(x))*x = anti(neut(x))*(x*(neut(x))) = (anti(neut(x))*neut(x))*x
= neut(neut(x))*x = neut(x)*x = x.

Thus, anti(neut(x))*x = x. O

Example 11. TA-NET-groupoid of order 4, given in Table 11. And neut(a) = a, neut(p) = B, neut(d) = 9,
{anti(a)} = {a, 5, €). While anti(a) = b, neut(anti(a)) = neut(d) = 6 # o = neut(a).

Table 11. Cayley table on S = {a, B, 6, €}.

* a p 0 £
o a o a o
B p B p p
o o o 0 o
& a o o €

Theorem 9. Let (S, *) be a TA-NET-groupoid. Then VY x€ S, ¥ m, nefanti(a)}, ¥ anti(a)elanti(a)}:

(1)  m*(neut(x)) = neut(x)*n;

(2) anti(neut(x))*anti(x)efanti(x)};

(3)  neut(x)*anti(n) = x*neut(n);

(4)  neut(m)*neut(x) = neut(x)*neut(m) = neut(x);
(5)  (n*(neut(x))*x = x*(neut(x)*n) = neut(x);

(6) mneut(n)*x = x.
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Proof. (1) By the definition of neutral and opposite element (see Definition 4), applying Theorem 6,
there are:

(2) By Theorem 7(2), there are:

m*x = x*m = neut(x), n*x = x*n = neut(x).
m*(neut(x)) = m*(n*x) = (m*x)*n = neut(x)*n.
x*[anti(neut(x))*anti(x)] = [x*(anti(x))*anti(neut(x)) = neut(x)*anti(neut(x))
= neut(neut(x)) = neut(x).
[anti(neut(x))*anti(x)]*x = anti(neut(x))*[x*(anti(x)] =anti(neut(x))*neut(x)
= neut(neut(x)) = neut(x).

Thus, anti(neut(x))*anti(x)efanti(x)}.

(3) For any x€S, n€lanti(a)}, by x*n = n*x = neut(x) and n*anti(n) = anti(n)*n = neut(n), we get
x*neut(n) = x*[anti(n)*n] = (x*n)*anti(n) = neut(x)*anti(n).

This shows that neut(x)*anti(n) = x*neut(n).

(4) For any xeS, me{anti(x)}, by x*m = m*x = neut(x) and anti(m)*m = m*anti(m) = neut(m), there are:

neut(m)*neut(x) = neut(m)*(x*m) = (neut(m)*m)*x = m*x = neut(x).
neut(x)*neut(m) = neut(x)*[m*(anti(m))] = [neut(x)*anti(m)]*m.

Applying (3), there are:
neut(x)*neut(m) = [neut(x)*anti(m)]*m = [x*(neut(m))]*m = x*(m*(neut(m)) = x*m= neut(x).

That is,
neut(m)*neut(x) = neut(x)*neut(m) = neut(x).

(5) By x*n = n*x = neut(x), there are:

[n*(neut(x))]*x = n*(x*(neut(x))) = n*x = neut(x).
xX*[neut(x)*n] = (x*n)*(neut(x)) = neut(x)*neut(x) = neut(x).

Thus, [n*(neut(x))]*x = x*[neut(x)*n] = neut(x).

(6) For any xeS, nefanti(x)}, by x*n = n*x = neut(x),
neut(n)*x = neut(n)*[x*(neut(x))] = [neut(n)*neut(x)]*x.
From this, applying (4), there are:
neut(n)*x = [neut(n)*neut(x)]*x = neut(x)*x = x.
Hence, neut(n)*x = x. 0O

Proposition 6. Let (S, *) be a TA-NET-groupoid. Then VY x, y, z €S:

(1) y*x =z*x, implies neut(x)*y = neut(x)*z;
(2)  y*x =z%, if and only if y*neut(x) = z*neut(x).
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Proof. (1) For any x, yeS, if y*x = z*x, then anti(x)*(y*x) = anti(x)*(z*x). By Definition 6 and Definition 8

there are:
anti(x)*(y*x) = (anti(x)*x)*y = neut(x)*y;
anti(x)*(z*x) = (anti(x)*x)*z = neut(x)*z.

Thus neut(x)*y = anti(x)*(y*x) = anti(x)*(z*x) = neut(x)*z.

(2) For any x, y€S, if y*x = z*x, then (y*x)*anti(x) = (z*x)*anti(x). Since
(y*x)*anti(x) = y*(anti(x)*x) = y*neut(x); (z*x)*anti(x) = z*(anti(x)*x) = z*neut(x).

It follows that y*neut(x) = z*neut(x). This means that y*x = z*x implies y*neut(x) = z*neut(x).
Conversely, if y*neut(x) = z*neut(x), then (y*neut(x))*x = (z*neut(x))*x. Since

(y*neut(x))*x = y*(x*neut(x)) = y*x; (z*neut(x))*x = z*(x*neut(x)) = z*x.
Thus, y*x = z*x. Hence, y*neut(x) = z*neut(x) implies y*x = z*x. O
Proposition 7. Suppose that (S, *) is a commutative TA-NET-groupoid. Vx, yeS:
(1)  neut(x) * neut(y) = neut(x *y);
(2) anti(x) * anti(y) € {anti(x * y)}.
Proof. (1) For any x, y€S, since S is commutative, so x *y = y* x. From this, by Proposition 5(1), we have

(x*y)*(neut(x)*neut(y)) = (y*x)*(neut(x)*neut(y)) = (y*neut(y))*(neut(x)*x) = y*x = x*y;
(neut(x)*neut(y))*(x*y) = (neut(x)*neut(y))*(y*x) = (neut(x)*x)*(y*(neut(y)) = x*y.

Moreover, using Proposition 5(1),

(anti(x)*anti(y))*(x*y) = (anti(x)*anti(y))*(y*x) = (anti(x)*x)*(y*anti(y)) = neut(x)*neut(y);
(x*y)*(anti(x)*anti(y)) = (x*y)*(anti(y)*anti(x)) = (x*anti(x))*(anti(y)*y) = neut(x)*neut(y).

This means that neut(x)*neut(y) is a neutral element of x*y (see Definition 4). Applying Theorem 6,
we get that neut(x)*neut(y) = neut(x*y).

(2) For any anti(x)elanti(x)}, anti(y)€{anti(y)}, by the proof of (1) above,
(anti(x)*anti(y))*(x*y) = (x*y)*(anti(x)*anti(y)) = neut(x)*neut(y).
From this and applying (1), there are:
(anti(x)*anti(y))*(x*y) = (x*y)*(anti(x)*anti(y)) = neut(x*y).
Hence, anti(x)*anti(y) elanti(x*y)}. O

Definition 9. Let (S, *) be a TA-NET-groupoid. If (Vx, y€S) x * neut(y) = neut(y) * x, then we said that S is a
weak commutative TA-NET-groupoid (or WC-TA-NET-groupoid).

Proposition 8. Let (S, *) be a TA-NET-groupoid. Then (S, *) is weak commutative < S satisfies the following
conditions (Vx, y€S):

(1) neut(x)*neut(y) = neut(y)*neut(x).
(2)  neut(x)*(neut(y)*x) = neut(x)*(x*neut(y)).
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Proof. Assume that (S, *) is a weak commutative TA-NET-groupoid, using Definition 9, there are
(Vx, yes):
neut(x)*neut(y) = neut(y)*neut(x),
neut(x)*(neut(y)*x) = neut(x)*(x*neut(y)).

In contrast, suppose that S satisfies the above conditions (1) and (2). there are(Vx, y€S):

x*neut(y) = (neut(x)*x)*neut(y) = neut(x)*(neut(y)*x) = neut(x)*(x*neut(y))=
(neut(x)*neut(y))*x =(neut(y)*neut(x))*x = neut(y)*(x*neut(x)) = neut(y)*x.

From Definition 9 and this we can get that (S, *) is a weak commutative TA-NET-groupoid. O

Theorem 10. Assume that (S, *) is a weak commutative TA-NET-groupoid. Then ¥ x, y€S:

(1) neut(x)*neut(y) = neut(y*x);
(2) anti(x)*anti(y) €lanti(y*x)};
(3) (S is commutative) < (S is weak commutative).

Proof. (1) By Proposition 5 (1)), there are:

[neut(x)* neut(y)I*(y*x) = [neut(x)*x]*[y*neut(y)] = [neut(x)*x]*[neut(y)*y] =
[neut(x)*yI*[neut(y)*x] = [y*neut(x)]*[x*neut(y)] = [y*neut(y)I*[x* neut(x)] = y*x.

And, (y*x)*[neut(x)*neut(y)] = [y*neut(y)]*[neut(x)*x] = y*x. That is,
[neut(x)*neut(y)*(y*x) = (y*x)*[neut(x)*neut(y)] = y*x.
And that, there are:

[anti(x)*anti(y)]*(y*x) = [anti(x)*x]*[y*anti(y)] = neut(x)*neut(y);
(y*x)*[anti(x)*anti(y)] = [y*anti(y)] * [anti(x)*x] = neut(y)*neut(x) = neut(x)*neut(y).

That is,
[anti(x)*anti(y)]*(y*x) = (y*x)*[anti(x)*anti(y)] = neut(x)*neut(y).

Thus, combining the results above, we know that neut(x)*neut(y) is a neutral element of y*x.
Applying Theorem 6, we get neut(x)*neut(y) = neut(y*x).

(2) Using (1) and the following result (see the proof of (1))
[anti(x)*anti(y)]*(y*x) = (y*x)*[anti(x)*anti(y)] = neut(x)*neut(y)

we can get that anti(x)*anti(y)e{anti(y*x)}.
(3) If S is commutative, then S is weak commutative.

On the other hand, suppose that S is a TA-NET-groupoid and S is weak commutative.
By Proposition 5 (1) and Definition 9, there are:

x*y = (x*neut(x))*(y*neut(y)) = (x*neut(y))*(y*neut(x)) = (neut(y)*x)*(neut(x)*y)
= (neut(y)*y)*(neut(x)*x) = y*x.

Therefore, S is a commutative TA-NET-groupoid. O
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6. Decomposition Theorem of TA-NET-Groupoids

This section generalizes the well-known Clifford’s theorem in semigroup to TA-NET-groupoid,
which is very exciting.

Theorem 11. Let (S, *) be a TA-NET-groupoid. Then for any x €S, and all m €fanti(a)}:

(1) neut(x)*melanti(x)};

(2)  m*neut(x) = (neut(x)*m)*neut(x);
(3)  neut(x)*m = (neut(x)*m)*neut(x);
(4)  m*neut(x) = neut(x)*m;

(5) neut(m*(neut(x))) = neut(x).

Proof. (1) For any x€S, me{anti(x)}, we have m*x = x*m = neut(x). Then, by Definition 6, Theorem 7 (1)
and Proposition 5 (1), there are:

xX*[neut(x)*m] = (x*m)*neut(x) = neut(x)*neut(x) = neut(x);
[neut(x)*m]*x = [neut(x)*m]*[x*neut(x)] = [neut(x)*neut(x)]*(x*m) = [neut(x)*neut(x)*neut(x) = neut(x).

This means that neut(x)*me{anti(x)}.

(2) If xeS, melanti(x)}, then m*x = x*m = neut(x). Applying (1) and Theorem 8 (1),
m*neut(x) = neut(x)*[neut(x)*m].
On the other hand, using Theorem 7 (1) and Proposition 5 (1), there are:
neut(x)*[neut(x)*m] = (neut(x)*neut(x))*[neut(x)*m] = [neut(x)*m*[neut(x)* neut(x)] = [neut(x)*ml*neut(x).

Combining two equations above, we get m*neut(x) = (neut(x)*m)*neut(x).

(3) Assume that mefanti(x)}, then x*m = m*x = neut(x) and m*neut(m) = neut(m)*m = m.
By Theorem 7 (1), Proposition 5 (1) and Theorem 8 (4), there are:

neut(x)*m = [neut(x)*neut(x)]*(neut(m)*m) = (neut(x)*m)[neut(m)*neut(x)] = (neut(x)*m)*neut(x).

That is, neut(x)*m = (neut(x)*m)*neut(x).
(4) It follows from (2) and (3).

(5) Assume mefanti(x)}, then x*m = m*x = neut(x). Denote t = m*neut(x). We prove the
following equations,
Prneut(x) = neut(x)*t = t; t*x = x*t = neut(x).

By (3) and (4), there are:
Preut(x) = (m*neut(x))* neut(x) = (neut(x)*m)*neut(x) = neut(x)*m = m*neut(x) = t.
Using Definition 6, Theorem 7 (1) and Theorem 8 (1), there are:

neut(x)*t = neut(x)*[m*(neut(x))] = (neut(x)*neut(x))*m = neut(x)*m = m*neut(x) = t.
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Moreover, applying Proposition 5 (1), Theorem 7 (1) and Definition 6, there are:

t*x = [m*(neut(x))]*x = [m*neut(x)] * (neut(x)*x) = (m*x)*[neut(x)*neut(x)]
= neut(x)*[neut(x)*neut(x)] = neut(x).
x*t = x*m*(neut(x))] = [x*neut(x)]*m = x*m = neut(x).

Thus,
t*neut(x) = neut(x)*t = t; t*x = x*t = neut(x).

By the definition of neutral element and Theorem 6, we get that neut(x) is the neutral element of ¢
= m*neut(x). This means that neut(m*(neut(x))) = neut(x). O

Theorem 12. Let (S, *) be a TA-NET-groupoid. Then the product of idempotents is still idempotent. That is for
any y1, Y2 €5, (y1 *y2) * (1 * y2) =y1 " y2.

Proof. Assume thatyy, y» €S and (y1*y1 = y1, Y2*y2» = y»), then:
Y1™y2)*(y1"y2) = y1*ly1*y2)"y2l = y1*lys"(y2"y2)1 = y1*(y1"y2)-
From this, applying Definition 4 and Definition 6,

Y1*y2 = [neut(y*y2)1*(y1*y2) = lanti(y1*y2)*(y1*y2)I*(y1*y2) = antily:*y2)*[(y1*y2)*(y1*y2)]
= anti(y1*y2)*[y1*(y1*y2)] By (y1*y2)*(y1*y2) = y1*(y1*y2)
= [anti(y1*y2)*(y1*y2)I*y1 = neut(y1*y2)*yy.

Thus,
(y1*y2)*(y1*y2) = y1*(y1*y2) = (Y1)
= [neut(y1*y2)*y11*y1 (By y1*y2 = [neut(y:*y2)I"y1)
= neut(y1*y2)*(y1*y1) = neut(y1*y2)*y1 = y1*y>.

This means that the product of idempotents is still idempotent. O

Example 12. TA-NET-groupoid of order 4, given in Table 12, and the product of any two idempotent
elements is still idempotent, due to the fact that,

(z1% 22)¥(z1" 22) = 21* 29, (21" 23)"(21" 23) = 21* 23, (21" 24) * (21" 24) = 217 24,
(zp* 23)%(20% 23) = 2% 23, (2% 24)*(22% 24) = 207 24, (237 24)*(23% 24) = 23% 24.

Table 12. Cayley table on S = {z1, 23, z3, z4}.

zZ1 Z2 Z3 Z4
Z1 Z1 Z1 Z1 Z4
Z) Z) ) Z) Z4
23 21 Z1 z3 Zq
Z4 Z4 Z4 Z4 Z4

Theorem 13. Let (S, *) be a TA-NET-groupoid. Denote E(S) be the set of all different neutral element in S,
S(e) = {aeS| neut(a) = e} (¥ e€E(S)). Then:

(1)  S(e)is a subgroup of S.
(2) for any ey, ex€E(S), ey#e; = S(e1) N S(ep) = 0.
(3) S = UeEE(S)S(E)'
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Proof. (1) For any me S(e), neut(m) = e. That is, e is an identity element in S(e). And, using Theorem 7
(1), wegete*e=e.
Assume that m, neS(e), then neut(m) = neut(n) = e. We're going to prove that neut(m*n) = e.
Applying Definition 6, Proposition 5 (1),

(m*n)*e = m*(e*n) = m*n;
e*(m*n) = (e*e)*(m*n) = (e*n)*(m*e) = (e*n)*m

= (e*n)*(e*m) = (e*m)*(e*n) = m*n.
On the other hand, for any anti(m)e{anti(m)}, anti(n)e{anti(n)}, by Proposition 5 (1), we have

(m*n)*[anti(m)*anti(n)] = (m*anti(n))*(anti(m)*n) = [(m*anti(n))*n]*anti(m)
= [m*(n*anti(n))*anti(m) = (m*neut(n))*anti(m) = (m*e)*anti(m)
= m*anti(m) = neut(m) = e.
[anti(m)*anti(n)]*(m*n) = [anti(m)*n]*[m*anti(n)] = anti(m)*[(m*anti(n))*n]
= anti(m)* [m*(n*anti(n))] = anti(m)*(m*neut(n)) = anti(m)*(m*e)
= anti(m)*m = neut(m) =e.

From this, using Theorem 6 and Definition 4, we know that neut(m*n) = e. Therefore, m*neS(e),
i.e., (S(e), *) is a sub groupoid.

Moreover, ¥ meS(e), Ag€S such that gefanti(m)}. Applying Theorem 10 (1)(2)(3), g*neut(m) €
{anti(m)}; and applying Theorem 10 (5), neut(q*neut(m)) = neut(m).

Put t = g*neut(m), we get

t = g*neut(m)elanti(m)},
neut(t) = neut(q*neut(m)) = neut(m) = e.

Thus tefanti(m)}, neut(t) = e, i.e., teS(e) and t is the inverse element of m in S(e).
Hence, (S(e), *) is a subgroup of S.

(2) Let x€S(eg) N S(ez) and ey, e€E(S). We have neut(x) = eq, neut(x) = e;. Using Theorem 6, e; = ep.
Therefore, e; # e) = S(e7) N S(ey) = 0.

(3) For any x€S, there exists neut(x)€S. Denote e = neut(x), then ecE(S) and x€S(e).
This means that S = Uee(s)S(e). O

Example 13. Table 13 represents a TA-NET-groupoid of order 5. And,
neut(mq) = my, anti(my) = my; neut(my) = ms, anti(my) = my;

neut(ms) = mz, anti(ms) = {mz, ms}; neut(my) = my, anti(my) = my; neut(ms) = ms, anti(ms) = ms.

Table 13. Cayley table on S = {my, my, m3, my, ms}.

mp my m3 my ms
mq my my mp my my
mp ms ms my my my
ms3 my my ms ms ms
my my myp iy ny ny
ms my my ms ms ms

Denote S1 = {my, myl, Sy = {my, m3}, S3 = {ms], then S1, Sy and Sz are subgroup of S, and S =S; U S,
US3,51NS,=0,5NS3=0,5,N53=0.
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Example 14. Table 14 represents a TA-NET-groupoid of order 5. And,

neut(x) = x, anti(x) = x; neut(y) =y, {anti(y)} = {y, v},
neut(z) =y, {anti(z)} = {z, v}; neut(u) = u, {anti(u)} = {y, z, u, v}; neut(v) = v, anti(v) = v.

Denote S; ={x}, Sy ={y, z}, S3 = {u}, Sy = {v}, then S1, S,, S3 and S; are subgroup of S, and
S=5;US US3US54, 5 NS, =0,5NS3=0,55N5,=0,5N5;=0,5,N5,=0,5;N5,=0.

Table 14. Cayley table on S = {x, y, z, u, v}.

* x y z u v
x x x x x x
y u y z u y
z u z y u z
u u u u u u
v u y z u v

Open Problem. Are there some TA-NET-groupoids which are not semigroups?

7. Conclusions

In this study, we introduce the new notions of TA-groupoid, TA-NET-groupoid, discuss some

fundamental characteristics of TA-groupoids and established their relations with some related algebraic
systems (see Figure 2), and prove a decomposition theorem of TA-NET-groupoid (see Theorem 13).
Studies have shown that TA-groupoids have important research value, provide methods for studying

other non-associated algebraic structures, and provide new ideas for solving algebraic problems.

This study obtains some important results:

)
)]
®)
4)

)
(6)

@)

The concepts of commutative semigroup and commutative TA-groupoid are equivalent.

Every TA-groupoid with left identity element is a monoid.

A TA-groupoid is a band if each element is idempotent (see Theorem 4 and Example 9).

In a Tarski associative neutrosophic extended triplet groupoid (TA-NET-groupoid), the local unit
element neut(a) is unique (see Theorem 7).

The concepts of commutative TA-groupoid and WC-TA-groupoid are equivalent.

In a TA-NET-groupoid, the product of two idempotent elements is still idempotent (see Theorem
12 and Example 12).

Every TA-NET-groupoid is factorable (see Theorem 13 and Example 13-14).

Those results are of great significance to study the structural characteristics of TA-groupoids and

TA-NET-groupoids. As the next research topic, we will study the Green relations on TA-groupoids and

some relationships among related algebraic systems (see [23,25,28]).
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Abstract: Neutrosophic components (NC) under addition and product form different algebraic
structures over different intervals. In this paper authors for the first time define the usual product
and sum operations on NC. Here four different NC are defined using the four different intervals:
(0,1),[0,1), (0, 1] and [0, 1]. In the neutrosophic components we assume the truth value or the false
value or the indeterminate value to be from the intervals (0, 1) or [0, 1) or (0, 1] or [0, 1]. All the
operations defined on these neutrosophic components on the four intervals are symmetric. In all the
four cases the NC collection happens to be a semigroup under product. All of them are torsion free
semigroups or weakly torsion free semigroups. The NC defined on the interval [0, 1) happens to be
a group under addition modulo 1. Further it is proved the NC defined on the interval [0, 1) is an
infinite commutative ring under addition modulo 1 and usual product with infinite number of zero
divisors and the ring has no unit element. We define multiset NC semigroup using the four intervals.
Finally, we define n-multiplicity multiset NC semigroup for finite n and these two structures are
semigroups under + modulo 1 and {M(S), +, x } and {n-M(S),+, x } are NC multiset semirings.
Several interesting properties are discussed about these structures.

Keywords: neutrosophic components (NC); NC semigroup; multiset NC; n-multiplicity;
multiset NC semigroup; special zero divisors; torsion free semigroup; weakly torsion free semigroup;
infinite commutative ring; group under addition modulo 1; infinite neutrosophic communicative
ring; multiset NC semirings

1. Introduction

Semigroups play a vital role in algebraic structures [1-5] and they are applied in several fields
and it is a generalization of groups, as all groups are semigroups and not vice versa. Neutrosophic sets
proposed by Smarandache in [6] has become an interesting area of major research in recent days both
in the area of algebraic structures [7-11] as well as in applications ranging from medical diagnosis
to sentiment analysis [12,13]. The study of neutrosophic triplets happens to be a special form of
neutrosophic sets. Extensive study in this direction have been carried out by several researchers
in [8,14-17]. Here we are interested in the study of neutrosophic components (NC) over the intervals
0, 1), (0, 1], [0, 1) and [0, 1]. So far researchers have studied and applied NC only on the interval
[0, 1] though they were basically defined by Smarandache [18] on all intervals. Further they have
not studied them under the usual operation + and x. Here we venture to study NC on all the four
intervals and obtain several interesting algebraic properties about them.

Smarandache multiset semigroup studied in [19] is different from these semigroups. Further
these multiset NC semigroups are also different from multi semigroups in [20] which deals with multi
structures on semigroups.
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Any algebraic structure becomes more efficient for application only when it enjoys some strong
properties. In fact a set endowed with closed associative binary operation happens to be a semigroup.
This semigroup structure does not yield many applications like algebraic codes or commutative rings
or commutative semirings. Basically to have a vector space one needs at least the basic algebraic
structure to be a group under addition. The same is true in case of algebraic codes. However none of
the intervals [0, 1] or (0, 1) or (0, 1] can afford to have a group structure under +. One can not imagine
of a group structure under product for no inverse element can be got for any element in these intervals.
But when we consider the interval [0, 1) we see it is a group under addition modulo 1.

In fact for any collection of NC which are triplets to have a stronger structure than a semigroup
we need to have a strong structure on the interval over which it is built. That is why this paper studies
the NC on the interval [0, 1). These commutative rings in [0, 1) can be used to built both algebraic
codes on the NC for which we basically need these NC to be at least a commutative ring. With this
motivation, we have developed this paper.

This paper further proves that multiset NC built on the interval [0, 1) happens to be a commutative
semiring paving way to build multiset NC algebraic codes and multiset neutrosophic algebraic codes
which can be applied to cryptography with indeterminacy.

The paper is organized as follows. Section one is introductory in nature. Section 2 recalls the
basic concepts of partial order, torsion free semigroup and neutrosophic set. Section 3 introduces NC
on the four intervals [0, 1], (0,1), [0, 1) and (0, 1] and mainly prove they are infinite NC semigroups
which are torsion free. The new notion of weakly torsion free elements in a semigroup is introduced in
this paper and it is proved that NC semigroups built on intervals [0, 1] and [0, 1) are weakly torsion
free under usual product x. We further prove the NC built using the interval [0, 1) happens to be an
infinite order commutative ring with infinite number of zero divisors and it has no unit. In Section 4
we prove multiset NC built using these four intervals are multiset neutrosophic semigroups under
usual product x. We prove only in case of [0, 1) the multiset NC is a ring with infinite number of zero
divisors and in all the other interval, M(S) is a torsion free or weakly torsion free semigroup under x.
Only in case of the interval [0, 1), M(S) is semigroup under modulo addition 1. In Section 5 we define
n-multiplicity multiset NC on all the intervals and obtain several interesting properties. Discussions
about this study are given in Section 6 and the final section gives conclusions and future research
based on their structures.

2. Basic Concepts

In this section we introduce the basic concepts needed to make this paper a self contained one.
We first recall the definition of partially ordered set.

Definition 1. There exist some distinct elements a,b € S such that a < b or a > b, and other distinct elements
b,c € S such that neither b < ¢ nor b > c, then we say (S, <) is a partially ordered set. We say (S, <) isa
totally ordered set if for every pair a,b, € S we havea <borb > a.

The set of integers is a totally ordered set and the power set of a set X; P(X) is only a partially ordered set.

Next we proceed on to define torsion free semigroup.

Definition 2. A semigroup {S, x } is said to be a torsion free semigroup if for a,b € S,a # b,a"™ # b" for any
1<n< oo

We recall the definition of semiring in the following from [21].

Definition 3. For a non empty set S,{S, +, x } is defined as a semiring if the following conditions are true

1. {S,+} is a commutative semigroup with 0 as its additive identity.
2. {S, x} is a semigroup.
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3. ax(b+c)=axb+axcforalla,b,c, €S follows distribution law.

If{S, x } is a commutative semigroup we call {S,+, X } as a commutative semiring.

For more, see [21].
For example, set of integers under product is a torsion free semigroup. Finally we give the basic
definition of neutrosophic set.

Definition 4. The Neutrosophic components (NC) is a triplet (a, b, c) where a is the truth membership function
from the unit interval [0, 1], b is the indeterminacy membership function and c is the falsity membership function
all of them are from the unit interval [0, 1].

For more about Neutrosophic components (NC), sets and their properties please refer [6].
Next we proceed onto define the notion of multiset.

Definition 5. A neutrosophic multiset is a neutrosophic set where one or more elements are repeated with same
neutrosophic components or with different neutrosophic components.

Example 1. M = {a(0.3,0.4,0.5),4(0.3,0.4,0.5),b(1,0,0.2),b(1,0,0.2),¢(0.7,1,0)} is a neutrosophic
multiset. For more refer [18]. However we in this paper use the term multiset NC to denote elements of
the form {5(0.3,0.4,1),3(0.6,0,1),(0,0.7,0.5) } so 5 is the multiplicity of the NC (0.3, 0.4, 1) and 3 is the
multiplicity of the NC (0.6, 0, 1) and 1 is the multiplicity of the NC (0, 0.7, 0.5).

For more about multisets and multiset graphs [18,22].

3. Neutrosophic Components (NC) Semigroups under Usual Product and Sum

Throughout this section {x,y,z} will denote the truth value, indeterminate value, false value
where x, v, z belongs to [0, 1], the neutrosophic set. However we define special NC on the intervals
(0,1), (0, 1] and [0, 1). We first prove S = {(x,y,z)/x,y,z € (0,1)} is a semigroup under product and
obtain several interesting properties about NC semigroups using the four intervals (0, 1), (0, 1], [0, 1)
and [0, 1].

Example 2. Let a = (0.3,0.8,0.5) and b = (0.9,0.2,0.7) be any two NC in S1. We define product a x b =
(0.3,0.8,0.5) x (0.9,0.2,0.7) = (0.3 x 0.9,0.8 x 0.2, 0.5 x 0.7) =(0.27, 0.16, 0.35). It is again a neutrosophic
setin Sq.

Definition 6. The four NC S = {(x,y,z)/x,y,z € (0,1)}, S» = {(x,y,2)/x,y,z € [0,1)}, S3 =
{(x,y,2)/x,y,z € (0,1]} and Sy = {(x,y,2)/x,y,z € [0,1]} are all only partially ordered sets for if a = (x,
y,z)andb= (s, v, t)arein S; then a < bif and only if x < s,y < r, z < t; but not all elements are ordered in
S;, that is why we say S; are only partially ordered sets, and denote it by (S;, <);where < denotes the classical
order relation over reals; 1 < i < 4.

For instance if a = (0.3,0.7,0.5) and b = (0.5,0.2,0.3) are in S; then a and b cannot be compared.
If d = (0.8,0.5,0.7) and ¢ = (0.6,0.2,0.5), thend > corc < d.
In view of this we have the following theorem.

Theorem 1. Let S1 = {(x,y,2)/x,y,z € (0,1)} be the collection of all NC which are such that the elements
x, y and z do not take any extreme values.

1. {Sy, x} is an infinite order commutative semigroup which is not a monoid and has no zero divisors.
2. Everya = (x,y,z) in S; will generate an infinite cyclic subsemigroup under product of S1 denoted by
(P, x).

135



Symmetry 2020, 12, 818

2

3. The elements of P forms a totally ordered set, (for if a = (x,y,z) € P we see a* = a x a < a).

4. {Sy, x} has no idempotents and {S1, x } is a torsion free semigroup.

Proof. Proof of 1: Clearly if a = (x,y,z) and b = (r,s,t) arein Sy, thena x b = (x X r,y X 5,z X t) isin
Sy;asx xr,y xsand z x t € (0,1). Hence, {Sq, x } is a semigroup under product. Further as number
of elements in (0, 1) is infinite so is S1. Finally as the product in (0, 1) is commutative so is the product
in S1. Hence the claim. (1, 1, 1) is not in 1 as we have used only the open interval (0, 1), we see {S1, x }
is not a monoid. S; has no zero divisors as the elements are from the open interval which does not
include 0, hence the claim.

Proof of 2: Leta = (x,y,z) bein S, we see a x a = (x X X,y X y,z X z) = a?, and so on
axax...xa=a"=(x",y", z") and n can take values from (0, ). Thus a in S generates a cyclic
subsemigroup of infinite order, hence the claim.

Proof of 3: Let P = (a), a generates the semigroup under product, it is of infinite order and from
the property of elements in (0, 1); 2 > a?> > a®> > and so on > a". Hence the claim.

Proof of 4: If any a = (x,y,z) € Sy as x,,z € (0,1), and X, y and z are torsion free so is a. We see
a® # aforany a € Sy. Further if a # b for non € (0,0); a" = b". Hence the claim.

O

Definition 7. The four NC S1, 53, S3 and Sy mentioned in definition 6 under the usual product x forms a
commutative semigroup of infinite order defined as the NC semigroups.

Theorem 2. Let Sy = {(x,y,z)/x,y,z € [0,1)} be the collection of NC. {Sy, x } is only a semigroup and not
a monoid and has infinite number of zero divisors. Further all other results mentioned in Theorem 1 are true
with an additional property if a # b; (a,b € Sy) we have

lim 4" = lim b" = (0,0,0)
n—o0o n—o0

as (0,0,0) € Sy.

Proof as in case of Theorem 1.
In view of this we define an infinite torsion free semigroup to be weakly torsion free if a # b; but
lim 4" = lim b"
n—oo n—oo
Thus S, is only a weakly torsion free semigroup.
It is interesting to note S; is contained in S; and in fact Sy is a subsemigroup of S;.The differences
between S; and S, is that Sy has infinite number of zero divisors and the lgn a" = (0,0,0) exists in S,
n—oo

and S is torsion free but S; is weakly torsion free.

Theorem 3. Let S3 = {(x,y,2)/x,y,z € (0,1]} be the collection of NC. {S3, X } is a monoid and has no
zero divisors.

Results 2 to 4 of Theorem 1 are true. Finally S; is a subset of S3, in fact S; is a subsemigroup of Ss.
The main difference between S; and S3 is that S3 is a monoid and S is not a monoid. The difference
between S; and Sj is that S3 has no zero divisors but S; has zero divisors and S3 is a monoid.

Next we prove a theorem for S4.

Theorem 4. Let Sy = {(x,y,2)/x,y,z € [0,1]}. {S4, x} is a semigroup and is a monoid and has zero
divisors. Other three conditions of Theorem 1 is true, but Sy like Sy is only a weakly torsion free semigroup.

Proof as in case of Theorem 1. We have S; contained in S; and S; is contained in S4 and S
contained in S3 and S3 is contained in S.
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However, it is interesting to note Sp and S3 are not related in spite of the above relations.

Now we analyse all these four neutrosophic semigroups to find out, on which of them we can
define addition modulo 1. S; does not include the element (0, 0, 0) as 0 is not in (0, 1), so S7 is not even
closed under addition modulo 1. So 51 in not a semigroup or a group under plus modulo 1. Since S3
and S4 contains (1, 1, 1) we cannot define addition modulo 1; hence, they can not have any algebraic
structure under addition modulo 1. Now consider {S;, +}, clearly {S,, +} is a group under addition
modulo 1.

In view of all these we have the following theorem.

Definition 8. The NC {Sy, +} under usual addition modulo 1 is a group defined as the NC group denoted by
{S2,+}

Theorem 5. {S, +} is a group under addition modulo 1.

Proof. Forany y,x € 53, x +y (mod 1) € S;. (0,0, 0) € S, acts as additive identity. Further for every x
there is a unique y € S, with x +y = (0, 0, 0). Hence the theorem. [J

Definition 9. The NC Sy under the operations of the usual addition + modulo 1 and usual product x forms a
commutative ring of infinite order defined as the NC commutative ring denoted by {S»,+, x }

Theorem 6. {Sy,+, x } is a commutative ring with infinite number of zero divisors and has no multiplicative
identity (1,1, 1).

Proof. Follows from the Theorem 1 and the fact S, is closed under + modulo 1 by Theorem 5.
The distributive property is inherited from the number theoretic properties of modulo integers. As 1 is
notin [0,1); (1, 1, 1) is not in Sy, hence the result. O

Next we proceed on to define multiset NC semigroups in the following section.

4. Multiset NC Semigroups

In this section we proceed on to define multiset NC semigroups using S, S, S3 and S4. We see
M(S1) = {Collection of all multiset NC using elements of S1 }. On similar lines we define M(S;), M(S3)
and M(S4) using Sy, S3 and Sy respectively. We prove {M(S;z),+, X} is a multiset neutrosophic
semiring of infinite order.

Recall [18], A is a multi neutrosophic set, then A = {5(0.3,0.7,0.9),12(0.6.0.2,0.7),8(0.1,0.5,0.1),
(0.6,0.7,0.5)}; that is in the multiset neutrosophic set A; (0.3, 0.7, 0.9) has occurred 5 times; (0.6, 0.2,
0.7) has occurred 12 times or its multiplicity is 12 in A and so on.

Let M(S1) = {Collection of all multisets using the elements from S; }, M(S7) is an infinite collection.
We just show how the classical product is defined on M(S7).

Let A = {9(0.3,0.2,0.4),2(0.6,0.7,0.1), (0.1,0.3,0.2) } and B = {5(0.1,0.2,0.5),10(0.8,0.4,0.5)} in
M(S7) be any two multisets. We define the classical product x of A and B as follows;

A x B ={9(0.3,0.2,0.4) x 5(0.1,0.2,0.5),9(0.3,0.2,0.4) x 10(0.8,0.4,0.5),
2(0.6,0.7,0.1) x 5(0.1,0.2,0.5),2(0.6,0.7,0.1) x 10(0.8,0.4,0.5),
(0.1,0.3,0.2) x 5(0.1,0.2,0.5), (0.1,0.2,0.5) x 10(0.8,0.4,0.5)}

= {45(0.03,0.04,0.2),90(0.24,0.08,0.2),10(0.06,0.14,0.05),
20(0.48,0.28,0.05),5(0.01,0.06,0.1),10(0.08,0.08,0.25) };

A x Bisin M(S;), thus {M(S1), x } is a commutative semigroup of infinite order defined as the
multiset NC semigroup.
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Definition 10. Let M(S;) be the multi NC using elements of S;(i = 1,2,3,4), {M(S;), x} on the usual
product x is defined as the multiset neutrosophic semigroup fori = 1,2,3 and 4.

Definition 11. Let {Sy, x } be the multiset NC semigroup under x , elements of the form (a,0,0), (0,b,c)
and so on which are infinite in number with a,b,c € Sy contribute to zero divisors. Hence multisets using these
types of elements contribute to zeros of the form n(0,0,0); 1 < n < oo . As the zeros are of varying multiplicity
we call these zero divisors as special type of zero divisors.

We will provide examples of them.

Example 3. Let R = {(S3), X} be the multiset NC semigroup under product. Let A = (0.6, 0, 0) and B =
(0,0.4,0.5) bein R, A x B=1(0,0,0). Take D = {9(0.6,0.9,0) } and E = 9(0, 0, 0.4) in R; we get D x E =
{81(0,0,0)}. Tuke W = {7(0,0.5,0),4(0,0.6,0) } and V = {(0.7,0,0.4),20(0.8,0,0) } be two multisets in R;
W x V = {7 x 44(0,0,0) +7 x 20(0,0,0) + 4 x 44(0,0,0) +4 x 20(0,0,0)} = {704(0,0,0)} is a special
type of zero divisor of R.

Thus M(Sy) is closed under the binary operation X.

Theorem 7. The neutrosophic multiset semigroups {M(S;), x} for i =1, 2, 3, 4 are commutative and of
infinite order satisfying, the following properties for each M(S;);i=1, 2, 3, 4.

1. {M(Sy), x} has no trivial or non-trivial special type of zero divisors and no trivial or non-trivial
idempotents.

2. {M(Sy), x } has infinite number of special type of zero divisors and no non-trivial idempotents.

3. {M(S3), x} has no trivial or non-trivial special zero divisors but has (1, 1, 1) as identity and has no non
trivial idempotents.

4. {M(Sy), x } has non-trivial special type of zero divisors and has (1,1, 1) as its identity and has idempotents
of the form {(0,1,0),(1,1,0),(0,0,1),(1,0,1) and so on }.

Proof. 1. Follows from the fact that S; has no zero divisors and idempotents as it is built on the
interval (0, 1).

2. Evident from the fact Sy is built on [0, 1) so has special type of zero divisors by definition but no

idempotent.

True from the fact S3 is built on (0, 1], s0 (1,1, 1) € M(S3).

4. S4 which is built on [0, 1] has infinite special type of zero divisors as (0, 0, 0) € S4 by Definition 11
and (1, 1, 1) € M(S4) and has idempotents of the form {(0,1,0),(1,1,0),(0,0,1),(1,0,1) and
soon }.

Hence the claims of the theorem. [

@

Now we proceed onto define usual addition on M(S7)

S1 ={(x,y,2)/x,y,z € (0,1)} in not even closed under addition. For there are x,y € (0,1) such
that x + i is 1 or greater than 1, so these elements are not in (0, 1), hence our claim.

Recall S, = {(x,y,z)/x,y,z € [0,1) }. We can define addition modulo 1 and product under that
addition both S, and [0, 1) are closed.

Leta = (0.7,0.6,0.9) and b = (0.5,0.9,0.4) be in S5, we find a + b mod 1.

a+b=(07,06,09) + (0.5,09,04) = (0.7 +0.5(mod 1),0.6 + 0.9(mod 1),0.9 + 0.4(mod 1)) =
(0.2,0.5,0.3) isin Sy. (0, 0, 0) in S acts as the additive identity.

For every a € S, there is a unique b € S, such thata + b = (0,0,0)mod 1. Thus (S, +) is a NC
group of infinite under addition modulo 1. Further (S, x) is a semigroup under product of infinite
order which is commutative and not a monoid as (1, 1, 1) is not in Sy.

Now we illustrate how addition is performed on any two neutrosophic multisets in M(S;).

Let A = {7(0.3,0.8,0.45),9(0.02,0.41,0.9), (0.6,0.3,0.2)} and B = {5(0.1,0,0.9),2(0.6,0.5,0)} be
any two multisets of M(S;). To find the sum of A with B under addition modulo 1.
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A+ B ={35[(0.3,0.8, 0.45) + (0.1, 0, 0.9)]mod 1, 45[(0.02, 0.41, 0.9) + (0.1, 0, 0.9)]mod 1, 5[(0.6, 0.3,
0.2) + (0.1,0, 0.9)Jmod 1, 14[(0.3, 0.8, 0.45) + (0.6, 0.5,0)Jmod 1, 18[(0.02, 0.41, 0.9) + (0.6, 0.5, 0)Jmod 1,
2[(0.6,0.3,0.2) + (0.6, 0.5, 0)lmod 1} = {35(0.4, 0.8, 0.35), 45(0.12, 0.41, 0.8), 5(0.7, 0.3, 0.1), 14(0.9, 0.3,
0.45), 18(0.62, 0.91, 0.9), 2(0.2, 0.8, 0.2)}

is in M(Sy). This is the way addition modulo 1 operation is performed. For M(S3) and M(S4) we
can not define usual addition modulo 1 as (1, 1, 1) € M(S3) and M(Sy).

Next we proceed on to describe the product of any two elements in M(S;). We take the above A
and B and find A x B. A x B = {35[(0.3,0.8,0.45) x (0.1, 0, 0.9)], 45[(0.02, 0.41, 0.9) x (0.1, 0, 0.9)], 5[(0.6,
0.3,02)x (0.1,0,0.9)], 14[(0.3, 0.8, 0.45) x (0.6, 0.5 0)], 18[(0.02, 0.41. 0.9)x (0.0.6, 0.5, 0)], 2[(0.6, 0.3, 0.2)
% (0.6,0.5,0)]} = {35(0.03, 0, 0.405), 45(0.002,0, 0.81), 5(0.06, 0, 0.18), 14(0.18, 0.4, 0), 18(0.012, 0.205, 0),
2(0.36, 0.15, 0)}, is in M(Sy).

Theorem 8. {M(Sy), +} is a multiset NC semigroup under addition modulo 1.

Proof. M(S;) is closed under the binary operation addition modulo 1. Thus M(S;) is the neutrosophic
multiset semigroup under + modulo 1. O

Now we proceed on to define a special type of zero divisors. In view of this we have the
following theorem.

Theorem 9. R = {M(S,), x } is an infinite commutative multiset NC semigroup, which is not a monoid and
has special type of zero divisors.

Proof. We see M(S;) under the binary operation product is closed and is associative as the base set S,
is associative and commutative and is closed under the binary operation product. Thus {(S), x } is
commutative semigroup of infinite order. Further M(S;) does not contain (1, 1, 1) so {M(S,), x } is
not a monoid.

From the above definition and description of special zero divisors R has infinite number
of them. O

We have the following theorem.

Theorem 10. {M(Sy),+, x} is a NC multiset commutative semiring of infinite order which has infinite
numbers of special type of zero divisors.

Proof. Follows from Theorem 8 and Theorem 9. [

Next we proceed on to define n- multiplicity neutrosophic multisets and derive some properties
related with them. M(S3) and M(S,) are just multiset NC semigroups under product and in fact they
are monoids. Further M(S4) has infinite number of special zero divisors.

5. n-Multiplicity Neutrosophic Set Semigroups Using Sq, Sy, S3 and S4

In this section we define the new notion of n-multiplicity NC using S, Sz, S3 and S4. We prove
these n-multiplicity NC are of infinite order but what is restricted is the multiplicity n, that is any
element cannot exceed multiplicity n; it can maximum be n, where n is a positive finite integer. Finally
we prove {M(S;), +, x} where S, = [0,1) is a NC n-multiset commutative semiring of infinite order.

We will first illustrate this situation by some examples before we make an abstract definition
of them.

Example 4. Let 4-M(S1) = {collection all multisets with entries from S; = {(x,y,2)/x,y,z €
(0,1)}, such that any element in Sy can maximum repeat itself only four times}. Here n =
4, A = {4(05,0.7,0.4),3(0.1,0.9,0.7),4(0.1,0.2,0.3),4(0.7,0.8,0.4),4(0.8,0.8,0.8),2(0.9,0.9,0.9),

139



Symmetry 2020, 12, 818

3(0.7,09,0.6),(0.6,0.1,0.1)} be a 4-multiplicity multiset from 4-M(Sy). We see the NC
(0.5,0.7,0.4),(0.1,0.2,0.3), (0.7,0.8,0.4) and (0.8, 0.8,0.8) have multiplicity four which is the highest
multiplicity an element of 4-M(S1) can have. The NC (0.1, 0.9, 0.7) and (0.7,0.9,0.6) have multiplicity
3. The multiplicity of (0.9, 0.9, 0.9) is two and that of (0.6, 0.1, 0.1) is one. Clearly Sy does not contain
the extreme values 0 and 1 as Sy is built using the open interval (0, 1). However on M(S1) we can not
define addition.

Thus 4-M(S1) can not have the operation of addition defined on it. Now we show how the
operation X is defined on 4-M(S;) for the some A, B € 4-M(S71). Now

A x B = {3(0.3,0.7,0.8),2(0.5,0.9,0.6),4(0.2,0.3,0.4)} x {(0.1,0.3,0.7),2(0.5,0.7,0.1)}
= {3(0.03,0.21,0.56),2(0.05,0.27,0.42),4(0.02,0.09, 0.28),
6(0.15,0.49,0.08),4(0.25,0.63,0.06),8(0.1,0.21,0.04) }

we now use the fact we can have maximum only 4 multiplicity of an element so we replace
6(0.15, 0.49, 0.08) by 4(0.15, 0.49, 0.08) and 8(0.1, 0.21, 0.04) by 4(0.1, 0.21, 0.04). Now the thresholded
product is {(3(0.03, 0.21, 0.56), 2(0.05, 0.27, 0.42), 4(0.02, 0.09, 0.28), 4(0.15, 0.49, 0.08), 4(0.25, 0.63, 0.06),
4(0.1,0.21,0.04))} € 4-M(Sy).

{4-M(S;1), x} is a commutative neutrosophic multiset semigroup of infinite order and the
multiplicity of any element cannot exceed 4.

This semigroup is not a monoid and it has no special zero divisors or zero divisors or units.

Definition 12. 12 Let n-M(S;) ={ collection of all multisets with entries from S; of at-most multiplicity
;2 <n <oo}(l <i<4).n-M(S;) under usual product, x is defined as the n-multiplicity NC semigroup,
1<i<4

In view of this we have the following theorem.

Theorem 11. Let n-M(S;) = {t(x,y,2)|x,y,z € S;;1 < t < n} be the n-multiplicity neutrosophic multisets
(1<i<4).

1. n-M(S;) is not closed under the binary operation ‘+" under usual addition, for i = 1, 3 and 4.

n-M(S;) is a (n-multiplicity neutrosophic multiset) semigroup under the usual product fori=1, 2, 3

and 4.

{n-M(S;), x } is a monoid for i = 3 and 4. .

4. {n-M(S;), x } has no special zero divisors if S; = Sy and S but they have no non trivial idempotents. S,
and special zero divisors and no non trivial idempotents, but Sy has both non trivial special zero divisors
and non trivial idempotents.

w

Proof. Proof of 1: If A = {(0.3,0.8,0.9)} and B = {(0.4,0.3,0.1)} € n-M(S;). A+ B = {(0.7, 1.1,
1.0)} ¢ n-M(S;) as S; when built using S3 and S; and by example 4 n-M(S;). Only M(S,) is closed
under addition.

Proof of 2: Since (S;, %) is closed under product so is n-M(S;) with replacing the numbers greater
than n by 7 in the resultant product; i = 1,2, 3 and 4 are semigroups, hence the claim.

Proof of 3: As (1,1,1) € Sz and Sy so is in n-M(S3) and n-M(Sy) respectively so they are monoids.

Proof of 4: n-M(S;) has no special zero divisors in case of Sy and S3. Finally S; = {(x,y,z)|x,y,z €
S;}, has zero divisors and special zero divisors in case of S, and S4 for i = 2 and 4, and non trivial
idempotents contributed by 0’s and 1’s only in case of S;. Hence the theorem.

O

Example 5. Let 5-M(S;) = {Collection of all neutrosophic multisets which can occur at most
5-times that is the multiplicity is 5 with elements from S, = {(x,y,z)|x,y,z € [0,1)}} Let A =
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4(0.2,0.5,0.7),3(0.1,0.2,0.3),5(0.3,0.1,0.2), (0.1,0.2,0.8) € 5-M(Sy) We see the multiplicity of (0.3, 0.1,
0.2) is 5 others are less than 5.

Let A = {3(0.3,0.2,0), 4(0.5, 0.6, 0.9), 5(0.1, 0.2, 0.7)} and B = {4(0.8, 0.1, 0.9), 2(0.6, 0.6, 0.6)} €
5-M(Sy). Now we first find A x B = {5(0.24, 0.02, 0), 5(0.4, 0.06, 0.81), 5(0.08, 0.02, 0.63), 5(0.06, 0.12,
0.42)} € 5(M(Sy).

A+ B = {5(0.1,0.3,0.9), 5(0.9, 0.8, 0.6), 5(0.3, 0.7, 0.8), 5(0.9, 0.3, 0.6), 5(0.1, 0.2, 0.5), 5(0.7, 0.8,
0.3)} € 5-M(S,). Addition is done modulo 1. However we have closure axiom to be true under + for elements
in Sy and in case of S1; 0 ¢ Sy = (0, 1)). This closure axiom is flouted.

If addition modulo 1 is done we have to see that 1 is not included in the interval and 0 is included in that
interval so we need to have only closed open interval [0, 1). Under these two constraints only we can make Sy as
well as M(Sy) and n-M(Sy) as semigroups under addition modulo 1.

We can built strong structure only using the [0, 1).

Theorem 12. Let n-M(Sy) = Collection of all multisets of S built using Sp = {(x,y,z)|x,y,z € [0,1)} with
multiplicity less than or equal ton; 2 < n < oo

{ n-M(Sy), x } is a commutative neutrosophic multiset semigroup of infinite order and is not a monoid,
n-M(Sy) has infinite number of zero divisors.

Proof. If A and B € n-M(S;) we find A x B and update the multiplicities in A x B to be less than or
equal to n so that A x B € n-M(S,). by Theorem 11(2).
Clearly (1,1,1) ¢ n-M(S,) so is not a monoid.
O

Theorem 13. B = {n-M(S;), +, X }, the n-multiplicity multiset NC is a commutative semiring of infinite
order and has no unit, where Sy = [0,1).

Proof. Follows from the fact { n-M(S,), +} is a commutative semigroup under addition modulo 1,
Theorem 11(1) and Theorem 12 and {n-M(S;y), X} is a commutative semigroup under x. Hence
the claim.

O

6. Discussions

The main motive of this paper is to construct strong algebraic structures with two binary
operations on the NC. Here we are able to get a NC commutative ring structure using the base
interval as [0, 1). This will lead to future research of constructing Smarandache neutrosophic vector
spaces and Smarandache neutrosophic algebraic codes using the same interval [0, 1). Now using the
same interval [0, 1), we construct multiset NC and n-multiset NC 2 < n < co. On these we were able
to built only neutrosophic multiset(n-multiplication set) commutative semiring structure. Now using
these we can construct Smarandache multiset neutrosophic semi vector spaces which will be taken as
future research. So this is significant first step to develop other strong structures and apply them to
NC codes and NC cryptography.

7. Conclusions

In this paper, authors have made a study of NC on the 4-intervals (0, 1) (0, 1], [0, 1] and [0, 1).
We define usual + and X on these intervals which is very different from the study taken so far. The main
properties enjoyed by these NC semigroups are developed. Further of these intervals only the interval
[0, 1) gives a nice algebraic structure viz an abelian group under usual addition modulo 1, which in
turn helps in constructing NC commutative ring under usual addition modulo 1 and product, the ring
has infinite number of zero divisors, whereas all the other intervals are semigroups/monoids which
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are torsion free or weakly torsion free of infinite order under x. Further in this paper we introduce the
notion of multiset NC semigroups using these four intervals under product. Furthermore, the multiset
NC forms a commutative semiring with zero divisors only when the interval [0, 1) is used. Finally we
introduce n-multiplicity multiset using these NC. They are also semigroups which is torsion free or
weakly torsion free under product.

For future research we will be using the product and addition modulo 1 in the place of min and
max in Single Valued Neutrosophic Set (SVNS) and would compare the results with the existing ones
when applied as SVNS models to real world problems.

Apart from all these we can use these NC, multiset NC and n-multiplicity multiset NC to built
NC codes which is one of the applications to neutrosophic cryptography which will be taken up by the
authors for future research.
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Abstract: In this manuscript, we focus on the brief study of finding the solution to and analyzingthe
homogeneous linear difference equation in a neutrosophic environment, i.e., we interpreted the
solution of the homogeneous difference equation with initial information, coefficient and both as
a neutrosophic number. The idea for solving and analyzing the above using the characterization
theorem is demonstrated. The whole theoretical work is followed by numerical examples and
an application in actuarial science, which shows the great impact of neutrosophic set theory in
mathematical modeling in a discrete system for better understanding the behavior of the system in an
elegant manner. It is worthy to mention that symmetry measure of the systems is employed here,
which shows important results in neutrosophic arena application in a discrete system.

Keywords: fuzzy set theory; difference equation; neutrosophic number; simplified neutrosophic
symmetry measure

1. Introduction

1.1. Uncertainty Theory and Neutrosophic Sets

The uncertainty theory becomes a very helpful tool for real life modeling in discrete and continuous
systems. The different theories of the fuzzy uncertainty theory have been given a new direction
since the setting of the fuzzy set, invented by Professor Zadeh [1]. This is generalized representation
of [1] is established as an intuitionistic fuzzy set theory by Atanassov [2]. Atarasov gave a novel
designusing the intuitionistic fuzzy theory, where he demonstrated the idea of a membership function
and non-membership function by which degree of belongingness and non-belongingness, respectively,
can be measured in a set. Liu and Yuan [3] ignited the perception of a triangular intuionistic fuzzy
set, which is the affable blend of a triangular fuzzy number and a intuionistic fuzzy set theory. Ye [4]
set up the idea for a trapezoidal intuionistic fuzzy set. Smarandache [5] found his more generalized
idea as a neutrosophic set, considering terms of the truth membership function, the indeterminacy
membership function, and the falsity membership function. This theory become more beneficial and
germane, rather than the common fuzzy and intuitionistic fuzzy theory settings.
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Several researchershave already worked in the neutrosophic field, some of which have developed
the theory [6,7], while some have applied the related theories in an applied field [8,9]. Various kinds of
forms and extensions of the Neutrosophic set, such as the triangular neutrosophic set [10], the bipolar
neutrosophic sets [11-14], and the multi-valued neutrosophic sets [15], were also found.

1.2. Difference Equation in an Uncertain Environment

There exist some works associated with difference equation and uncertainty. Mostly, researchers
have worked on the difference equation allied with fuzzy and intuitionistic fuzzy environments. We are
now giving details descriptions of some related published work. In the literature [16], Deebaet al. found
a strategy for solving the fuzzy difference equation with an interesting application. The model involving
CO2 levels in blood streamflow is thinkingin the view ofthe fuzzy difference equation by Deebaet
al. [17]. Lakshmikantham and Vatsala [18] talk abou tdifferent basic theories and properties of fuzzy
difference equations. Papaschinopoulos et al. [19,20] and PapaschinopoulosandSchinas [21] discuss
more findings in a similar context. Papaschinopoulos and Stefanidou [22] provide an explanation
on boundedness with asymptotic behavior of a fuzzy difference equation. Umekkanet al. [23] give
a finance application based on discrete system modeling in a fuzzy environment. Stefanidou et
al. [24] treat the exponential-type fuzzy difference equation. The asymptotic behavior of a second
order fuzzy difference equation is considered by Din [25]. The fuzzy non-linear difference equation is
considered by Zhang et al. [26], where Memarbashi and Ghasemabadi [27] corporate with a volterra
type rational form by Stefanidou and Papaschinopoulos [28]. The economics application is considered
by Konstantinos et al. [29]. Mondal et al. [30] solve the second-order intuitionistic difference equation.
Non-linear interval-valued fuzzy numbers and their relevance to difference equations are shown in [31].
National income determination models with fuzzy stability analysis in a discrete system are elaborately
discussed by Sarkar et al. [32]. The fuzzy discrete logistic equation is taken and stability situations are
found in the literature [33]. Zhang et al. [34] show the asymptotic performance of a discrete time fuzzy
single species population model. On discrete time, a Beverton-Holt population replica with fuzzy
environment is illustrated in [35]. Additionally, a different view of the fuzzy discrete logistic equation
is taken under uncertainty in [36]. The existence and stability situation of the difference equation with
a fuzzy setting is found by Mondal et al. [37]. Important results are also found for fuzzy difference
equations by Khastan and Alijani [38] and Khastan [39].

1.3. Novelties of the Work

In this connection of the above idea, few advances can still be prepared, which include:

(1) The homogeneous difference equation, solved and analyzed with a neutrosophic initial condition,
neutrosophic coefficient, and neutrosophic coefficient and initial together as a different section,
which was not done earlier.

(2) Establishment of the corresponding characterization theorem for the neutrosophic set with a
difference equation.

(3) Different theorems, lemmas, and corollary drawn for the purpose of the study.

(4) Numerical examples of the difference equation with a neutrosophic number, solved and illustrated
for better understanding of our observations.

(5) An application in actuarial science, illustrated in a neutrosophic environment for better
understanding of the practical application of the proposed theoretical results.

1.4. Structure of the Paper

In Section 1, we recall the related work and write the novelties of our study. The preliminary
concepts are addressed in Section 2. The difference equation with a neutrosophic variable is defined
and corresponds with a necessary theory, for which a lemma is prepared for the study in Section 3.
Section 4 shows the solution of the neutrosophic homogeneous difference equation. Two numerical
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examples are shown in Section 5. In Section 6, we take an appliance of an actuarial science problem in
the neutrosophic data and solve it. The conclusion and future research scope are written in Section 7.

2. Preliminaryldea

Definition 1. Neutrosophicset: [6] Let X be a universe set. A single-valued neutrosophic set A on X is
distinct as A = {(Ta(x), Ia(x), Fa(x)) : x € X}, where Ta(x), Ia(x), Fa(x) : X — [0,1] is the degree of
membership, degree of indeterministic, and degree of non-membership, respectively, of the element x € X,
such that 0 < T (x) + I4(x) + Fa(x) < 3.

Definition 2. Neutrosophicfunction: If we take the set of all real numbers as notation R and real valued
fuzzy numbers as notation Ry, then the function W : R — [0,1] is called a fuzzy number valued function if w
satisfies the subsequent properties.

(1) W is the upper semi continuous.

(2) Wis the fuzzy convex, i.e., W(Asy + (1 —A)sy) > min{W(s1), W(sz)} forallsy, s € Rand A € [0, 1].
(3) W isnormal,i.e., Jasy € R, such that W(sg) =1

(4) Closure of supp(W) is compact, where supp(W) = {s € R| W(s) >0}.

Definition 3. Triangular neutrosophic number: [40] If we consider the measure of the truth, for
which indeterminacy and falsity are not dependent, then a Triangular Neutrosophic number is taken as
N = (ro, 11, 12; S0, S1, S2; Wo, w1, Wy ), where the truth membership, falsity, and indeterminacy membership
function is treated as follows:

Y=o
o whenry <y <rm
T(y) 1 wheny=r
_ — o
N r;_ryl whenr; <y <rp
0 otherwise
i 2LV whensy <y <s
$1—S0 0= y 1
E(y) = 0 wheny=s;
N - y=s1
v whens; <y <sp
1 otherwise
w1-Y
T when wy <y < wy
0 wheny=w;
I ﬁ(y )= y—wy

o whenw; <y <w»

1 otherwise

where 0 < T (y) +Fg(y) +1g(y) <1, yeN.

The parametric setting of the above number is (ﬁ)a,ﬁ,y =
[Tweut (@), TNeuz (@); Ineut (B), INeuz (B); Feut (), Fneuz (7)),
where
N (@) = ro +a(r1 = o)
Ni(a) =ra—a(ra =)
N7 (B) = s1=B(s1—s0)
(B) )

)
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N} (y) = w1 = y(wy —wp)
N3 (y) = w1 + y(wz —wy)

Here,0 < a,B,y<land0<a+pB+y <3
The verbal phrase with the number can be written as in Table 1:

Table 1. The verbal phrase of different uncertain settings and neutrosophic numbers.

Type of Uncertain Parameter Verbal Phrase Used Functionsand Their Roles
Triangular Fuzzy Number [Low, Medium, High] Membership function f.or measurmg
degree of belongingness
Triangular Intuitionistic [Low, Medium, High; Very Low, Memb.ershlp and nor}-membershlp
. . function for measuring degree of
Fuzzy Number Medium, Very High] . .
belongingness and non-belongingness
[Low, Medium, High; Very Low, Truthiness, falsity, and indeterminacy
. . Medium, Very High; Between low function for measuring
Iriangular NeutrosophicNumber and very low; Medium; Between  the degree of truth belongingness, strictly
high and very high] non-belongingness and indeterminacy

Definition 4. Hukuhara difference on neutrosophic function: Let E* be the set of all neutrosophicfunctions,
s, t € E*. If Ais a neutrosophic number, w € E* and w suit the relation’s = w + t, then w is assumed to be the
Hukuhara difference of s and t, denoted by w =sot.

3. Difference Equation with a Neutrosophic Variable

Definition 5. A difference equation (sometime named as a recurrence relation) is an equation that relates the
consecutive terms of a sequence of numbers.

A gth order difference equation in the linear form can be articulated:
Xn+q = dlxn+q—l + d2xn+q—2 +eee dqxn + by 1

where dy, dy,...,d; and by, are constants, which are known.
If b, = 0 for all n, then Equation (1) is the homogeneous difference equation. On the other hand,
it will be the non-homogeneous difference equation if b, # 0, where b;, is treated as the forcing factor.
We consider an autonomous linear homogeneous difference equation of the form:

X1 = 0Xn , (0 #0) (2)
with the initial condition x,—¢ = x¢. The solution of Equation (2) can then be written as:

Xp = 0"'xg 3)

Theorem 1. [41] Let m € N, m > 2. A linear homogeneous system of them first order difference equation is
given in matrix form as:
Xn1 = AXn 4)
T
where, X, = (X,11, X%,...,Xnm) and A = (111-]-)

]
mxm’

The solution of Equation (3) can then be written as:
X, =A"Xg,neN 5)

The difference Equation (1) is considered as the neutrosophic difference equation if any one of the
following conditions are added:
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(i) The initial condition or conditions are the neutrosophic number (Type I);
(ii) The coefficient or coefficients are the neutrosophic number (Type II);
(iii) The initial conditions and coefficient or the coefficients are both neutrosophic numbers (Type III).

Theorem 2. Characterization theorem: Let us consider the neutrosophic difference equation problem:

’5{714»1 = f(x'rlrn)r (6)
with initial value X,—o = X as a neutrospohic number, where f : E* X Z>o — E*, such that

(1) The parametric form of the function is:

(2)  The fundions le,n<xl{,n(a) Il{n( ) n,oz), fl%n( i,n(a)’ xlli,n(a)’n’a)’ sz,n(x%,n ﬁ)’ xlzi,n(ﬁ)’n’ﬁ)’
.02, 2,8 mB) £,(3,0) 2,()my) and £2.(<3 (7), x%,,(7).,m,y) are taken as

continuous functions, i.e., forany €1> 03 a 61 > 0, such that:
1 (1 1 1 (,1 1
‘fL,n(xL,n(a)' xR,n(oz),n, a) —fL,n1 (XL,nl (a), XRony (a),nl,a)‘ <€

forall « € [0, 1] with ||<x£n(a), xllw(a),n, 01) - (xi " (a), xll2 " (a),nl,a)ll < 61 and for any €;> 03
an 6, > 0, such that:

|f1%/n(x}ﬂn(a), x}z,n(“)r”/ oz) —f;/nz(xim (a), x}{’nz (a),nz,a)| <& foralla € [0,1]

with ||(xiln(a), x}{’n(a),n, oz) - (x[{,nz(a), x}{,nz(a),nz,a)ll < 0y, where n, ny and ny € Zsy.

In a similar way, the continuity of the remaining four functions, an( Ln([p’), xz (B).n, ﬁ),

fI%,n( L,n (ﬁ)’ Rn (ﬁ)’ n, ‘8)’ fL,n( L,n( )’ x;){,n ()/)/ n, )/) and fR,n( Ln ()/)/ x?(,n ()/)’ n, 7/)’ can be defined.

The difference Equation (6) then reduces to the system of six difference equations, as follows:
xi,n+l (a) = I%,n(xi,n (a)’ x}{,n (a)/ n, a)
x}Q,n—&-l ((X) = I%,n(
2 2
XLl (B) = L,n( 9
xlzi,nJrl (ﬁ) = Ig,n(x%,n (ﬁ)/ x%{,n (ﬁ)' n, ﬁ)
xi,n—&-l (7/) = E’,n(x:z,n (V)’ x?{,n (V)/ n, ‘)/)

1 () = fan(6 (), %, (7))

with the initial conditions:

X umo(@) = x1 (@)
Xk no (@) = X o ()
1 umo(B) = 1 o(B)
Xk neo(B) = X o(B)
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xi,n:(} (7/) = x%fo (V)
xlli,n:(] (7/) = x11{,0 (7/)

Note 1. By the characterization theorem, we can see that a neutrosopic difference equation is transformed into
a system of six difference equations in crisp form. In this article, we have taken only a single neutrosophic
difference equation in a neutrosophic environment. Hence, the difference equation converted into six crisp
difference equations.

Definition 6. Strong and weak solutions of a neutrosophic difference equation: The solutions of difference
Equation (6), with initial condition (3.7) to be regarded as:

(1) A strong solution if

and

I I

d d

5[50 <0 5[k, 0] >0

for every a, B,y € [0,1].
(2) A weak solution if

X (@) > xp ()
%1 (B) 2 Xiu (B)
X, (7) 2 xp,(7)

and 3 3
ﬁ[xirn(a)] <0, a[xll{n(a)] >0

P P
%[xi/n (/3)] >0, %[x}z’n (/3)] <0

I 1. I
E[XL,H()/)] >0, g[xR,n(y)] <0
for every a, B,y €[0,1].

Definition 7. Let p and g be wneutrosophic numbers,  where [ﬁ](a,ﬁ,y)

[PL(@), pk(e); 2(B). PR (B} () )] @Wiapy) = [ah(@) ak(@); a2 (B), a2 (B3 (), a3 ()] for all
a,B,v € [0,1]. The metric on the neutrosophic number space is then defined as:
1

d(p,q) = sup max 1]{|pi(a) —q1 (@) [pp (@) = g (a)],

’ ’ ’

vt (B) -t (B)], [rx(B) — a2 B I} ) - 4 )] P2 () - 2 ()])-

Note 2. For some cases, the solution may not become strictly strong or weak solution type. In this scenario, a
specific time interval or specific interval of «, 3, or y becomes the strong or weak solution. The main objective is
to find the strong solutions. For scenariosin which neitherthe strong nor weak solutions occur, we call them
non-recommended neutrosophic solutions. We strongly recommended taking strong solutions.
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4. Solution of Neutrosophic Homogeneous Difference Equation

Considering linear homogeneous difference equations:
yr = atty 7)
In a neutrosophic sense, another inequivalent form of is (7) taken as:
Uy —auy =0 ®)
Remarks 1. Equations (7) and (8) are equivalent in a crisp sense, but in fuzzy sense they are not equivalent.
Proof 1. If we take the fuzzy difference Equation (7), it becomes Theorem 1.

[n+1) (@) = [@ttn] (0

or

ie.,

S
SN,y
=
F
—_
~—~

)

N>

Rout1(B) = ””%n(m
3
L

Ln+1

S ==

W= W
~—~
=<

R+l (v

but when we take (8), it becomes Theorem 1.

[nt1)(apy) = [@1n] (a,57) = O

or

ie.,

SN
\["N:,u»—\:
T+
—_
~~

S = 0=
AR WRENY

or

(10)

Clearly, from (9) and (10), we conclude that they are different.
Therefore, in a crisp sense, (7) and (8) are the same, but not in a neutrosophic sense. O
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Theorem 3. Supposea and ug are positive neutrosophic numbers, then 3 is a unique positive solution for
Equation (7).

Proof 2. Let the («, B, y)-cut of the positive neutrosophic number up be defined
1

as [uo)(q, p,y) = [ui,o(oc), ugo(e); uf o(B), ugy(B); uf o(v), uf’w(y)] and  [a](q, g, v)
[al (), ak(o); a2 (B),a2(B); @ (v),a%(v)| Yo, B,y € [0,1], and 0 < o+ B +7y < 1, and if Ty =
[Evll EQ/ Ev?)l N1,M2,MN3; Clr CZ/ C3] thenr

Mio(a) =& +a(ér-&)
up (@) = & —a(é &)
uf o(B) = m—Bln2—m)
ui o(B) =+ B —m2)
”%,0(7/) GQ-y(0-0)
“20(7/) O+y(G-0)

Suppose there exists a sequence of netrosophic numbers u, of Equation (7), with the positive
netrosophic number 1. Taking the (a, B, y)-cut of Equation (7), we have:
1)) = 18] 0 p) = 1)) Bl

or

%,n+1(ﬁ)’ “12<,n+1 (B); ”i,n+1(7’>' u?{,n+l(7/)] (11)
(

W[ (@), uk o(@); 12 ) (B), u% o (B); 1 (), 15, (»)]

Equation (11) then forwards the following system of the crisp homogeneous linear difference
equation for all @, , and y € [0, 1], as follows:

40 (@) = g ()uy (@)
g i (@) = ag (@), (@)
1) = B, ) )
2 (B) = a2 (BN, (B)
w () =a; ()] (y)
uy (V) = ay()ug , (v)

and Equation (12) has unique solutions [”i L(a), ull2 L(a); u% i1 (B)s ”12a L(B); ui L), u?{ ; (7/)] with an

initial condition [u} ;(a), ub o (a); u? ((B), 12 o (B); 2 o (), 13,()]:
(The unique solution concept of a difference equation is taken from [42])
Therefore, using Equation (3), solutions are as follows:

ul (@) = (a} (a))"u] (@)
ul (@) = (ak (@) "uh 5 (@)
() = (3 8)) 12 o (B) 13
% (B) = (a2(B)) 13, ()
i () = () ()
i () = (1) 13, ()
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We show that [u%n(a), ”llzn(“)" u%n(ﬁ), ”12271(‘8)" uin(y), u?{n(y/)], where each components
2 2 3

are given (by 4.5) with the initial condition [uio(a), ullw((x); uL,O(ﬁ), uR,O(ﬁ); uL,O(y), ”%,0(7/)]’

which indicates the (a, f, y)-cut of solution u, of (7) with initial condition 1y, so that:

() (ap,0) = [} (@), uk,(a); 2 (B), 1%, (B); 03 (), 1w, (¥)] (14)

Now,

1 1 ) 2 . s :
Therefore, [uL,n (), ug , (@); ui (B), ug ,(B); uzn (y), u%/n (7/)] represents a positive neutrosophic
number, such that u,, = a"u is the solution of (7).

To prove the uniqueness of the solution, let us assume that there exists an alternative solution i,

for Equation (4.1). Proceeding in asimilar way, we then have:

() () = [11,0(@), 1k, (@); iF ,(B), R, (B); 1], (), w3y, ()] forall (a,B,y) € [0,1].  (15)

Therefore, from Equations (14) and (15), we obtain [iu] (4 5,) = [tn](a,) forall (a,,7) € [0,1],
i.e., i, = uy. Thus, the theorem is proved. O

Theorem 4. Let a and ug are positive neutrosophic numbers. There also exists a unique positive solution for
Equation (8).

Proof 3. The proof of this theorem is almost similar to Theorem (3). O

Theorem 5. Let a and upb epositive neutrosophic numbers,
and max{a%(a),a}q(a);a% (B),a%(B); ai(y),a?{(y)} <1 Ya,By € [01] and supp(ug) c [M1,Nq],
where My, Ny are finite positive real numbers. All the sequences of positive neutrosophic solution of Equation (7)
are then bounded and persist.

Proof 4. Let un be a sequence of positive neutrosophic solutions of Equation (7).
Since max{ai(oc),a%{(oc);ai(ﬁ),aé(ﬁ); ai(y),a%(y)} <1, VY« B,y € [0,1] and supp(ug) € [My,Nq],
where My, N are finite positive real numbers, it is evident from Equation (9) that all the component
solutions of neutrosophic positive solution u, converge to 0 as n — oo i.e., un = Opetro @5 N — 0,
where (Oneutro) (Bry) = [0,0;0,0;0,0]. Since every convergent sequence is bounded, the sequence of
positive neutrosophic solutions u, of Equation (7) is bounded. O

Theorem 6. Let  a  and 1 bepositive  meutrosophic ~ numbers  and

max{ai(a),a}a(a);a%(ﬁ),alzz(ﬁ); ai(y),a?{(y)} <1 VY a, By € [01] and supp(ug) < [Mi,Nq],
where M1, Ny are finite positive real numbers. All the sequences of positive neutrosophic solutions of Equation
(8) are then bounded and persist.

4.1. Solution of Homogeneous Difference Equation of Type 1

Consider Equation (4.1) with the fuzzy initial condition u,—9 = 1 as a neutrosophic number.
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Let [’ﬁo](a, By = [uio(a)r u}{/o(a)i u%]o(ﬁ)r ujzal()(.g)/' ”i,O(V)r U%,O(V)]/ VYo, B,v € [O/ ”/

and 0 < a+pB+7v < 3, where, [u (a,p,y) IS the (a, B, y)-cut of uy and, if uy =
(&1, &2, &35 M1, 12,13, C1, o, C3), then

up o(a) = & +a(é - &)
M}{,O(a) =& -a(&- &)
2 -, — -
uio(B) = m—Bln2—m)
2’ _ (16)
uL,o(ﬁ) =Mm+ .B<TI3 - 772)
“%,0(7/) =0-7(0-0)
(7)) =G +y(G-G)
4.1.1. The Solution When a > 0 Is a Crisp Number and ug Is a Neutrosophic Number
Taking the (, B, y)-cut of Equation (7), we have the following equations:
Uy i (@) = (@)
Ug i (@) = iy, ()
2 )
en(B) = it () W)
uan_H (ﬁ) = auR,n (ﬁ)
U ia () = aup, ()
Uy i (V) = aug ()
Solutions of the above equations are:
u%rn(a) = a”u%lo(a)
”112,71(0‘) = a”ull{,o(a)
() = a" o) s
ug , (B) = a"ug o (B)
up (y) =a"u3 o (y)
ud, () = a"u3 o ()
4.1.2. The Solution When a = 1 and the Initial Value uy is a Neutrosophic Number
In this case, a sequence of solutions is given by
up, (@) = up ola)
u};’n(a) = u%/o(a)
uL,n (ﬁ) = uL,() (ﬁ) (19)
2 (B) = 12 ,(B)
uy (y) =ui o (y)
uy ,(v) =1 4(y)
which lead to convergent solutions.
4.1.3. The Solution When a < 0 and the Initial Value uy Is a Neutrosophic Number
Leta = —pu, p > 0, the real valued number.
From Equation (7), we then have
|14, (@), T ()] = =, (@), T (1) (20)
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Therefore, we obtain the following:

The first pairs of equations can be written in the matrix form as:

(@)

a) ]:( —Ou o )( Z}é

From Equation (22), let the co-efficient matrix be A1 = (

Therefore,

Therefore, the solution of (4.1.6), using Theorem (3.1), is given by:

i@ ) o @)
e R

U g (@) = —pitig (@)
g (@) = —pug , (@)
w2 (B) = i, (B)
U3 et (B) = —p1i? ()
w3 (y) =~ (7)
e (V) = —u] ()

0
‘Lln
—u"
0

when n is an even natural number

When 7 is an even natural number, the general solutions are:

When 7 is odd natural number, the general solutions are:

ul (@) = o ()
up (@) = whug (@)
u%,n (.B) = #nu%/0(5>
u12{,n (.B) = Hnulzzlo (ﬁ)
u? (y) = w3 o ()
g, (v) = g o (y)
ul (@) =~k ()
ub (@) = —"ul ()
ui,n(ﬁ) = _‘unulzz,o(ﬁ)
u%{,n (‘8) = —y”u%]o (ﬁ)
up (y) = —w"u} o ()
uy,(v) = —u'ug o (v)

) when n is an odd natural number

(21)

(22)

(23)

(24)

(25)

4.1.4. The Solution When a > 0 Is Aneutrosophic Number and the Initial Value ug Is a Crisp Number

Let [a] (4, 4,,) = [ai(a),allz(a); a
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Taking the (@, B, y)-cut of Equation (7), we have the following equation:

U (@) = ap (@)up , (@)
g 1 (@) = ag()u (@)
i (B) = a2 (B (B)
2 (8) = aE (B2 ()
) =a(u] ()
Uy win (V) = ag(n)ug ()
where 1 is the initial value. The solutions are as follows:
uin(oc) = (ai(a))nuo
ullz,n(“) = (allq(a))nuo
w? () = (a3(B)) uo
w2, (B) = (a%(B)) uo
i (7) = (@ () uo
() = () o

(26)

(27)

4.1.5. The Solution When a < 0 Is a Neutrosophic Number and the Initial Value 1 Is a Crisp Number

Let a = -y, where pu is a positive fuzzy number. [ a, )

[} (@), pk(@); 1u2(B), 13 (B); 12(0) ()] ¥ o, B,y €[0,1],and 0 < & + B +v < 3.
Equation (7) then splits into the following equations:

u%,nJrl(a) = _‘u}{(a)ull{n (a)
g (@) = —pp(@)up (@)
w21 (B) = (B, (B)
v ) = 42 (01,9
w () =~y ()u ()
W V) == ()}, ()

In the matrix form, the first pairs of equations of Equation (28) can be written as:

( (@) ]:( 0 () )( uf (@) ]
Uk y1(@) —ub@) 0 ) uh,(a)

The solution of (29) is given by:

where,
0 —ug(a)
& _( ~up (@) 0 )
and .
{ (yi(a)y}{(a))z 0 1 ] when n is even
. 0 (ui(@)uk (@)
AZ B (2 % n+l
[ ;1) 1 (ML(‘X)) (y}{(a))z] when n is odd
(@) * (ux () * 0
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The solution of Equation (30) when  is even is:

=

S e
—
)

I
—
=
=
~—

=
=
==
—

5

=

(31)

|
=N N

Il
A~ TN/~
=

=
=)

=
R R
= =
—_~ o~

=
= T T
HW SN PN

=

=

AW W

| Il
—_—

= =

—w W

— ~— — ~
= X

=

5w

In this case, solutions become crisp numbers, i.e., u, () = (y(a) ﬁ(a)) up.
The solution of Equation (30) when # is odd:

uj ,(a (
u}z,n< = ~(ui(
u?,,(B) = (
2 (B) = —(u3( )
() = ~((

iy, (7) = ~(u <>) (# )

4.1.6. The Solution When a > 0 and ug Are Bothneutrosophic Numbers

N\+

:N‘
T =

\_/v
= SN—

~—~
<
HN‘
A

=
—
=
ol

Q
~— \—/

H,\,‘

X
At
";
/—\A
=
\_/\_/\—/

%w/—\
—

=

N—

@

s —

(32)

3

= N—"
N
& 4
i

=

\_/\_/\/\_/
%
-
/‘\
"C

Let
(@0, 5, ) = [ak (@), ak(@); 22 (B),ak(B); a3 (), a%(»)]
[10) (0, 5, ) = [t} 0(@), uko(@); 12 o(B), u35(B); 168 o(¥), 1 o(1)]

Voa,B,vel[0,1]and0< o+ p+7v < 3.
The solution of Equation (16), which follows from Equation (26), is thengiven by:

i
Ik
2

I
—_
x
—

S

[}
—
R
~—

=
Pl
=
~—~
S

I
x_
R
~—

=

<
el i
°
~—~
Q

A

—~ I~
=
o
P
=
~

=y

=
DR g
B
—

(33)

i
Fwzh
=
)

=

5 W
2
—~ o~
=

=
= ™
I
)
—~~
< X ™
=
[ TSNS
A\O
< =
N—

(=)

=
= =
L=

— O e O
Il I
) [
AP W I =N I e

=
o
—~
<
~—

4.1.7. The Solution When a < 0 and ug Are Both Neutrosophic Numbers

Leta=—u, p>0.Let 1], 5, = [uf (@), uk(@); 12(8), 12 (B); 15 (), 13(y)] and [io] g, g, ) =

[l o (@), ubo(@); w2 ((B), 4 o (B); 163 o (), 13(7)]
Yo,B,vye[0,1]and0<ax+B+7v<3.
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The solution of Equation (16), which is follows from Equation (31), is then given by:

R

o =
o ©
—_~
5

= —

P
=

- =

(=}

—
=

RIS
IS

W W

k=) =)
—
2

~— S—

—~

2

up ,(a) = (1} (@) i (@) "
(@) = (1} (@) i ()"
47, (B) = (E(B) g (p))
3,0 (B) = (17 B) 1k (B))
ug, () = (1 () 1z ()
0 (V) = (2 0) i (1))

(34)

The above equations show that the solution for n is even only. When # is odd, the solutions,

which follow from Equation (32), are as follows:

4.2. Solution of Homogeneous Difference Equation of Type 11

4.2.1. The Solution When a = 1 and the Initial Condition u Is a Neutrosophic Number

Taking the (a, B, y)-cut of Equation (8), we have the following:

1 (@) = g, (@)
ullzi,nJrl (a) = ui,n(a)
uL,n+1 (‘8) = ulzi,n(ﬁ)
U pir (B) =17 ,(B)
(@) = @
U 1 (@) = ”%,n(o‘)

When 7 is odd, the solutions are:
ui,n(a) = ullw(oc)
g

7

=
~—
=)
N~—
|
=
—~r
k=)
~—~
QR
S~—

o

©

(@) = (@) 7 (uhta)
uh, (@) = (@) * (1h(a)
2 (B) = —(ui(ﬁ))n:(uﬁ(ﬁ))nzu
2, (8) = () " (i(9)
i () = —(yi(y))%l(u%(y))
00 = (2 0) 7 (0))

(35)

(36)

(37)

(38)

(39)

For both cases, when either # is even or odd, ”1{ ; (a) and u}{ ; (@) leads to a convergent solution.
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In a similar way, solutions of remaining equations are as follows:
when 7 is even:

up ,(B) = up o(B)
g, (B) = ug o(B)
up (y) =up(y)
up ,(v) = g ()
When 7 is odd: i 3 — i @
Ln R,0
g, (B) = uj o(B)
up ,(7) = ugo(y)
g, (¥) = up ()

4.2.2. The Solution When a > 0, a Real Valued Number, and the Initial Condition ug Is a
Neutrosophic Number

Taking the (a, B, y)-cut of (8), we get the following equations:

(@) = ik, (2) =0
(@) =}, () = 0
g (B) =g, (B) =0
ul L (B)—aul (B) =0
up o (7) =g, (y) =0
u11€,n+1(7/) - aui,n (7/) =0

( ui,nJrl(a) ]:( 0 a )( u%,,n(a) ]
ullz,n+1 (@) a 0 ”lla,n(“)

The solutions of (43) are, when # is even:

In a similar way, the solutions of the remaining Equation (42) are as follows:
When  is even:

”in (ﬁ) = an”[l‘,o (ﬁ)
ug ,(B) = a"ug o(B)
up ,(y) = a"up o (y)
up ,(v) = a"ug o ()
When 7 is odd: i 8 - i ®
Ln R,0
ug ,(B) = a"uj (B)
up ,(y) = a"ug ()
g, (v) = a'up ()
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4.2.3. The Solution When a < 0 and When the Initial Condition ug Is a Neutrosophic Number

Leta = —m ,m > 0, a real valued number.
From Equation (8), after taking the (@, B, y)-cut, we have the following sets of equations:

up (@) +mup (@) =0
ulli,nﬂ(a) + mul}m (a) =0
Uy yq(B) +mup  (B) =0 \
1 (B) + g, (B) =0 (48)
f o () +mu () =0
g () Fmuk () =0
Solving the above equations, we get:

up, (@) = (=m)"up o (@)

1y, (@) = (=)t (@)

up ,(B) = (=m)"uf (B)

u%{/n(ﬁ) = (—m)”ulzzlo(ﬁ) (49)
up  (y) = (=m)"u} o ()

g, (v) = (=m)"u o ()

4.2.4. The Solution When a > 0 Is a Positive Neutrosophic Number and the Initial Condition 1 Is Nota
Neutrosophic Number

Let [E](a, 8 y) = [ai(a),a}z(a); ai(ﬁ),aé(ﬁ); az()/),af{(y)],v o«,B,vye[0,1],and0 < x+ B +7vy < 3.
Taking the (a, B, y)-cut of Equation (8), we have the following equation:

uinﬂ(a) = “i(“)”zlz,n(“)
g1 (@) = ag(@)up (@)
7 1 (B) = ag (B)ug ,(B) (50
U ui1(B) = ax (B)uf ,(B)
w () =a ()ug, ()
Uy i (V) = ax()ug ()

In the matrix form, among the above equations, the first pair of Equation (50) can be written as:

ul  (a 4l A (a
()t 000
The solution of Equation (51), when 7 is even:

(@) = (2} @) ah (@) uo
() = (2 @) ah(@) o
7 ,(B) = (a7 (B) ax (B)) o )
1,4(B) = (a2 () a3 ()) o
i (v) = (a3 (v) ai(v))iuo
3, (v) = (2 (v) &3 () uo
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When 7 is odd: 1 "
(@) = (e} @) 7 (ak(a)) * uo
(@) = (0} (@) * (ah(@) T
2 ,(B) = (“f(ﬁ))?ﬂ(aﬁ(ﬁ))?luo -
i (B) = (17(8) * (a3(8)) 7 o
2,00 = (@0) 7 (#0) " w
i, = (@) T (30)) uo

4.2.5. The Solution When a < 0 Is a Neutrosophic Number and when the Initial Condition ug Is a
Crisp Number

Leta=-m, m>0. Let [m [~]( ﬁ ) = [mi(a),m}{ @); m%(ﬁ),m%(ﬁ); m%(y),m%()/)] and
= [ LO %,o(ﬁ) ulzzo(ﬁ ’ u%/o(V)r u?{/o 7/)]

Voc By [0, ]and0<oc—|—B+y<3

Taking the (@, B, y)-cut of Equation (8), we have the following equations:

1% n+1 (a) = _mi((x)ui,n (O()
Rn+1( ) = _m112,n (a>u112,n(a)
up a1 (B) = _mi(ﬁ)”i,n(
12?n+1 (‘B) = _mIZQ,n(ﬁ)uZZ?,n
U ya (V) = = (), (

Uy i (V) = —m, ()ug ()

(54)

(55)

4.2.6. The Solution When the Initial Condition ug and a > 0 Are Both Neutrosophic Numbers

Let  [@p,) = [azw) V@) a2 (),ak(p); (), a3 ()] and [, =
[ o (@), 1k g (@); 122 o (), 12,5 (B 1 (), 13,3 (7)]

Vo,B,vye[0,1]and 0 < oc+6+y<3

In this case, the solutions are given, following from Equation (50):

when n is even:

=
=
=
—~
<

<
x_

=5

=

—
1)

=

=

I
S
/-\ —

=

N ¢
=

(56)

X

=

_Q

=

AR® ‘P':()J

2 2

~—~
=

—_—_- D = =
P
_
—_ — D —
N

2
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when 7 is odd:

ut (o) = (ai(a))fl(a}{(a))ﬁu}iro(a)
ik = 61 @) ™ oh(@) 0
i (8) = (02(8)) * (aR(B)) * uko(8) )
() = (a2(6)) * (33(8) * to(B)
() = (ai(y))i(a?g(y))iu?{,o(y)
3,00 =) 7 (E0) T8,
4.2.7. The Solution When the Initial Condition ug and a < 0 Are Both Neutrosophic Numbers
- Leta = -m , m > 0. Let [m]y, By) = [mi(a), mll{(a); mi (B), m% (B); mi()/), m%(y)] and
[#0](a, ) = [11.9(@), k(@) 1 o (B), 1y (B); 12 (1), 130 ()]
Vo,B,ve(0,1]and 0 < o+ P +7v < 3.
In a similar way, as seen in Equation (54), we have the following solutions.
The general solutions of the above equations are as follows:
(@) = (- ()" ()
ul (@) = (—mg(a))"ul ()
i (B) = (=mi(B))"u2 ,(B) .
2 (B) = (~mr ()" (8)
ud () = (=me ()" ()
i3 () = (~mr()" o (7)
5. Numerical Example
Example 1. Solve the difference equation:
uy+1 = (2,4,6,1,4,5,2,4,5)u, (59)

with the initial condition u,—o = (50,60, 70;55,60,75;50,60,80)

Solution 1. If the [u,] (a, g, y) s the (a, B, y)-cut of a sequence of neutrosophic numbers, then its components

are as follows:

uin(a) = (24 2a)" (50 + 10a)
u}{,n(a) = (6 -2a)"(70 - 10a)
u7 ,(B) = (4-3)"(60-5p) ©0)
g, (B) = (4+p)" (60 +15p)
u; (y) = (4-2y)" (60 -10y)
u} ,(y) = (4+y)" (60 +20y)

Remarks 2. We plot the solution for n = 2. From the above Table 2 and Figure 1, we see that ui (o) is
an increasing function and uj, («) is a decreasing function, with respect to o. On the other hand, u? (B)
is a decreasing function and u%{,n([?)) is an increasing function, with respect to . Additionally, ”%,n (v)isa

decreasing function and u?{/n (v) is an increasing function, with respect to y. Therefore, using the concept of
Definition 3.2, we call the solution a strong solution.
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Table 2. Solution for n = 2.

a,ﬁ,)/ ulld,n(a) u}(,n (@) u%,n (ﬁ) ulzi,n (:3) ui n(y) u% n(y)
0 200.00 2520.00 960.00 960.00 960.00 960.00
0.1 246.84 2321.16 814.55 1033.81 851.96 1042.22
0.2 299.52 2132.48 682.04 1111.32 751.68 1128.96
0.3 358.28 1953.72 562.18 1192.60 658.92 1220.34
04 423.36 1784.64 454.72 1277.76 573.44 1316.48
0.5 495.00 1625.00 359.37 1366.87 495.00 1417.50
0.6 573.44 1474.56 275.88 1460.04 423.36 1523.52
0.7 658.92 1333.08 203.96 1557.34 358.28 1634.66
0.8 751.68 1200.32 143.36 1658.88 299.52 1751.04
0.9 851.96 1076.04 93.79 1764.73 246.84 1872.78
1 960.00 960.00 55.00 1875.00 200.00 2000.00

< - ui,n(ﬂ)

& — ug, (@)
o, Br 14 a - u%.ﬂm)

o - uﬁ.n(ﬁ)

'S

o — uz,,(¥)

© up(¥)

L
(=]
(=]

ooot
00sT
oooz
00sz
0oo0g

Figure 1. Graph for n = 2.

Remarks 3. We plotted the solution for n = 5. From the above Table 3 and Figure 2, we see that ui (o) is
an increasing function and u} («) is a decreasing function, with respect to o. On the other hand, u? ()
is a decreasing function and ”lzz,n(ﬁ) is an increasing function, with respect to . Additionally, ui’n (v)isa
decreasing function and ui/n (v) is an increasing function, with respect tovy. Therefore, using the concept of
Definition 6, we call the solution a strong solution.

Table 3. Solution for n = 5.

LY,‘B,)/ ui,n (a) u}i,n (a) ui,n (ﬁ) u%(,n (ﬁ) ui,n (Y) u?{,n (Y)

0 1600.00 544,320.00 61,440.00 61,440.00 61,440.00 61,440.00
0.1 2628.35 452,886.16 41,259.65 71,251.56 46,748.74 71,830.84
0.2 4140.56 374,497.60 26,806.90 82,335.47 35,070.38 83,642.38
0.3 6297.12 307,640.56 16,748.05 94,820.44 25,898.19 97,025.57
0.4 9293.59 250,934.66 9982.01 108,844.70  18,790.48 112,143.03
0.5 13,365.00  203,125.00 5615.23 124,556.48  13,365.00 129,169.68
0.6 18,790.48  163,074.53 2937.57 142,114.45 9293.59 148,293.34
0.7 25,898.19  129,756.67 1398.99 161,688.22 6297.12 169,715.30
0.8 35,070.38  102,248.05 587.20 183,458.85 4140.56 193,651.01
0.9 46,748.74 79,721.65 206.06 207,619.30 2628.35 220,330.69

1 61,440.00 61,440.00 55.00 234,375.00 1600.00 250,000.00
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Figure 2. Graph for n = 5.

u} (@)
up, ()
uf . (B)
up,.(B)
u; . (v)

— up,(y)

We interpret the solution for fixed «, §, = 0.4 and different # in Table 4 and Figure 3.

Table 4. Solution for a, f,y = 0.4 and different n.

n U] (@) g (0) 4] ) U P g, ) g )
1 151.20 343.20 162.40 290.40 179.20 299.20
2 381.93 1513.38 410.23 1101.80 510.47 1135.19
3 964.79 6673.49 1036.26 4180.33 1454.14 4307.01
4 2437.12 29,427.69 2617.65 15,860.57 4142.31 16,341.19
5 6156.31 129,765.52 6612.33 60,176.40 11,799.88 61,999.93
6 15,551.16 572,219.06 16,703.10 228,314.58 33,613.43 235,233.20
7 39,283.04 2,523,279.35 42,192.90 866,245.64 95,752.00 892,495.51
8 99,231.00 11,126,750.35 106,581.44 3,286,612.28 272,761.37 3,386,206.59
9 250,662.64 49,064,949.17 269,230.24 12,469,696.48 776,994.32 12,847,566.07
10 633,186.78 216,358,699.65 680,089.51 47,311,126.78  2,213,363.93  48,744,797.29
25000000
B
20000000
* uj,(a)
15000000 m up,(a)
1, ()
10000000 x s ()
v uj,(y)
50000000 E— o ud (y)
T
i
B - T —
o 2 4 6 8 10 12
n

Figure 3. Graph for a, f,y = 0.4 and different .

Example 2. Solve the difference equation:

Uy —4u, =0
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with initial condition u,—o = (50,60, 70;55,60,75;50,60,80)

Solution 2. If i) (a, g, ) 1S the (a, B, y)-cut of a sequence of neutrosophic numbers, then it's components are
as follows:
when n is even:

! (@) = 47(50 + 10a)
up (@) = 4"(70 - 10a)
up (B) = 4" (60— 5p)
ul (B) = 4"(60+15p) (62)
ul () = 4"(60 - 10y)
up () = 4"(60 +20)
when n is odd: “%,n(“) — 4"(70 - 10a)
uk (@) = 4"(50 + 10a)
ul (B) =4"(60+15p)
Lf}z,n (B) = 4"(60 - 5p) (63)
Lay) = ”(60 +20y)
ug ,(y) = 4"(60 - 10y)

As previous examples, we easily interpret the solutions in a different manner.

6. Application of the Method in Actuarial Science

Let us consider that a sum Sy is invested at a compound interest of i per unit amount and per unit
of time and S; is the amount at the end of time t. We then get the difference equation associated with
the problem, which is:

Sty1 =St 415 = (1 + i)St (64)

If, for some reason, i may vary, we are interested to find the possible amount after a certain
time interval.

For this problem, let us consider hypothetical data and solve it. Suppose a person has initially
invested S;—g = 10000%$ in a firm, where they get about 4% interest (which may be considered a
neutrosophic value).

As per Table 1, if we take the verbal phrase for a triangular neutrosophic number, we then set the
interest rate as follows:

For the truth part: low as 3%, medium as 4%, high as 5%;
For the falsity portion: very low as 2%, medium as 4%, very high as 6%;

For the indeterminacy part: between low and very low 2.5%, medium 4%, between high and very
high 5.5%,

i.e.,, we can take i = (3,4,5;2,4,6,2.5,4,5.5)% per annum rate. We wish to predict the amount of
money after 10 years.
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Therefore, we get the fuzzy difference equation
St41=Si+iS = (1+1)S; (65)

With the initial conditions S;—g = 10000$ andi = (3,4,5;2,4,6;2.5,4,5.5)%.

Solution 3. Equation (65) is equivalent to
Sty1 = St +iS¢ = (1+ (0.03,0.04,0.05;0.02,0.04, 0.06; 0.025,0.04,0.055) ) S¢

or
Siy1 = (1.03,1.04,1.05;1.02,1.04, 1.06; 1.025, 1.04, 1.055) S; (66)

with the initial condition S;—g = 10000$.
The solution of (66) can be written using the concept of (19), as follows:

Si (@) = 10000(1.03 + 0.01a)
Sk ,(a) = 10000(1.05 - 0.01a)’
$2 .(B) = 10000(1.04 - 0.02p)" @)
52 () = 10000(1.04 4 0.028)’
S3 .(y) = 10000(1.04 - 0.015y)"
S% () = 10000(1.04 +0.015)"

Remarks 4. (1) We plot the solution for t = 10. From the above Table 5 and Figure 4, we see that Sin(oc) is
an increasing function and Slla,n(oc) is a decreasing function, with respect to x. On the other hand, Sin([&)
is a decreasing function and S%{,n(ﬁ) is an increasing function, with respect to B. Additionally, S%,n (v)isa
decreasing function and S??,n (v) is an increasing function, with respect toy. Therefore, using the concept of
Definition 3.2, we call the solution a strong solution. (2) From Table 5, we can see that we find the crisp solution
at o =1, B,y = 0 (since, at « = 1, B,y = 0, the neutrosophic number becomes a crisp number) and for
t = 10 is equal to 14802.4428. Therefore, we can say that after 10 years, the most probable chance to get the
money is 14802.44285.(3) If we consider « = 0 and 3,y = 1, i.e., in the case that we get the most uncertain
solution interval, we observe that the truthiness of the solution belongs to the interval [13439.1638, 16288.9463],
the falsity belongs to the interval [12189.9442, 17908.4770], and the indeterminacy belongs to the interval
[12800.8454, 17081.4446].

Table 5. Solution for t = 10.

a,By S (@) Skila) ;. ) S; ) Sy )

0 13,439.1638 16,288.9463 14,802.4428 14,802.4428 14,802.4428 14,802.4428
0.1 13,570.2126 16,134.4766 14,520.2313 15,089.5813 14,590.3264 15,017.3306
0.2 13,702.4105 15,981.3266 14,242.8714 15,381.7230 14,380.9496 15,235.0219
0.3 13,835.7662 15,829.4861 13,970.2889 15,678.9453 14,174.2808 15,455.5492
0.4 13,970.2889 15,678.9453 13,702.4105 15,981.3266 13,970.2889 15,678.9453
0.5 14,105.9876 15,529.6942 13,439.1638 16,288.9463 13,768.9430 15,905.2433
0.6 14,242.8714 15,381.7230 13,180.4776 16,601.8849 13,570.2126 16,134.4766
0.7 14,380.9496 15,235.0219 12,926.2814 16,920.2240 13,374.0675 16,366.6791
0.8 14,520.2313 15,089.5813 12,676.5060 17,244.0464 13,180.4776 16,601.8849
0.9 14,660.7259 14,945.3915 12,431.0828 17,573.4357 12,989.4133 16,840.1284

1 14,802.4428 14,802.4428 12,189.9442 17,908.4770 12,800.8454 17,081.4446
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Figure 4. Graph for t = 10.

7. Conclusions and Future Research Scope

In this paper, we find the solution strategy for solving and analyzing homogeneous linear difference

equations with neutrosophic numbers, i.e., we found the solutions of the homogeneous difference
equations with initial conditions and coefficients, both as neutrosophic numbers. We demonstrate the
solution of different cases using the neutrosophic characterization theorem, which is established in this
paper. The strong and weak solution concepts are also applied to different results.

)

)]
®)
4)

Moreover, the outcomes of the study are as follows:

The difference type of the homogeneous difference equation is solved in a neutrosophic
environment and the symmetric behavior between them is discussed.

The characterization theorem for the neutrosophic difference equations are established.

The strong and weak solution concept is applied for the neutrosophic difference equation.
Different examples and real-life applications in actuarial science are illustrated for better
understanding of neutrosophic difference equations.

For some limitations, we did not study the different perspectives of related research in the theory

of difference equations with uncertainty in this present work. From this work, anyone can take
motivation and find a new theory and results in the following field, as follows:

)
)]

®)

The solution of difference equation can be found with different types of uncertainty, such as Type
2 fuzzy, interval valued fuzzy, hesitant fuzzy, rough fuzzy environment.

Finding several methods (analytical and numerical) for solving non-linear first and higher order
difference equations or system of difference equations with uncertainty.

Solving the real-life model associated with the discrete system modeling with uncertain data.

As a final argument, we can surely say that this research is very helpful to the research community

who deals with discrete system modeling with uncertainty.
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Abstract: The grand theory of action of Parsons has an important place in social theories. Furthermore,
there are many uncertainties in the theory of Parsons. Classical math logic is often insufficient to
explain these uncertainties. In this study, we explain the grand theory of action of Parsons in
neutrosociology for the first time. Thus, we achieve a more effective way of dealing with the
uncertainties in the theory of Parsons as in all social theories. We obtain a similarity measure for
single-valued neutrosophic numbers. In addition, we show that this measure of similarity satisfies
the similarity measure conditions. By making use of this similarity measure, we obtain applications
that allow finding the ideal society in the theory of Parsons within the theory of neutrosociology.
In addition, we compare the results we obtained with the data in this study with the results of
the similarity measures previously defined. Thus, we have checked the appropriateness of the
decision-making application that we obtained.

Keywords: neutrosociology; modeling of grand theory of action of Talcott Parsons; single-valued
neutrosophic number; measure of similarity; decision-making applications

1. Introduction

There are many uncertainties in the world. Classical math logic is usually insufficient to explain
uncertainties. Thus, we are not always able to say for a situation or an event whether it is true or wrong
in an absolute manner. For example, we cannot always say the weather is hot or cold. While the weather
is hot according to some, it may be cold for others. Therefore, Smarandache obtained the neutrosophic
logic and neutrosophic set to deal with uncertainties more objectively in 1998 [1]. “T” is the membership
degree, ‘I’ is the uncertainty degree and ‘F’ is the non-membership degree in the neutrosophic logic
and neutrosophic sets. “T, I, F” are defined independently. In addition, a neutrosophic number has the
form (T, I, F). Furthermore, neutrosophic logic is a generalization of fuzzy logic [2] and intuitionistic
fuzzy logic [3] since fuzzy and intuitionistic fuzzy logic’s membership, non—-membership degrees are
defined dependently. Thus, many researchers have obtained new structures and new applications on
neutrosophic logic and sets [4-15].

In Section 2 of this study, we provide a literature review. In Section 3, we give related works.
In Section 4, we include the definitions of neutrosophic sets [1], single-valued sets [6], similarity
measures in [7] and [16], the theory of social action of Parsons [17], Hausdorff measure [18] and
Hamming measure [18]. In Section 5, we re-model the social action theory of Parsons which is modeled
in neutrosociology. In Section 6, we obtain a similarity measure for single-valued neutrosophic sets and
prove that this measure meets the requirements of the similarity measure. In Section 7, we create the
decision-making algorithm that we can choose the ideal society among the societies for the social action
theory of Parsons in neutrosociology with the help of similarity measure in Section 6. In Section 8,
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we give sensitivity analysis for numeric example in Section 7; in Section 9, we give comparison methods.
We compare the results we obtained with the data in this study with the results of the similarity
measures previously defined. Thus, we have checked the appropriateness of the decision-making
application we obtained; in Section 10, we discuss what we obtained in this study and make suggestions
for studies that can be obtained by making use of this study; in Section 11, we give conclusions.

2. Literature Review

Similarity measure and decision-making practices emerge as an important application theory,
especially after the definition of the fuzzy sets and neutrosophic sets. Many researchers have tried to deal
with uncertainties by making new applications on neutrosophic sets, using similarity measures, TOPSIS
method, VIKOR method, multicriteria method, Maximizing deviation method, decision tree methods,
gray relational analysis method, etc. Recently, Sahin et al. studied combined classic neutrosophic sets
and double neutrosophic sets [19]; Sahin et al. obtained decision-making applications for professional
proficiencies in neutrosophic theory [16]; Ulucay et al. introduced decision-making applications for
neutrosophic soft expert graphs [20]; Olgun et al. studied neutrosophic logic on the decision tree [21];
Wang et al. studied an extended VIKOR method with triangular fuzzy neutrosophic numbers [22];
Biswas et al. introduced TOPSIS method for decision-making applications [23]; Sahin et al. obtained
a maximizing deviation method in neutrosophic theory [24]; Biswas et al. studied gray relational
analysis method for decision-making applications [25].

3. Related Works

Smarandache claims that sociopolitical events can be studied mathematically [4]. In addition,
he claims that it is possible to design a tool to describe an equation, an operator, a mathematical
structure or a social phoneme. Studying the past gives us an idea about the future, at least partially.
For this reason, we need to construct neutrosophic theories that may describe the new possible types
of social structures with a neutrosophic number form. Since the social word contains a high degree
of subjectivity that causes a low level of unanimity, these theories necessarily address uncertainty.
Most of the data we come across in the field of sociology may be vague, incomplete, contradictory,
biased, hybrid, ignorant, redundant, etc. Therefore, they are neutrosophic in nature and neutrosophic
sciences dealing with indeterminacy should be involved in the study of sociology [4].

For the very same reasons, Smarandache proposed a model to be used in neutrosophic studies.
He states that a neutrosophic extension of an element x with a neutrosophic number form.

Parsons, who built his theory on methodological and meta-theoretical debates in the field of
social science, also paid special attention to hermeneutic to explain the extent of the individual’s
voluntary involvement in action [26]. He made structural and functional explanations to maintain
social balance and harmony [21]. While Parsons saw culture as values and norms that guide the
actions of individuals in social life, he conceptualized the structure as a system of intertwined and
independent parts [27]. According to Parsons, cultural objects are autonomous. He did this by
distinguishing between the cultural and social systems. He also viewed society as a general system of
action. In addition, many researchers have studied Parsons’s social action theory [26-36].

In this study, Parsons’s social action theory was aimed to re-model neutrosociology. As in all social
theories, the social action theory of Parsons could not escape uncertainty [21]. Hence, the handling
of it in neutrosociology theory would make this theory more useful. Therefore, we have obtained a
similarity measure with single-valued neutrosophic numbers and included applications where this
measure can be used as the neutrosophic equivalent of the ideal society in this theory.

4. Preliminaries

This section includes the definitions of neutrosophic sets [1], single-valued neutrosophic sets [6],
similarity measures [7,16] and theory of social action of Parsons [17], Hausdorff measure [18] and
Hamming measure [18].
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Definition 1 ([17]). Parsons, who built his theory on methodological and meta-theoretical debates in the field
of social science, also paid special attention to hermeneutic to explain the extent of the individual’s voluntary
involvement in action (so, which is neutrosophic). He made structural and functional explanations to maintain
social balance and harmony. While Parsons saw culture as values and norms that guide the actions of individuals
in social life, he conceptualized the structure as a system of intertwined and independent parts. According to
Parsons, cultural objects are autonomous. He did this by distinguishing between the cultural and social systems.
He also viewed society as a general system of action.

Definition 2 ([1]). Let X be a universal set. Neutrosophic set S; is identified as S = {(x:T p(x), La(x), Fa(x)>
x € X}. Where; on the condition that 0"< Ty + La(x) + Fa(x) <37; the functions T:U — ]07,17 [ is truth
function, .U — 107 ,17[ is uncertain function and F:U — 107,17 is falsity function.

Definition 3 ([6]). Let X be a universal set. Single-valued neutrosophic number set S; is identified as
S ={(x:Ty(x), La(x), Fa(x)>, x € X). Where; on condition that 0< Ty + L(x) + Fa(x) <3; the functions T:X
— [0,1] is truth function, I: X — [0,1] is uncertainly function and F:X — [0,1] is falsity function.

Definition 4 ([6]). Let A = {(x:<T4(y), La(x), Fax)>/ and B = {(x:<Tp(y), Ip(x), Fp(x)>/ are single-valued
neutrosophic numbers. If A = B; then Ty () = Tp(x), La(x) = Ip(x) a1d F5(x) = Fp(x)-

Definition 5 ([6]). Let A = {(x:<Tp(y), La(x), Fa@)>1 and B = {(x:<Tp(y, Ip(x), Fp(x)>1 are single-valued
neutrosophic sets for x € U. If A < B; then for ¥V x € U; T 4(y) < Tp(x), La(x) <Ip(x) a1d Fp(y) < Fp(x).

Properties 1 ([7]). Let A1, Ay and As are three single-valued neutrosophic numbers and S be a similarity
measure. S provides the following conditions.

i. 0<S(Ay, Ap) <1

ii. S(A1, A2) =S(Az, Ay)

iii. S(A1, Ay) = 1A = A

iv. If Ay <Ay < Aj then, S(A1, A3) <S(Aq, Az).

Definition 6 ([16]). Let Ay = <T1, 11, F1> and Ay = <Ty, I, Fo> be two single-valued neutrosophic numbers.

Sn(Ay, Az) =
_ min{|3(Ty=T»)-2(F1-F)|IF1-F>|}
1 (2/3)[{maX{|3(T1—T2)—2(F1—F2)|,|F1—F2|}/5}+1
min{|4(T1—T2)—3(I] —12)|,|Il—12| }
{max{|4(T1~T2)-3(L—L)| I -L}/7}+1
min{|5(Ty=T2)=2(F1=F2)=3(I1=I)[\T1 -T2} ]
{max{|5(Ty~T2)-2(F1~F2)-3(I1=I)|IT1~T2l} /10}-+1

+

+

is a similarity measure.
Definition 7 ([18]). Let Ay = <T1, 11, F1> and Ay = <Ty, I, F2> be two single-valued neutrosophic numbers.
Sn(A1,A2) = 1—max{|Ty - To|, Il - Lol [F1 = Fal}
is a Hausdorff similarity measure.
Definition 8 ([18]). Let Ay = <T1, I, F1> and Ay = <Ty, I, F2> be two single-valued neutrosophic numbers.
SH(A1,A2) = 1= (IT1 = Tol + I = o| + |F1 = F2l) /3

is a Hamming similarity measure.
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5. Neutrosophic Modeling of Parson’s Theory of Action

According to the perfection of action categories of Parsons, it is inevitable to have deep doubts in
every society and between layers of a particular society. However, “there is no ideal society in the sense
that Marx defines, within each society the definition of ideal changes according to the place of a person
within the society. By those who are at the top layer, the society is defined as ideal, by those at the
lowest layer, it is far from being ideal, and by those in the mid-layer, who can sometimes be completely
ignorant of what is an ideal society, it can be described as a fluctuating phenomenon depending on
circumstances. Therefore, we always have a neutrosophic ideal society with an opposite and neutral
triad. Naturally, this is valid for all societies since there are always people with more privileges than
the others. Even in any a democratic society, some people have more privileges although they may
form a small minority” [4].

Parsons developed a theory of action to explain how the macro and micro aspects of a particular
social order show structural integrity together with the participation of its members. He took into
account the voluntary participation of the individual in the social life on one hand, and structural
continuity on the other. Here, it is assumed that the individual acts under the motivation of the social
structure while taking action. According to him, social sciences should consider a trio considering the
purposes, ends and ideals when examining actions.

Grand Theory of Action

The basic paradigm of Parson viewed society as a general system of action is based on the
understanding of ‘rational social action” of Weber [28]. However, according to Weber, sociology is a
science that tries its interpretive understanding of social action to achieve a causal explanation of its
course and its effects [36].

This interpretation is enriched from the perspective of the sociologist. Thus, social actions become
neutrosophic. Others may agree, partially agree or disagree (1, 0, 0). Likewise, in the theory of
Parson, the possibility of all members of society to participate in social values and norms that regulate,
and guide human relations rather than individual activities is questionable, uncertain. Here we must see
neutrosophic triplets.

According to Parson’s theory, all social actions are based on five pattern variables. These:

Affectivity versus affective neutrality;
Self-orientation versus collective orientation;
Universalism versus particularism;

Quality versus performance;

Ol e =

Specificity versus diffuseness.

Parsons believes that these variables classify expectations and the structure of relationships,
making the intangible action theory more understandable. However, according to Parsons, pattern
variables are twofold, and each pattern variable indicates a problem or riddle that must be solved by
the actor before the action can be performed. At the same time, there is a wide variety between the
traditional society and the modern society. However, these can be seen as binary for neutrosophic
sociological analysis (1, 0), it is very difficult to determine which of the individual’s behaviors are
modern or traditional. Therefore, each of them should be considered as triple neutrosophic (1, 0, 0).
The feminists’ response to Parsons’ family view can be given as an example. According to Parsons,
the instrumental leadership role in the family structure in modern societies should be given to the
spouse—father, on which the family’s reputation and income are based [32]. However, according to
feminists, this statement by Parsons is nothing more than the continuation of the status quo [35].
In addition, these pattern variables (stereotypes) do not say how people will behave when faced with
role conflict, and we will once again encounter uncertainty. This uncertainty can only be answered
by neutrosociology.
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The society model that Parsons has compared to the biologic model of an organism is based on the
understanding of “living systems” that continues in a balanced way. According to him, a change in any
part of the social system leads to adaptive changes in other parts [33]. There are four main problems an
all-action system must solve. These are adaptation, goal-attainment, integration and latent pattern
maintenance (AGIL). In short, these are referred to as AGIL in Table 1.

Table 1. Pure adaptation, goal-attainment, integration and latent pattern maintenance (AGIL) model
for all living systems [33].

A Instrumental Consummatory G
External Adaptation Goal-attainment
Internal Latent pattern maintenance Integration

L I

“Adaptation” (A) is concerned with meeting the needs of the system from its environment and
how resources are distributed within the system. Here, the system should provide sulfficient resources
from the environment and distribute it within itself. Social institutions are related to interrelated social
rules and roles system that will meet social needs or functions and help solve social system problems.
For example, economy, political order, law, religion, education and family are basic institutions for
these. If a social system will continue to live, it needs structures and organizations that will function to
adapt to its environment. The most dominant of these institutions is the economy. In “achieving the
goal” (G), it is determined that the system reaches the specific target and which of these targets has
priority. In other words, it should mobilize the resources and energies of the system and determine
the priorities among them. “Integration” (I) refers to the coordination and harmony of parts of the
system so that the system functions as a whole. To keep the system running, it must coordinate,
correct, and regulate the relationships between the various actors or units in the system. “Latent
pattern maintenance” (L) shows how to ensure the continuity of the action within the system according
to a certain order or norm. The system should protect its values from deterioration and ensure the
transfer of social values. Thus, it ensures the compliance of the members of the system. Especially
family, religion, media and education have basic functions. Thanks to these, individuals gain a moral
commitment to values shared socially [30].

The General Action Level is as follows in Table 2:

Table 2. General Action Level [30].

A G
The behavioral organism  The personality system
The cultural system The social system
L I

Ultimately we get this series: The social the system, the fiduciary the cognitive.

Let us rebuild this series neutrosociology: (1, 0, 0) (1, 0, 0) (1, 0, 0).

If we go back to the beginning, “Behavioral organic, Personality system, Cultural system and
Social system” must work continuously to ensure social balance. This will be through “socialization”
and “social control”. If socialization “works”, all members of the society will adhere to shared values,
make appropriate choices between pattern variables, and do what is expected of them in harmony,
integration and other issues. For example, people will marry and socialize their children (L), and the
father in the family will gain bread as it should be (A) [35].
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6. A New Measurement of Similarity for Single-Valued Neutrosophic Numbers

Definition 9. Let Ay = <Ty, I1, F1>, Ay = <T», I, F2> be two single-valued neutrosophic numbers. We define
measure of similarity between A1 and A, as follows

min -T,)? -1)?, =T7)—(I1—
Sn(An, Ag) = 1 - (2/3)] {{/3(T1-T2)"+(I1~12)7, |2(T1=T2)~(I1~12)| /3}

{max{ \/3(T1—T2)2+([1—12)2/ [2(T1-T2) (I -I2)|/3}/2}+1

n Mfﬂ[\/3(T1—T2)2+(F1—F2)2r |2(T1~T2)—(F1~F2)|/3}

(max| \J3(T1~T2) 2+ (F1-F2)%, [2(Ty=T2)~(F1-F2)|/3)/2)41

min{ \2(Ty=T2 P+ (=D +(F1 —F2)2, 3(Ty=T2)~( =) ~(Fy~F2)| /5)

(max{ \2(T~To )2+ (=12 >+ (F1~F2 %, [3(Ty=T2)~(li~L)~(Fy=F2)| /51/2+1

We show that the measure of similarity in Definition 9 meets the requirements in Properties 1.

Theorem 1. Let Sy be the measure of similarity in Definition 9. Sy provides the following features.

i. 0< SN(A1, Az) <1

ii. Sn(A1, A2) = SN(Az, A1)

iii. SN(Al, Az) =1 zfand onlyifAl = Az.

iv. If Ay < Ap < As, then SN(Aq, As) < Sn(A1, Ag).

Proof: (i) Since A; and A, are single-valued neutrosophic numbers, we have

min{[3(T1=T2)*+(I-L)?, [2(T1~T2)-(I1~1)|/3}

}=1/2,

{max{ \/3(T1—T2)2+(11 —D)%, |2(Ty-T2)— (L -I)|/3)/2}+1

min{ \/3(T1—T2)2+(11 -L)?, [2(T1=T2)~(I,-1)|/3}
(max{ \3(T1~T2)*+ (I -1)?, [2(T1=T2)-(L1—1)|/3}/2)+1

min \3(Ty=T2)*+(F1—F>)%, [2(T1~T2)~(F1=F>)| /3)

min{

}:OI

max{

}=1/2,
(max{ \[3(Ty T2+ (FL=F2)?, [2(Ty~To)~(F1-F2)|/3)/2)41

min{ \3(T1-T2)?+ (Fy=F2)%, [2(Ty~Ty)~(F1~F»)| /3)

min{ }=0,
(max| \[3(T1=T2)*+(F1~F2 2, [2(Ty~T) - (F1=F2)|/31/2)41

min{ \/2(T1—T2)2+(I1—12)2+(F1—P2)2, [3(T1~T2)~(I1-1»)~(F1-F2)|/5}

max|{

=1/,

{max{ \/2(T1—T2)2+(11—12)2+(F1—F2)2, [3(T1=To) = (I1=Ip)—(F1~F3)| /5}/2}+1

min{ min \/Z(Tl—T2)2+(I]—12)2+(F1—F2)2’ |3(Ty—T2)—(Ii—L)—(F1-F2)|/5} 1= 0
(maxl 2Ty =T+ (-)* +(Fr=F2)?, [3(Ty=T2)~ (1 —I) - (Fy~F2)| /5 /2)+1

Therefore,

min{Sn (A1, A2)} = 1-2/3(1/2+1/2+1/2) = 1-1

= = 0,
max{Sn (A1, Az)} = 1-2/3(0 40+ 0) = 1-0 = 1.

Hence, 0 < Sy (A1, Az) <1.
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(ii)

min{~J3(T1=T2)*+(h-h)?, [2(T1=T2)~(Ii-1)|/3)

Sn(Ar, Az) = 1-(2/3)] e
(max{ \J3(T1~T2) 2+ (h-D)?, [2(T1=T2)~(h-1)| /31 /241

min{ \/3(T1—T2)2+(F1—F2)2/ [2(T1~T>)-(F1-F2)|/3}

{max{ \/3(T1—T2)2+(F1—P2)2, [2(T1=T2)—(F1—F)|/3}/2}+1
min{ \2(Ty=T2)>+(l—b)>+(F1=F2)%, [3(T1~T2)~(li—)~(Fy=F2)| /5)

{max| \2(T1=T2)2 4+ (1 ~1)* +(FL=F2)?, B(T1=T2)~(h~12)~(FL=F2)|/51/2}41
min{[3(T,=T1)*+(l=1)?, [2(To=T1)~(L~h)|/3)

=1-2/3.{
(max{ \/3(T2=T1)?+ (la=1)?, [2(Ta=Ty)~(la=1)|/31/2) +1

minf \/3(T2—T12)2+(F2—F1)2r |2(T2-T)-(F2—F1)|/3)

{max| \/3(T2—T1)2+(F2—F1)2, [2(Ty=Ty )~ (Fa—Fy)|/3}/2}+1
min \J2(Ta=T1 2 (=1 )2+ (Fa—Fy 2, [3(Ta=Ty )~ (lo=1y)~(Fa=Fy )| /5)

(maxl y2(To=T1 P+ (1) +(Ez=F1)?, [3(Ta=T1) = (la=h )~ (Fy=F1)| /5 /2)+1
= Sn(Ay, Ay).

(iii) We assume that

min{\3(T1-T2)’+(h-D)?, |2(T1=T2)-(L-1)| /3)
(max{ \3(T1=T2)*+(h—h)?, [2(T1=T2)~(i=L)| /3}/2}+1
min{ \3(Ty=T2)* +(Fy—=F2)%, 2(Ts=T2)—(F1=F>)| /3)
(max{ AJ3(T1~T2)*+(F1~F2 )%, [2(Ty=T) - (F1=F)|/31/2)41
min{ \2(T1~T2)?+ (=12 (F1 ~F2)2, B(T1~T2)~(li~)~(F1~F2)|/5)

{max{ \/Z(TI_TZ)zJF(Il ~L)*+(F1~F,)?, |3(T1=T2)~(Ii~L)~(F1~F2)| /5} /2}+1

SN(A1, A7) = 1-(2/3)]

] =1

Therefore,

-(2/3)[ min{\/m' |2(T1-T2)-(L-I)|/3}
fmaz{ \/3(T1—T2)2+(11_12)2, |2(T1-T)—-(h-I)|/3}/2}+1
min{ \/3(T1—T2)2+(F1—F2)2, [2(Ty~T,)—(F1—F,)|/3}
{max{ \/3(T1—Tz)2+(F1—F2)2, 2(T1-T2)~(F1—F2)| /3)/2) 41
min{ \/2(T1_T2)2+(Il—12)2+(F1—P2)2, I3(Ty=Ta)~(hy—Ip ) (F1—F>)| /5]

(max| y2(Ty=T2 P+ (=) +(F1=F2)?, [3(Ty=T2)~ (li—I) - (Fy~F2)| /5 /2)+1

] =0

So,

min{\[3(Ty=T2)2+(Ii=1)?, [2(T1~T2)~ (i ~12)|/3)
= Oand
(max| \3(T1—T2)* + (L -B)?, [2(Ty~T2)~ (i -)] /3)/2)+1
min{ \/3(T1—T2)2+(F1—F2)2/ [2(T1~T2)~(F1~F2)|/3}
{mux{ \/3(T1—T2)2+(F1—F2)2, |2(T1—T2)—(F1 —F2)|/3}/2}+1
min{ \/2(T1—T2)2+(11 —L)*+(F1-F,)?, [3(T1-T2)- (Il —L,) - (F1 =Fy)|/5)

(maxl 2Ty T2+ (h=)*+(Fr=F2)?, [3(Ty=T2)~ (l—Ip)~ (Fy~F2)| /5)/2)+1

=0,

= 0.

Therefore,

min{ \/3(T1 - Tz)2 + (I - L)?,
min \/3(T1 —Ty)? + (F1 - F2)?,
min{ \/2(T1 ~T)* + (L —L)* + (F1 - F»)?,

2(T1-T2) - (h—1)|/3} = 0,
2(T1-Tp) - (F1 - F2)|/3} = 0,
3(Ty - T2) - (h - L) - (F1 - F2)|/5) = 0.

177



Symmetry 2020, 12, 1166

Now, we write all the cases that can make these statements 0 one-by-one.
(a) We assume that

V2T =T 4 (I~ )2+ (Fy —F2)? = 0. M
Therefore, it is
2(Ty - To)* + (I —I)* + (F1 - F2)* = 0.

Here, it is obtained that Ty —T> =0,[; — I =0and F; —F, =0. Hence,wegetT; = To, 1 = I
and F; = F,. By Definition 4, A; = A;.
(b) Let

BT -T2+ (h-L)? = o, @

\/3(T1 T+ (F1-F)* = 0. 3)

By (2) and (3), we obtain 3(T; — T2)* + (I; = I)* = 0 and 3(Ty — T»)* + (F; — F2)* = 0.

Therefore, we obtain T1 — T, = 0,11 —I, =0and F; — F, = 0. Hence, weobtain Ty = Ty, ; = I,
and F; = F,. By Definition 4, A; = A».

(c) We assume that

V3T —To)% + (I - ) = 0, @
2(T1 = T2) = (Fi - F2)| = 0, 5)

By (4), we have
T1 - T2: 0 and 11 —12 = 0. (6)

Hence, we obtain that F; — F, = 0 by (5) and (6).
Hence, Ty = T», I1 = Ip and F; = F,. By Definition 4, we get A; = Aj.

(d) We assume that
[2(T = T2) - (i - D)|/3 = 0, @)
[2(T1 = T2) = (F1 - F2)|/3 = 0, ®)
3(T1=T2) - (h— L) - (F - F2)|/5 = 0. )
By (7) and (8), we obtain
T, -Ty=1I, — b= F; - F,. (10)

Hence, T1 — T2 = 0 by (9) and (10).

Hence, Ty = T2,I1 = I and F; = F;. By Definition 4, A; = A».

We assume that A; = Ap. Therefore, by Definition 4, itis Ty = Ty, I1 = I, F1 = F». Because of this,
we have
min{\[3(T1=T2)*+(I1=1)?, [2(T1~T2)~(I1-1)|/3}

(max( 3(T1=T2)*+(h—L)?, [2(T1=T2)=(h-12)|/3} /2}+1
min \/3(T1—T2)2+(P1—F2)2, [2(T1=T,)—(F1~F)|/3)
(max{ AJ3(T1~T2)*+(F1~F2 )%, [2(Ty=T)~(F1=F)|/31/2)41
i N2ATi=T2)P 4 (=B (Fi=F> %, B(T1=T2) =l =1a) = (h—I)~(F1—F>)| /5)

SN(A1, A2) = 1-(2/3)]

] =0
{max| \/2(T]—T2)2+(I1 —L)*+(F1-F,)?, [3(T1-T2)-(I1-L)—(F1 -F)| /5})/2)+1
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(iv) We assume that A; < Ay < Az. By Definition 5,itis Ty < Tp < T3, Iy > I > I3, F; > Fy > F3.
Hence, we obtain that

min{ \/3(21“1 ~T2)* + (h - L)%,
max{ \/S(Tl - T2)2 + (L - 12)2,
min{ \/3(T1 ~T3)* + (I1 - I3)%,
max{ \/3(T1 —T3)? + (I - 13)%,

2T -T2) - (h-h)|/3) <1,
2(Ty - T2) - (I —12)|/3}/2} <1,
2(T1-Ts) - (L -1)|/31 <1,
2(T1—Ts) - (L - 13)|/3}/2} < 1.

Therefore, we have

min \/3("[1 ~T)* + (h - L)% [2(T1 - To) - (h - b)|/3} <

min{\J3(Ty = Ts)2 + (h = L)%, [2(Ty = T5) = (h = 15)| /3,
max{ \/3(T1 ~T2)* + (I - L)?, [2(T1 = To) - (I, - L)|/3}/2} <
max| \/3(T1 ~T3)* + (I = L)%, [2(T1 = T3) - (I - I3)|/3}/2}.

Hence,

min{ \/3(T1 ~T)* + (h - L)% [2(T1 - T2) - (L - L)|/3}

fmax{\[3(T; - T2)> + (h ~ 1),

2(T1 = T2) - (- )|/3}/2} +1

min{ \/3(T1 ~T)* + (I - L)%,

2(Ty - Tp) - (I - )| /3}

(11)

2(Ty - Ta) - (I - )|/3}/2} +1

{max{ \/3(T1 - T2)2 + (L - 12)2,

In addition,

min{\3(Ts — T2)% + (F1 ~F2)%,
max| \/3(T1 ~Ty)? + (F1 - F2)?,
min| \/3(T1 ~T3)?+ (Fy - F3)?,
max( \/S(Tl ~T3)* + (F1 - F3)?,

2Ty -Tp) - (F1-F2)| /31 <1,
2(Ty - Ta) - (F1 - F2)|/3}/2} < 1
2(Ty - Ts) - (F1 - F3)|/3} < 1,
2(Ty - Ts) - (F1 - F3)|/3}/2} <1

Therefore, we obtain that

min{ \/3(T1 ~T2)* + (F1 = F)?, |2(T1 = T2) - (F1 - F2)|/3} <

min \/3(T1 ~T3)* + (F1 - F3)°, |2(T1 - T3) - (F1 - F3)|/3},
max{ \/3(T1 —T2)* + (F1 - F2)?, |2(T1 - T2) - (F1 - F2)|/3}/2} <
max{ \/3(T1 —T3)% + (F1 = F3)?, [2(T1 = T3) - (F1 - F3)|/3}/2).

Hence,

min{ \/3(T1 —T)* + (F1 - F2)?,

2(T1 ~T2) - (F1 - F2)|/3}

(max( \J3(Ty - T2)? + (F1 ~ F2)?,

2(T1 - Ta) - (F1 - F2)|/3}/2} + 1
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min \/3(T1 ~Ty)* + (F1 - F2)?,

2(T1 - Tz) - (F1 - F2)|/3}

(12)
{max( \/3(T1 ~Tp)* + (F1 - F2), [2(T1 = T2) = (F1 - F2)| /3}/2) + 1
In addition,
min{\2(Ts = T2)2 + (I — B)? + (FL = F2)?, P(Ty = T2) = (I = L) = (F1 = F2)|/5) < 1
max \/2(T1 ~T2)* + (I = L)* + (F1 = F2)?, [3(T1 = T2) - (I - L) = (F1 = F»)|/5}/3 < 1,
min| \/Z(Tl ~T3)* + (I = L)* + (F1 = F3)%, [3(T1 = T3) = (I - I3) = (F = F3)|/5} < 1
max{ \/2(T1 ~T3)* + (I = L)* + (F1 = F3)%, [3(T1 = T3) - (I - I3) - (F1 = F3)|/5}/3 < 1,
Hence, we have
min{ \/2(T1 ~T)% + (h —L)* + (F1 - F)?, |3(T1 = T2) - (I — ) — (F1 = F»)|/5} <
min{\[2(T T3 + (h = L)* + (F1 ~ Fa)%, [3(Ty = T3) = (h = Is) = (Fy — Fs)| /5,
max} \/2(T1 ~T2)* + (I —L)* + (F1 - F2)?, [3(T1 = T2) - (I - ) - (F1 = F»)|/5}/2 < 1,
max{ \/2(T1 ~T3)* + (I = 3)* + (F1 = F3)?, [3(T1 = T3) - (I - Is) - (Fy —F3)|/5}/2
Hence,
min{ \/Z(Tl ~T2)? + (L - L) + (F1 - F)?, |3(T1 - T2) = (L - ) - (Fy _F2)|/5}
{max{ \/2(T1 ~T2)* + (I = L)* + (F1 = F2)?, [3(T1 = T2) = (I - L) - (F1 = F»)|/5}/2} + 1
N min{ \/Z(Tl - T3)2 + (I1 —13)2 + (F1 —F3)2, 3(T1 - T3) - (11 —13) - (Fl —F3)|/5} 13)
{max| \/2(7“1 —T3)* + (I - I3)* + (F1 - F3)?,

3(Ty - T3) — (I - 1) — (F1 — F3)|/5}/2} + 1
By (11), (12) and (13), we have

mm T] T3 Il 13 |2 T1 T3 (Il 13 |/3}
- (2/3)]

max{ﬂB T] T3 +(Il I3 |2(T1 T3 Il I3 |/3 /2}-‘1-1

mzn{\/B (T1=T3)?+(F1=F3)?, |2(Ty=T3)—(F1 =F3)| /3)
{max( \/3(T1*T3)2+(F1*F3)2, [2(T1~T3)~(F1~F3)|/3}/2}+1
min{ \/2(T1—T3)2+(11—13)2+(F1—F3)2/ [3(T1~T3)~(I1~13)~(I1~13)~(F1~F3)| /5}

(max ( \2(T1=T3 )2+ (=I5 + (Fy=F3)?, |3(T1—T3>—(11—13)—(F1—F3)|/5}/2}+1

in{ A[3(T1-T2)*+(I1~1)%, |2(T1-T2)—- (I )| /3
—(2/3)] min{~[3(T1=T2)"+(hi~h)", [2(T1-T2)~(l1~12)|/3)
{max (\3(T—To 2+ (h-1)?, |2(T1—T2)—<11—12)|/3}/2}+1
min{ \3(Ty=T2)* +(Fy—F2)%, R(T1=T2)~(F1=F>)| /3)
(max| \3(Ty =T+ (Fy-F2)%, [2(T1=To)~(Fy~F2)|/3)/2)+1
min \/2(T1—T2)2+(11—Iz)2+(1~"1—Fz)z, 3(T1=T2)—~(I1~Ip)—(F1~F3)| /5}

{mux{ \/2(T1—T2)2+(11—12)2+(F1—F2)2, |3(T]—Tz)—(Il—12)—(P1—F2)|/5}/2}+1

Hence, we get SN (A1, A3) < Sn(A1, Ap) as desired. O
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7. Decision-Making Applications for Neutrosophic Modeling of Talcott Parsons’s Action

In this section, we give an algorithm for applications that allow us to find the ideal society in
the grand theory of action of Parsons by taking advantage of the similarity measure in Definition 9.
In addition, we give a numeric example to this algorithm.

7.1. Algorithm

1. Step: To find out which societies are closer to the ideal society, the criteria to be considered are
determined. The criteria of the ideal society in the grand theory of action of Parsons [17] are taken as
below:

c1 = affectivity versus affective neutrality

¢ = self-orientation versus collective orientation
c3 = universalism versus particularism

c4 = quality versus performance

c5 = specificity versus diffuseness

Let the set of these criteriabe C = {cy, ¢, ..., c5}.
2. Step: Let the set of weighted values of the criteria be W = {wy, wy, ... , w;;} and let the weighted
values be taken as below:

the weighted value of the criterion ¢ is wy,
the weighted value of the criterion c; is wy,
the weighted value of the criterion cj is w3,
the weighted value of the criterion ¢4 is w4 and
the weighted value of the criterion c5 is ws.

In addition, it must be Z wi=1and wy, wo, ..., wy €[0,1].

In this study, we will take the weighted value of each criterion as equal. If necessary, different
weighted values can be selected for each criterion.

3. Step: Each society that will be taken into ideal society assessment should be evaluated by
sociologists determined as a single-valued neutrosophic number. Let T = {t1, t, ..., t,} be set of
societies. Symbolic representation of societies as single-valued neutrosophic sets are denoted as:

b= {er:< Ty e)r (e Frten> < Trey)r Inea) Fraen >0 €5 Try(es)s Ines) Fry(es)> e € €= 1,2, .., 5)),
th= {C] < th (c1)” Ifz(Cl)’Ffz(C1)>’ Cp:< Tt2(c2)/ Itz(cz)’th(C2)>""’ C5:< th(c5), It2(65>,Ft2<55)>, C; € C (i =12, ..., 5)},
ta=tev:< Tiy(ey)s Dig(e) Frsten)™ 2 Ty Lifea) Fra(ea) >0 €53< Ths(es)s Ing(es) Fiy(esp>s i€ € (1 = 1,2, 5},
th= {Cl < Tt W(c1)7 It”(cl)/Ft,l(C1)>l < Tt”(m), It"(cz)/Ft”(cz)>/'"rc5:< Tt,l(c5)/ It,l(c )s Ftn(c5)> C; € C (1 =12, ..., 5)}

Here, ¢1, ¢2, ..., c5 are the criteria in Step 1. Thus, each society will be obtained as a single-valued
neutrosophic number according to the given criteria.

4. Step: To compare how close the societies are to ideal society in the theory of Parsons, an
imaginary perfect society is determined. Perfect society under the similarity measure we have obtained
should be as

I ={1:<1,0,0>x:<1,0,0>,...,65:<1,0,0>¢eC(i=12...,5}

Hence, we will accept the existence of an imaginary society that includes 100% truth, 0% uncertainty
and 0% falsity according to each criterion.

5. Step: We express the societies given as a single-valued neutrosophic set in step 3 in a table
according to criteria. Thus, we will obtain Table 3.
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Table 3. Criteria table of societies.

Cc1 C2 Cc3 C4 Cs
t <T, (c1)” Ifl(Cl)’ L <Tf1(C3)’ . <Tf1(C5)’
Ft1(51)> Iy (c3)7 Fy, (ke It1(55)’ Fy, (cs)”
b Teerler o <Teer o <The
Fiye)> Lia(es)r Fiafes)> Iy (es)r Foo(es)>
, <Th () Ity <Tt,(c3) o <Ti,(cs)r
Ftn (Cl ) > Itn (C3)’ Ftn (C3) > Itn (CS)’ Ftn (C5)>

6. Step: We will process each criterion values given for each society separately and each criterion
values of the perfect society I in Step 4 separately with similarity measure. Hence, we will obtain
Table 4.

Table 4. Similarity table for each social criteria to perfect society criteria.

Cc1 Cy C3 Ca Cs
t Snley, t1,,) o Snley, t1,,) o Snles, t1,,)
ty Sn(Le,, l’zcl ) . SN(IC3, fz%) - SN(IC5, tQCS)
tn SN(ICU tnq ) SN(IC3/ tnus) “es SN(IC5/ th)

7. Step: In this step, we will obtain a weighted similarity table (Table 5).

Table 5. Weighted similarity table for each social criteria to perfect society criteria.

w1c1 waCr wsC3 wycy Ws5Cs
t w1SN ey, t,,) <o w3SNUe, t,) o wsSN(es, 1)
ta w1SN ey, t2,,) o w3SNUe, t2,,) o wsSN(es, t2,)
tn w1SNey, tn,,) w3SN(les, tn,) . wsSNes, tn,)

In this study, this step is not needed since we take the same weighted value of each criterion.
More precisely, Tables 4 and 5 will be the same since the weighted values are equal. This step can be
used if necessary.

8. Step:

In this last step, we will obtain a similarity value table (Table 6) by applying

Skt 1) = L' _ wi SN (I, t,,)-

Table 6. Similarity value table of societies to the perfect society.

The Similarity Value

ty Sni(t, D)
ta Sna(t, 1)
tn SNn(fn/ I)

See Figure 1.
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6.

1. Determine Obtain the
the criteria matrix of
similarities to
perfect
society

Determine Obtain the Obtain the table
the weighted of weighted

value of - e

criteria of societies perfect society

Criteria table similairties to

4.
3.
Show the
Show the perfect 8.
societies as societies as Obtain the
single valued single valued Similarity value
neutrosophic neutrosophic table of societies
sets sets to perfect
societ

Figure 1. Diagram of the algorithm.

7.2. Numeric Example

Using the steps in Section 7.1, we show how close the 4 societies are to the ideal society.
1. Step: Let the criteria of an ideal society in the theory of Parsons be as it is in Step 1 of Section 7.1;

c1 = affectivity versus affective neutrality

¢, = self-orientation versus collective orientation
c3 = universalism versus particularism

c4 = quality versus performance

c5 = specificity versus diffuseness

LetC ={cq, ¢, ..., c5} be the set of criteria.

2. Step: In this example, we will take the weight values of each criterion equal so that w; =w, =...
= Ws = 0.2.

3. Step: Let the set of societies be T = {t, ty, t3, t4}. We assume that the single-valued neutrosophic
set with evaluation of societies by sociologists according to the criteria in Step 1 will be as below:

t1= lc1:< 0.6, 0.2, 0.1 >, c2:< 0.7, 0.2, 0.1 >, c3:< 0.4, 0.1, 0.2 >, c:< 0.8, 0.1, 0 >, c5:< 0.5, 0.1, 0.2 >}
b= {c1:< 0.5, 0.2, 0.3 >, cp:< 0.6, 0.1, 0.3 >, c3:< 0.8, 0.1, 0.2 >, cyi< 0.4, 0.1, 0.4 >, c5:< 0.9, 0, 0.1 >}
ts={c1:< 0.5, 0.2, 0.1 >, c2:< 0.8, 0.1, 0.1 >, c3:< 0.8, 0.1, 0 >, c4:< 0.7, 0.2, 0.1 >, c5:< 0.7, 0.2, 0.3 >}
ta= {c1:< 0.7, 0.2, 0.1 >, c2:< 0.6, 0.2, 0.2 >, c3:< 0.7, 0.2, 0.1 >, cs:< 0.7, 0.1, 0.2 >, c5:< 0.8, 0.1, 0.1 >}
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4. Step: Let the dream perfect society that we compare societies be

I =1{1:<1,0,0>¢:<1,0,0>¢c3:<1,0,0>,¢c3:<1,0,0>,¢4:<1,0,0>,¢5:<1,0,0>}.

5. Step: Let us express the societies as a single-valued neutrosophic set in Step 3 in Table 7.

Table 7. The criteria table of societies.

1 c2 c3 Cq Cs
t;1 <0.6,0.2,0.1> <0.7,0.2,0.1> <04,0.1,0.2> <0.8,0.1, 0> <0.5,0.1, 0.2>
t, <0.5,0.2,0.3> <0.6,0.1,03> <0.8,0.1,02> <04,60.1,04> <0.9,0,0.1>
t3 <0.5,0.2,0.1> <0.8,0.1,0.1> <0.8,0.1, 0> <0.7,0.2,0.1> <0.7,0.2,0.3>
ty <0.7,0.2,0.1> <0.6,0.2,02> <0.702,01> <0.70.1,02> <0.8,0.1,0.1>

6. Step: Using the similarity measure, we obtain the similarity table (Table 8) which is the
similarity of the criteria of societies to the criteria of the perfect society.

Table 8. The similarity table of the criteria of societies to the criteria of the perfect society.

1 2 c3 Cq C5

t;  0.5351 0.6088 0.4121 0.7489 0.4700
t, 0.4263 0.5132 0.6930 0.3734 0.8494
t3  0.4700 0.7196 0.7489 0.6088 0.5610
ty  0.6088 0.5112 0.6088 0.6088 0.7196

7. Step: In this example, there is no need to make any changes in Table 8 since we take the
weighted value of each criterion as equal.

8. Step: In this step, we obtain similarity values of the societies in Table 8 to the perfect society.

Now, we obtain the similarity values of the societies in Table 9 and we obtain Table 10 by dividing
the values in Table 9 by 5, taking the weighted values as equal for each society on 5 criteria and, hence,
getting the results in the range [0,1].

Table 9. The similarity value table of the societies to the perfect society.

The Similarity Value

h Sni(t, I) = 2.7749
t Sna(ty, T) = 2.8553
ts Sns(ts, I) = 3.1083
t Sna(ts, I) = 3.0572

Table 10. The similarity rate of the societies to the perfect society.

The Similarity Value

tl SNl(tll I) =0.5549
ty Sna(ta, I) = 0.5710
ts Sna(ts, I) = 0.6216
ty Sna(ts, I) = 0.6114

In addition, the similarity value of each society to the perfect society in Table 10 is obtained. The
result of the evaluation is given. Thus, societies closest to the perfect society are obtained as t3, t4, f2
and t; respectively.
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8. Sensitivity Analysis

In 7.1 Numeric example, we take the weighted values of criteria W = {wy, wy, ... , wy} equal
such that

the weighted value of ¢; criteria w; = 0.2
the weighted value of ¢, criteria w, = 0.2
the weighted value of c3 criteria w3 = 0.2
the weighted value of ¢4 criteria wy = 0.2
the weighted value of cs5 criteria ws = 0.2

Thus, societies closest to the perfect society are obtained as t3, t4, t2, t1 respectively.
(a) If we take the W = {wy = 0.1, wp = 0.3, w3 = 0.2, wy = 0.2, ws = 0.2}, then we obtain that societies
closest to the perfect society are obtained as 3, t4, t, and t; respectively (Table 11).

Table 11. The similarity rate of the societies to the perfect society for W = {wy = 0.1, w, = 0.3, w3 = 0.2,
Wy = 0.2, W5 = 02}

The Similarity Value

tl SNl(t1/ I) =0.55235
ty Sna(ta, 1) = 0.57975
ts Sna(ts, 1) = 0.64662
i’4 SN4(t4, I) =0.60168

Thus, we obtain the same result with the Numeric Example 7.1.
(b) If we take the W = {wy = 0.2, w, = 0.2, w3 = 0.3, wq = 0.1, ws = 0.2}, then we obtain that societies
closest to the perfect society are obtained as t3, t4, t, and t; respectively respectively (Table 12).

Table 12. The similarity rate of the societies to the perfect society for W = {wy = 0.2, w, = 0.2, w3 = 0.3,
Wy = 0.1, W5 = 02}

The Similarity Value

H Sni(t, I) = 0.5213
t Sna(ta, T) = 0.60302
ts Sni(ts, I) = 0.63567
ty Sna(ts, T) = 0.61144

Thus, we obtain same result with Numeric Example 7.1.
(c) If we take the W = {wq = 0.3, w, = 0.1, w3 = 0.2, wy = 0.2, ws = 0.2}, then we obtain that societies
closest to the perfect society are obtained as 4, t3, t, and t; respectively respectively (Table 13).

Table 13. The similarity rate of the societies to the perfect society for W = {wy = 0.3, w, = 0.1, w3 = 0.2,
Wy = 0.2, Wy = 02}

The Similarity Value

) Sn1(t1, I) = 0.54761
ty Sna(ta, T) = 056237
ts Sna(ts, I) = 0.5967
ty Snalts, T) = 0.6212

Thus, we obtain a different result from Numeric Example 7.1.
(d) If we take the W = {w; = 0.2, w, = 0.2, w3 = 0.1, wy = 0.3, w5 = 0.2}, then we obtain that societies
closest to the perfect society are obtained as ty4, t1, f; and t3 respectively respectively (Table 14).
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Table 14. The similarity rate of the societies to the perfect society for W = {wy = 0.2, w, = 0.2, w3 = 0.1,
Wy = 03, W5 = 02}

The Similarity Value

t Sni1(t, D) = 0.58866
i’z SN2(f2, I) =0.5391
ty Sns(ts, I) = 0.36379
ty Sna(ts, D) = 0.61144

Thus, we obtain a different result with Numeric Example 7.1.
(e) If we take the W = {wq1 = 0.2, wp = 0.2, w3 = 0.2, wy = 0.3, w5 = 0.1}, then we obtain that societies
closest to the perfect society are obtained as t3, t4, t1, and ¢, respectively respectively (Table 15).

Table 15. The similarity rate of the societies to the perfect society for W = {wy = 0.2, w, = 0.2, w3 = 0.2,
Wy = 0.3, W5 = 01}

The Similarity Value

t Sni(ty, I) = 0.58287
t Sna(ta, I) = 052346
ts Sns(ts, I) = 0.62644
Sna(ts, I) = 0.60036

—
'Y

Thus, we obtain a different result from Numeric Example 7.1.
(f) If we take the W = {wq = 0.2, wp = 0.2, w3 = 0.2, wy = 0.1, ws = 0.3}, then we obtain that societies
closest to the perfect society are obtained as 14, tp, 3, and ¢ respectively respectively (Table 16).

Table 16. The similarity rate of the societies to the perfect society for W = {wy = 0.2, w, = 0.2, w3 = 0.2,
Wy = 0.1, W5 = 03}

The Similarity Value

h Sni(ty, I) = 0.52709
t Sna(ta, I) = 0.61866
ts Sns(ts, I) = 0.61688
Sna(ts, I) = 0.62252

—
'Y

Thus, we obtain a different result from Numeric Example 7.1.
Now, we give results in (a), (b), (c), (d), (e) and (f) in Table 17.

Table 17. Ideal societies according to weighted values.

Ideal Societies Respectively

W= {wl =0.2, Wy = 0.2, w3 = 0.2, Wy = 0.1, W5 = 03} t3, ty, t1, tp
W= {wl = 0.2, Wy = 0.2, w3 = 0.2, Wy = 03, W5 = 01} t4, t3, i’z, tl
W= {w1 = 0.2, wy = 0.1, w3 = 0.3, Wy = 0.2, w5 = 02} l’3, t4, t2, tl
W= {wl =0.2, Wy = 0.3, w3 = 0.1, Wy = 0.2, W5 = 02} ty, t1, ty, t3
W= {wl = 03, Wy = 0.1, w3 = 0.2, Wy = 0.2, W5 = 02} t4, t3, i’2, tl
W= {w1 = 0.1, wy = 0.3, w3 = 0.2, Wy = 0.2, w5 = 02} l’3, t4, t2, tl

As seen in Table 17, if we take W = {w; = 0.2, wp, = 0.2, w3 = 0.2, wy = 0.1, w5 = 0.3} or W = {wq = 0.1,
wy = 0.3, w3 = 0.2, wy = 0.2, ws = 0.2}, then we obtain same result with Numeric Example 7.1. In other
cases, we obtain different results from Numeric Example 7.1.
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9. Study Comparison Methods

In this section, we have compared the obtained results of the data in our Example 1 with the
results of the similarity measures, Hausdorff measure [18], Hamming measure [18] and the previously
defined similarity measure [16].

1. If we use the similarity measure in Definition 6 [16] for Example 1, we obtain Table 18 as a
result.

Table 18. The similarity rate according to similarity measure, in Definition 6 [16], of the societies to the
perfect society.

The Similarity Value
t Sni(t, I) = 0.661445

tr  Snalty, 1) =0.639916
ty  Sna(ts, I) = 0.691014
ts  Syalts, I) = 0.678023

Thus, societies closest to the perfect society are obtained as t3, t4, t1 and f, respectively according
to similarity measure in Definition 6 [16].
2. If we use the Hausdorff measure [18] for Example 1, we obtain Table 19 as a result.

Table 19. The similarity rate according to Hausdorff measure, in Definition 7 [18], of the societies to the
perfect society.

The Similarity Value

f Sy(t;, 1) = 0.6
t Sp(ta, T) = 0.64
ty Sy(ts, 1) =07
ty Sy(ts, ) = 0.7

Thus, societies closest to the perfect society are obtained as t3 = t4, t and t1 respectively according
to Hausdorff similarity measure in Definition 7 [18].
3. If we use the Hamming measure [18] for Example 1, we obtain Table 20 as a result.

Table 20. The similarity rate according to Hamming similarity measure, in Definition 8 [18], of the
societies to the perfect society.

The Similarity Value

f Sy(ty, I) = 0.78
t Sy (ty, I) = 0.76
s Sk (ts, I) = 0.806667
ty Sy(ts, 1) =0.8

Thus, societies closest to the perfect society are obtained as t3, t4, t1 and £, respectively according
to Hamming similarity measure, in Definition 8 [18].
As a result,

according to our similarity measure, the perfect society is obtained as t3, t4, t2, t1 respectively;
according to similarity measure [16], the perfect society is obtained as t3, #4, t1, t2 respectively;
according to Hausdorff measure [18], the perfect society is obtained as t3 = 3, t, t1 respectively;
according to Hamming measure [18], the perfect society is obtained as t3, 4, t1, t2 respectively.
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10. Discussions

In this study, we explained the grand theory of action of Parsons, which has an important place in
social theories, for the first time in neutrosociology. Thus, like all social theories, we have achieved
a more effective way of dealing with uncertainties in the theory of Parsons. In addition, we have
obtained a similarity measure for single-valued neutrosophic numbers. By making use of this similarity
measure, we have obtained applications that allow finding the ideal society in the theory of Parsons
within the theory of neutrosociology. Hence, we have added a new structure to neutrosophic theory,
neutrosociology theory. In addition, by utilizing this study, other social theories can be explained in
neutrosociology. Thus, the uncertainties encountered can be dealt with more easily. In addition, by
using neutrosophic numbers and sets related to other social theories, new similarity measures can be
obtained, and the consistency of these measures can be checked.

11. Conclusions

In Section 9, we obtained different results for the similarity measure [16]; Hausdorff measure [18];
and Hamming measure [18]. In addition, we give a comparison in Table 21.

Table 21. Comparison methods.

Ideal Societies, Respectively

Similarity measure in definition 9 t3, tg, 1, tr
Similarity measure in definition 6 [16] t3, ty, ty, tr
Hausdorff measure in definition 7 [18] t3=ty,t, 11
Hamming measure in definition 8 [18] t3, tg, 1, tr
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Abstract: In this article, we propose a novel concept of the single-valued neutrosophic fuzzy soft set
by combining the single-valued neutrosophic fuzzy set and the soft set. For possible applications,
five kinds of operations (e.g., subset, equal, union, intersection, and complement) on single-valued
neutrosophic fuzzy soft sets are presented. Then, several theoretical operations of single-valued
neutrosophic fuzzy soft sets are given. In addition, the first type for the fuzzy decision-making
based on single-valued neutrosophic fuzzy soft set matrix is constructed. Finally, we present the
second type by using the AND operation of the single-valued neutrosophic fuzzy soft set for fuzzy
decision-making and clarify its applicability with a numerical example.

Keywords: single-valued neutrosophic fuzzy set; soft set; Algorithm 1; Algorithm 2; decision-making

1. Introduction

Many areas (e.g., physics, social sciences, computer sciences, and medicine) work with vague data
that require fuzzy sets [1], intuitionistic fuzzy sets [2], picture fuzzy sets [3], and other mathematical
tools. Molodtsov [4] presented a novel approach termed “soft set theory”, which plays a very significant
role in different fields. Therefore, several researchers have developed some methods and operations
of soft set theory. For instance, Maji et al. [5] introduced some notions of and operations on soft
sets. In addition, Maji et al. [6] gave an application of soft sets to solve fuzzy decision-making.
Maiji et al. [7] proposed the notion of fuzzy soft sets, followed by studies on inverse fuzzy soft sets [8],
belief interval-valued soft sets [9], interval-valued intuitionistic fuzzy soft sets [10], interval-valued
picture fuzzy soft sets [11], interval-valued neutrosophic soft sets [12], and generalized picture fuzzy
soft sets [13]. Furthermore, several expansion models of soft sets have been developed very quickly,
such as possibility Pythagorean fuzzy soft sets [14], possibility m-polar fuzzy soft sets [15], possibility
neutrosophic soft sets [16], and possibility multi-fuzzy soft sets [17]. Karaaslan and Hunu [18] defined
the notion of type-2 single-valued neutrosophic sets and gave several distance measure methods:
Hausdorff, Hamming, and Euclidean distances for Type-2 single-valued neutrosophic sets. Al-Quran
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et al. [19] presented the notion of fuzzy parameterized complex neutrosophic soft expert sets and
gave a novel approach by transforming from the complex case to the real case for decision-making.
Qamar and Hassan [20] proposed a novel approach to Q-neutrosophic soft sets and studied several
operations of Q-neutrosophic soft sets. Further, they generalized Q-neutrosophic soft expert sets
based on uncertainty for decision-making [21]. On the other hand, Ulugay et al. [22] presented the
concept of generalized neutrosophic soft expert sets and applied a novel algorithm for multiple-criteria
decision-making. Zhang et al. [23] gave novel algebraic operations of totally dependent neutrosophic
sets and totally dependent neutrosophic soft sets. In 2018, Smarandache [24] generalized the soft set to
the hypersoft set by transforming the function F into a multi-argument function.

Fuzzy sets are used to tackle uncertainty using the membership grade, whereas neutrosophic
sets are used to tackle uncertainty using the truth, indeterminacy, and falsity membership grades,
which are considered as independent. As the motivation of this article, we present a novel notion
of the single-valued neutrosophic fuzzy soft set, which can be seen as a novel single-valued
neutrosophic fuzzy soft set model, which gives rise to some new concepts. Since neutrosophic
fuzzy soft sets have some difficulties in dealing with some real-life problems due to the nonstandard
interval of neutrosophic components, we introduce the single-valued neutrosophic fuzzy soft set
(i.e., the single-valued neutrosophic set has a symmetric form, since the membership (T) and
nonmembership (F) are symmetric with each other, while indeterminacy (I) is in the middle), which is
considered as an instance of neutrosophic fuzzy soft sets. The structural operations (e.g., subset,
equal, union, intersection, and complement) on single-valued neutrosophic fuzzy soft sets, and several
fundamental properties of the five operations above are introduced. Lastly, two novel approaches (i.e.,
Algorithms 1 and 2) to fuzzy decision-making depending on single-valued neutrosophic fuzzy soft
sets are discussed, in addition to a numerical example to show the two approaches we have developed.

The rest of this article is arranged as follows. Section 2 briefly introduces several notions related to
fuzzy sets, neutrosophic sets, single-valued neutrosophic sets, neutrosophic fuzzy sets, single-valued
neutrosophic fuzzy sets, soft sets, fuzzy soft sets, and neutrosophic soft sets. Section 3 discusses
single-valued neutrosophic fuzzy soft sets (along with their basic operations and structural properties).
Section 4 gives two algorithms for single-valued neutrosophic fuzzy soft sets for decision-making.
Lastly, the conclusions are given in Section 5.

2. Preliminaries

In the following, we present a short survey of seven definitions which are necessary to this paper.

2.1. Fuzzy Set

Definition 1 (cf. [1]). Assume that X (i.e., X = {x1,x2, ..., X, }) is a set of elements and y(x,) is a membership
function of element x, € X. Then

(1)  The following mapping (called fuzzy set), is given by
p:X—1[0,1]

and [0,1]% is a set of whole fuzzy subset over X.

(2) Let
)= {#(n), pa) o pp) xp € X} e [o,1)%
X1 X2 Xp
and
_ {v(xn/v(xz),_ LI e x} € [0,1]%.
X1 X2 Xp
Then
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(1)

(2)

The union p U v, is defined as

pUv = {V(xl) V() pix) VV(xz),. . p(xp) Vv(xp) xp € X}.
X1 X2 Xp
The intersection y N v, is defined as
WA = {V(xl) /\V(xl), p(x2) AV(xz)’_ . pu(xp) Av(xp) xp € X}
X1 X2 Xp

2.2. Neutrosophic Set and Single-Valued Neutrosophic Set

Definition 2 (cf. [25,26]). Assume that X (i.e., X = {x1,X2,...,xp}) is a set of elements and

(1)

(2)

®— { (To(xp), Io(xp), Fo(xp))
Xp

¥ € X, 0.< To(y) + Lofx) + Foly) < 3.

If To(xp) €]07,17[ (ie., the degree of truth membership), Io(x,) €]0~,17[ (ie., the degree of
indeterminacy membership), and Fe(xp) (i.e., the degree of falsity membership), then ® is called a
neutrosophic set on X, denoted by (NS)X.

If To(xp) € [0,1] (i.e., the degree of truth membership), lo(x,) € [0,1] (ie., the degree of indeterminacy
membership), and Fo(xp) € [0,1] (ie., the degree of falsity membership), then ® is called a single-valued
neutrosophic set on X, denoted by (SVNS)X.

2.3. Neutrosophic Fuzzy Set and Single-Valued Neutrosophic Fuzzy Set

Definition 3 (cf. [27]). Assume that X (i.e., X = {x1,X,...,Xp}) is a set of elements and

(1)

(2)

& { (Té(xp)/Ié(xp)/Fcb(xp)r#(xp))

b = % xp € X, 0< Ty (xp) + Ig(xp) + Fy(xp) 33},

If Tg(xp) €]07,17[ (ie., the degree of truth membership), I4(xp) €]07,17[ (ie., the degree of
indeterminacy membership), and Fg(xp) (ie., the degree of falsity membership), then & is called
a neutrosophic fuzzy set on X, denoted by (NFS)X.

If T4 (xp) € [0,1] (ie., the degree of truth membership), 14(x,) € [0,1] (i.e., the degree of indeterminacy
membership), and Fg(xp) € [0,1] (i.e., the degree of falsity membership), then & is called a single-valued
neutrosophic fuzzy set on X, denoted by (SVNFS)X.

Definition 4 (cf. [27]). Let ®, ¥ € (SVNFS)X, where

and

& { (Tg (xp), I (xp), Fg (xp), 1(xp))
Xp

¥y € X, 0.< Toly) + L) + Folsy) <3}

o { (Tlli;(xp)rIx/i/(xp)/R/if(xP)/V/(xP))

. xp € X, 0 < Ty(xp) + Iy (xp) + Fg(xp) 33}.
p

The following operations (i.e., complement, inclusion, equal, union, and intersection) are defined by

(1)

& — { (Fo(xp), 1 — Ig(xp), Tg (xp), 1 — p(xp))
Xp

Xp GX}.
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c
3 d=¥Y—=9

4 duUY= p Xp € X}
p

5 SN { (Fcb(xp) A F{i,(xp),lﬁ)(xp) vV I"i,(xpj)c, Te(xp) V Tfi,(xp),y(xp) A y’(xp)) v € X}
p

2.4. Soft Set, Fuzzy Soft Set, and Neutrosophic Soft Set

Definition 5 (cf. [4,7,28]). Assume that X (i.e., X = {x1,%2,...,Xp}) is a set of elements and I (i.e., I =
{i1, 12, ..., iq}) is a set of parameters, where (p,q € N, N are natural numbers). Then
(1) The following mapping (called a soft set), is given by

S:1— P(X),

where P(X) is a set of all subsets over X.
(2) The following mapping (called a fuzzy soft set), is given by

S:1—10,1)%,

where [0,1]X is a set of whole fuzzy subset over X.
(3) The following mapping (called a neutrosophic soft set), is given by

$:1— (NS)X,
where (NS)X is a set of whole neutrosophic subset over X.

Example 1. Assume that the two brothers Mr. Z and Mr. M plan to go the car dealership office to purchase a new
car. Suppose that the car dealership office contains types of new cars X = {x1,xp,x3,x4} and I = {i1,ip, i3}
characterize three parameters, where iy is “cheap”, iy is “expensive”, and i3 is “beautiful”. Then

(1) By Definition 5(1) we can describe the soft sets as S;,) = {x1,x3},S(i,) = {x3, x4}, and S(;;) = {x2}.

Therefore,
S — {{X1i, xa}, {xafx4} {x2} }

;=
1 2 13

(2) It is obvious to replace the crisp number 0 or 1 by a membership of fuzzy information. Therefore,
by Definition 5(2) we can describe the fuzzy soft sets by §(i1) = {% 04 06 @}, §(i2) =

X177 x27 x37 X4
06 09 01 02 q 0.7 05 0.2 09 T
{xl’xz’xs’x4}’s(i3) { 1’x2'x3'x4}' hen,

0.3 04 0.6 0. 0.6 09 01 02 7 05 02 09
Pl X1/ X7 x37 X4 17 X7 x37 X4 17 X7 x37 X4
S = : , , .
1

a1
o
o
o

=2
=
=

i i

(3) By Definition 5(3) we can describe the neutrosophic soft sets as

g( 7 ’ ’

% [(03,07,05) (0.1,0.8,0.5) (0.2,0.6,0.8) (0.4,0.7,0.6)
i)~ X1 X2 X3 X4 !

S(lz) = 7 7 4

(0.3,0.7,0.5) (0.1,0.8,0.5) (0.2,0.6,0.8) (0.5,0.8,0.3)
X1 X2 X3 X4 '
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and

7 7 7

3 _ [(03,07,05) (01,08,05) (02,06,08) (08,09,02)
(i) — X1 X2 X3 X4 ’

3. Single-Valued Neutrosophic Fuzzy Soft Set

In the following, we propose the concept of a single-valued neutrosophic fuzzy soft set and study
some definitions, propositions, and examples.

Definition 6. Assume that X (i.e., X = {x1,x2,...,Xp}) is a set of elements, I (i.e., I = {i1,ip,...,ig}) isa
set of parameters, and SX! is called a soft universe. A single-valued neutrosophic fuzzy soft set @D(iq) over X,
denoted by (SYNFS)X!, is defined by

( (Tay,, () o, (¥0), P, (50), ()

@iy = %

iq el, Xp eX, 0< Td)(iq)(xp) + I&)(lq)(Xp) + Fé,(iq)(xp) < 3},
where p,q € N (N are natural numbers) and y(xp) € [0,1]. For each parameter iy € I and for each x, € X,

T®(~ )(xp) € [0,1] (i.e., the degree of truth membership), ch(. )(xp) € [0,1] (i.e., the degree of indeterminacy
q q
membership), and Fé(‘ : (xp) € [0,1] (ie., the degree of falsity membership).

q

Example 2. Assume that X = {x1, x2, x3} are three kinds of novel cars and I = {iy, iy, i3} are three parameters,
where iy is “cheap”, iy is “expensive”, and i3 is “beautiful”. Let u € [0,1]X and ﬁD(iq) € (SVNFS)X! are
defined as follows (g = 1,2,3):

7 4

(0.3,0.7,0.5,0.2) (0.1,0.8,0.5,0.5) (0.2,0.6,0.8,0.7)
X2 X3 !

7 4

X2 X3

& { (0.9,04,0.5,0.7) (0.3,0.7,0.5,0.4) (0.8,0.2,0.6, 0.8)}
(12 7

(0.6,0.3,0.5,0.6) (0.3,0.5,0.6,0.4) (0.7,0.1,0.6,0.3) }

4 4

X2 X3

Additionally, we can write by matrix form as

I ‘ X1 X2 X3

(0.3,0.7,05,0.2) (0.1,0.8,0.5,0.5) (0.2,0.6,0.8,0.7)
ir | (0.9,04,05,0.7) (0.3,0.7,0.5,0.4) (0.8,0.2,0.6,0.8)
i3 | (0.6,0.3,0.5,0.6) (0.3,0.5,0.6,0.4) (0.7,0.1,0.6,0.3)

o
I

-

A

Definition 7. Let é(iq),‘?(iq) € (SVNFS)X! over SX! and u, u' € [0,1]%, where

A (Tq)({q)(xp),Ié(iq)(xp),Fé(iq)(xp),y(x,;)) )

Py = { % G€L xpeX 0= Té(iq)(xn) + I‘%;)( r) tls, (xp) < 3}
and

N (T‘%’mq)(x”)’ I‘,i’wq) (x’”)’P‘/i’(,-q) (xp), ' (xp)) ' / / /

Y,y = { % g€l xpeX, 0 T{P(lq)(xp) +I‘?<zq)(x”) +P\?(‘q)(xp) < 3}.

Then, CTD(Z-q) S ‘%(iq) (ie., CTD(iq) is a single-valued neutrosophic fuzzy soft subset of ‘i’(l-q) ) if

1) plxp) < p'(xp) Vap €X;

(2) Forallig € I,xp € X, qu(iq)(xp) < T"i, (xp), I

(ig) o F9) 2 Ty () Fe

(ig) (iq) Fig)
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Example 3. (Continued from Example 2). Let lif(i,,) € (SVNFS)X! be defined as follows (q = 1,2,3):

I ‘ X1 X2 X3
(0.4,0.6,0.4,0.4) (0.2,0.7,0.3,0.5) (0.3,0.4,0.7,1)
i | (1,03,05,0.8) (04,0.6,04,0.6) (0.9,0.2,0.4,0.9)
i3 | (0.7,0.2,0.4,0.7) (0.4,0.5,0.6,0.6) (0.8,0.1,0.5,0.5)

=3
I

=

o

Thus, Ct)(iq) c ‘Af(iq) (qu c I)

Definition 8. Let CID( ) ( ) € (SVNFS)X! over SX! and u, u' € [0,1)%, where

R (Té({q)(xp)rlé(iq)(xp)rl:@(iq)(xp)rﬂ(xp)) )

Piiy) = { % g€l xp€X 0= Té(iq)(xn) + I@“q)(xp) +F<i>(.q)(xp) < 3}
and

N (T\l;zoq)(xp)/ﬂ?(,q (xp) (xp) H (xp)) ' , , )

‘F(iq) = { % g€l xpeX, 0< Tq,(lq)(xp) + Iq,(iq)(xp) +F‘i,(‘q)(xp) < 3}.
Then, dD( ) = ‘T’(Zq) (ie., <i>(l- ) is a single-valued neutrosophic fuzzy soft equal to ‘I’ szD S ‘%(iq)
and q)( ) D) {\I’(iq).

Definition 9. Let @D(iq) € (SVNFS)X! over SX! and u € [0,1]%, where

{(T@(qup) o ) B, (o))

&) = -

g €L xp €X, 0T (xp) + 1o, (p) + Fp, (¥p) < 3}

over SXI. Then,

(1) CID(l ) is called a single-valued neutrosophic fuzzy soft null set (denoted by @ ) defined as

. 0,1,1,0),.
®(iq) = {(x)|lq S I,xp € X}
P

(2) <I>( ) is called a single-valued neutrosophic fuzzy soft universal set (denoted by X ) defined as
Ry = {(1’0’0’1) lig € Lxp € X}
x
p

zq)

Example 4. (Continued from Example 2). Then, ®(iq), X(iq) € (SVNFS)X! are defined as follows:

I ‘ X1 Xo X3
A i1 ](0,1,1,0) (0,1,1,0) (0,1,1,0)
0= i
in | (0,1,1,0) (0,1,1,0) (0,1,1,0)
iz | (0,1,1,0) (0,1,1,0) (0,1,1,0)
and
I ‘ X1 X X3
%= i1 |(1,0,0,1) (1,0,0,1) (1,0,0,1)

i, | (1,0,0,1) (1,0,0,1) (1,0,0,1)
i3 | (1,0,0,1) (1,0,0,1) (1,0,0,1)
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Definition 10. Let é(iq),‘?(iq) € (SVNFS)X! over SX! and u, u' € [0,1]%, where

n (To, (ip)e Lo () Fo ) (ep)o i) )

S, = { x igel, xpeX, 0< T&)(iq)(xp) + I‘i’(m(xp) + F@,(,q)(xp) < 3}
and

& (T‘%}(W(xp)/I‘%(m)(XP)’P‘%[(M)(XP),V/(XP)) . / ’ 7

Yi) = { % g€l xpeX, 0< Tq,(lq)(xp) +I‘?(iq)(x,,) +P\?Uq)(xp) < 3}.
Then,

(1) The union <i>(iq) u ‘i’(iq) is defined as

) / ) . ) / /
(T, (xp) T, (p): g, (xp) * L, (xp), Fo,  (xp) * Fe (xp), m(xp) o' (xp))

@w@%m:{ 5

ig€Lxye X}.

(2)  The intersection CI)( ) A ‘I’ ) is defined as

' R ! .
T(D(x_q) (xp) * T‘%}) (xp), I%q) (xp)o I‘?(wﬂ (xp), F<I><,q>

R R ( (xp)OF\,if(i )(xp)/l‘(xp)*ﬂ,(xp))
O ymY¥,; ) = - 2
(lq) (’q) xp

ig € 1,x ex}.

Example 5. (Continued from Examples 2 and 3). For o, p € [0,1], let the t-norm (i.e., given as a * p = a A B)
and the t-conorm (i.e., given as x o p = a \V ). Then,

I ‘ X1 X X3
A s i1 | (0.4,0.6,04,04) (0.2,0.7,0.3,0.5) (0.3,04,0.7,1)
PUY = .
irp | (1,0.3,0.5,0.8) (0.4,0.6,04,0.6) (0.9,0.2,0.4,0.9)
iz | (0.7,0.2,04,0.7) (0.4,0.5,0.6,0.6) (0.8,0.1,0.5,0.5)
and
I ‘ X1 X2 X3
SaY — i1 | (0.3,0.7,0.5,0.2) (0.1,0.8,0.5,0.5) (0.2,0.6,0.8,0.7)

i» | (09,04,05,0.7) (0.3,0.7,0.5,0.4) (0.8,0.2,0.6,0.8)
is | (0.6,0.3,0.5,0.6) (0.3,0.5,0.6,0.4) (0.7,0.1,0.6,0.3)

Proposition 1. Let Q)( ) ( ) CTD( ) € (SVNFS)X! over SX! and y € [0,1]X. Then the following hold:

D &g, b, = &,;
@) Py MPy = Py
3 &) LLJ@(iq) =&,
& &) n D) =D,
) Diig) U Xiig) = X
©) Deig) M Xiig) = Py

Proof. Follows from Definitions 9 and 10. [
Proposition 2. Let CID(Zq), (i) A(iq) € (SVNFS)X! over SX! and u, y’, u" € [0,1]X. Then the following hold:

W b uF) =T U,
@ S m¥,) = TU (i)’
B) Py U () Ul = ()T, vl
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1,,7);
) Dy m (¥ W) = (D) M%) U (S, ML)

Proof. Follows from Definition 10. [

Proposition 3. Let é(iq),‘i’(iq) € (SVNFS)X! over SXI, u, ' € [0,1]%, and ‘i’(iq) S é(iq). Then the
following hold:
1) &g, UE ) =
(2) iy M%) =

(ig)
(iq)'

= o

Proof. Follows from Definitions 7 and 10. O

Next, we propose a definition, example, remark, and two propositions on the complement of
(SVNFS)X! over SX!.

Definition 11. Let &; ) € (SVNFS)*! over SX! and y € [0,1]%, where

lq

. (Tci>(,-q)(xr')rlé(‘-q)(xp)fFé(‘-q)(xp)fV(xp)) )
q)(iq) = { ipel,x,eX,0< T@)UqJ(x”) + Iﬁ’(f,,>

xp (vp) + F‘i’uq)(xp) = 3}'

Then, the complement CTD%L]) of b(;,) is defined as

'q

{ (Fé(iq)(xp)fl - Ié(iq)(xp)r T<i>(v )(xp),l — p(xp))

. igel, xpeX}.
p

Example 6. (Continued from Example 2). The complement (i)iiq) of ‘i)(iq) is calculated by

1 ‘ X1 X7 X3

N ip | (0.5,03,03,0.8) (05,0.2,0.1,0.5) (0.8,04,0.2,0.3)
ip | (0.5,06,09,03) (05,03,0.3,0.6) (0.6,0.8,0.8,0.2)
i | (0.5,0.7,0.6,04) (0.6,0.5,0.3,0.6) (0.6,0.9,0.7,0.7)

Proposition 4. Let ®( ),X(iq),cb( ) € (SVNFS)X! over SX!, and y € [0,1)X. Then, the following hold:

iq iq
@ DG,y = Xy
(2) Xfiq) = ®(iq);
@) ((Diiq))c - qDEiq)

Proof. Follows from Definitions 9 and 11. O

X(iq) and 43( )@CTD‘(:iq) = ®(z',,) does not hold by

Iq

Remark 1. The equality of &) v &)

the following example.

Example 7. (Continued from Examples 2 and 6). Then, dADEZ.q) of CTD(Z-q) is calculated by

1 ‘ X1 X X3

iy | (0.5,03,03,08) (05,0.2,01,05) (0.8,04,02,0.3)
it | (05,06,09,03) (05,0.3,03,06) (0.6,0.8,08,0.2)
i1 | (05,07,06,04) (06,0503,06) (0.6,09,07,0.7)

dudt =
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and
1 X1 Xy X3
Sadc— | 1| ©307.0502) (01080505 (02,060807)
i | (09,04,0507) (03,0.7,05,04) (0.8,0.2,06,08)
iz | (0.6,03,05,06) (03,05,06,04) (0.7,0.1,06,0.3)
This shows that é(iq) U éiiq) # )A((iq) and <T>(,-q) M (ADEiq) # ®(iq)'

Proposition 5. Let <i>(

iq) i'i
(1) (qA)(Iq) @{I\I(iq))c = qA)iiq) f (iﬂ);
@) (D) ¥ ()" = D U, ).

,‘T’( ) € (SVNFS)X! over SXI and u, y' € [0,1)X. Then, the following hold:

Proof. Consideraxb = a A b (tnorm)and a o f = a V  (t-conorm) (Va, § € [0,1]). We have

~

(D) UF ;) (xp)

o

@

(T (5p) 0 Ty o) Lo (o)< By (o) Fa (59) % By (), o) o ()

c
iq) .
= ig€lxp € X})
<{ Xp
Fs (xp)*FL  (xp),1— (I3 (xp)*Iy (xp)),Ts (xp)0Th (xp),1— (u(xy)ou(x
y (Fay (o)< By, (391 = U 3p) Ty (500 T (3p) 0 Ty (0501 () o 37)
Xp
(Fé,(w (xp) A Fy (xp),1— (ch( )(XV) A I\?(w) (xp)),Té,(w (xp) V T‘/i'w(xl’)’l — (n(xp) V' (x))) .
= { o ig€lLxy € X}
12
(Fé(”)( r') A ¢ )(xp),l - Ié(,q)(xp) V1— I\’@(W( H)/T(I)Uq) (Yp) Vv T!;,\,‘,M(xp)rl - V(xp) A= }‘/(xp)) )
= { : ig€lxp € X}
P
(F@(“l)(x},) * R%,(iq) (xp),1— I&)w) (xp)ol— I\’?('q? (xn),T@W (xp) 0 T"?W) (xp), 1= p(xp) x 1= p' (xp)) 4
,{ . zqel,xpex}
P

- { (F@“q](xp)ﬂ - Iéw(xp)rTciuW(xp),l - V(Xp))

(F‘/i’(w (xp), 1~ I\/;,W (xp), T‘%’(, (xp), 1= ' (xp))

ig)

‘iqe I,x,,éX}rm{

(xp)

Xp

)

A

) (Dg,) MY, (xp)

me

! ! ! !
(To,, (xp) = Ty (ool Ty, (39) 0T (3p),Fay (39) 0By (xn) o) # 4 (37)

ig€lx, € X}
Xp

(i) (9.

(

*p

) Ta,, (x

c
g€ l,xp€ X})

») * T\/;:(W (p), 1= (p(xp) % ' (xp)))

Fi (xp)oF, (xp),1—(Iy (xp)o0l,
{( éw("p)o \Y(W(“‘V) (cﬁw("‘p)o \yw)(
X);

Fl
Yiig)

_ A R
(xp),1 (I<i><,q) (xp) Vv I\y“[” ("p))/Tcp(w (xp

ip € Ly ex}

) A T\I?M(xp)/l = (u(xp) A1 (xp)))

{ (Pci’(zq) (xp) Vv

Xp

(Xp)/ Tciw(w (xp) A

ig € 1,xp eX}

T

¥ (xp)/l - V(xp) V1-— .“/(XP))

Fg F, 1—1I4 1-1If
{ ( ®(’q) (XP) v Yu,,) (xp)' d)l'n)(xp) A Y(!q)

Xp

(Xp)

)

oF

A xp),1— I xp) %1 -1 , T
‘m,)( ») (D(lq)( 2 Y, ®ig)

o T,

ig€Lxy € X}

Y)(Xp)rl - F(xp) ol *I"(’ﬁ)))

{ (Féw) <xﬁ)

Xp

(Féwj (xp), 1~ I‘i’h(,) (xp), Té)w(-"p)rl - ."(Xp»

ig€l,xy € X}

F,

U A ’
‘1’(,[“(:(”)’1 - ’q,{w(Xﬂ)rT\?w(Xp)rl =1 (xp))

(
iqel,xpeX}LUJ{

s

- &)Eiq)(xp) @quiq) (xp)‘

Xp

O
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4. Two Algorithms of Single-Valued Neutrosophic Fuzzy Soft Sets for Decision-Making

Depending on single-valued neutrosophic fuzzy soft sets, in the following, we introduce two new
approaches for fuzzy decision-making problems.

Next, we construct Algorithm 1 as the first type for decision-making (i.e., the first application of
a single-valued neutrosophic fuzzy soft set).

Algorithm 1: Determine the optimal decision based on a single-valued neutrosophic fuzzy
soft set matrix.
First step: Input the single-valued neutrosophic fuzzy soft set CiJ(iq) € (SVNFS)X! as follows:

. (be(‘. )(xp)/lé(l )(xp)'Fé(l‘)(xp)/ﬂ(xp))
{ q 9 g iqel, xpeX, 0< Ty (xp)+1g (xp)+Fg (x,,)§3},
Xp (ig) (iq) (iq)

to be evaluated by a group of experts 1 to element x on parameter i, where Té)(. : (xp) €[0,1]
iq
(i.e., the degree of truth membership), Ié)(‘ ) (xp) (i-e., the degree of indeterminacy
iq

membership), Fﬁ’(fq) (xp) (i.e., the degree of falsity membership), and p(x,) € [0, 1].

Second step: Input the single-valued neutrosophic fuzzy soft set in matrix form (written as
qup, p,q S N)

(Tj’(.l) x1), 1 i) X1 L x1), p(x1 ) (T<i>('l)(x2)/1¢,’l)<‘~2) Fé(ll}(xz) Hixz (Té(,2)<xp) I<1>(’Z}<~’Cp)/Fq[y("p)#(’fp))

(Ta,, (¥1): Ta (¥1), By (x0)(x1)) (T, (x2), Iy, (x2), B (2) m(x2) (Ta,, (xp)r Lo, ) (5p) Fo (3), 1(xp)
Moy = | (Ta, (x1) Lo (x1), By (x)m(x)) (To, (x2) Loy, (x2), B (x2) m(32) (Toy,,, (xp) Lo, (xp) Fa (p) (3

(Toy,,, (x) oy, (x1). By, (v0),n(aa)) (T (v2). T (v2). By (32),p(x2)) (To,, (o) Lo, (¥p) Fo, (p) 1(xp))

Third step: Calculate the center matrix (i.e.,
oy, () = (Tay, () + gy, () + Fy | (x9)) = hlxp):

(iq)
56(’-1) (‘x 5&3(11) (xz) 4 é(i]) (xp
5@(1-2) ('x 5&)(,2) (xz) 4 5&)(12) (xp)
qup - . . .
¢, (x1) Op, (x2) O, (xp)

Fourth step: Calculate the d""*(x;) (maximum decision), dmin (xj) (minimum decision), and
S(x]-) (score) of elements x; (j = 1,2, , p):

9 9
dmux 2 dmin ) — Sa 2
1:21 ( x ’ﬂdmu,x)() ) dml(nx())c]) 1:21( (lq)(x]))

(to understand the motivation behind this method, let p be the Euclidean metric on R7,
0=(0--,0"€R,1=(1,---,1)T € RT,and 6; = (61,4, 02,x;, "+ ,0g)" € RT. Thus
S(xj) = [0(6;,1)1* + [0(8;,0)]* (j=1,2,---,p)).

Fifth step: Obtain the decision p satisfying

xp = max {5(x1),S(x2),- -+, S(xj) }.

Now, we show the principle and steps of the above Algorithm 1 by using the following example.
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Example 8. An investment company wants to choose some investment projects to make full use of idle funds.
There are five alternatives X = {z1,22, 23,24, 25} that can be selected: two internet education projects (denoted
as z1 and zp) and three film studio investments (represented as z3, z4, z5). According to the project investment
books, the decision-makers evaluate the five alternatives from the following three parameters I = {iy,ip, i3},
where iy is “human resources”, iy is “social benefits”, and i3 is “expected benefits”. The data of the single-valued
neutrosophic fuzzy soft set ﬁD(iq) € (SVNFS)X! is given by

I ‘ Z1 4] z3 Z4 25

ip | (03,07,05,02) (0.1,0.8,0505) (0.2,06,080.7) (0.506,0502) (0.4,0.70.9,0.1)
ip | (09,04,05,07) (03,0.7,0504) (0.8,02,06,0.8) (0.3,07,02,05) (0.7,0.8,0.8,0.3)
is | (0.6,0.3,05,0.6) (0.3,05,0.6,04) (0.7,0.1,0.6,0.3) (0.8,0.9,0.6,0.4) (0.7,0.8,0.9,0.6)

&:

Now, we will explain the practical meaning of alternatives X by taking the alternative z as an example:
the single-valued neutrosophic fuzzy soft set CTD(i »(z1) = (0.3,0.7,0.5,0.2) is the evaluation by four expert
groups; the single-valued neutrosophic fuzzy soft value 0.3 (meaning that 30% say yes in the first expert group)
in CTD(il) (z1), the single-valued neutrosophic fuzzy soft value 0.7 (meaning 70% say no in the second expert
group) in ﬁ’(il) (z1), the single-valued neutrosophic fuzzy soft value 0.5 (meaning 50% say yes in the third
expert group) in é(il) (z1), and fuzzy value 0.2 (meaning 20% say no in the fourth expert group) in ﬁ)(il) (z1).
Then, the single-valued neutrosophic fuzzy soft set in matrix form M3ys in the second step of Algorithm 1 is
given by

(0.3,0.7,05,02) (0.9,0.4,0.5,0.7) (0.6,0.3,0.5,0.6)
(0.1,0.8,05,05) (0.3,0.7,0.5,0.4) (0.3,0.5,0.6,0.4)
Mays = | (02,06,08,07) (0.8,02,0.6,08) (0.7,0.1,0.6,0.3)
(0.5,0.6,05,02) (0.3,0.7,0.2,05) (0.8,0.9,0.6,0.4)
(0.4,0.7,0.9,0.1) (0.7,0.8,0.8,0.3) (0.7,0.8,0.9,0.6)

Thus, we obtain the following center matrix Czx5 of M35 in the third step of Algorithm 1:

13 1.1 08
09 11 1
Cixs=| 09 08 1.1
14 07 19
19 2 18

By calculating, we get d™¥(z;), dmin (z), and S(z;) of elements z; (j = 1,2,3,4,5):
dM9X (21) = 0.14, d" (z5) = 0.02, A" (z5) = 0.06,d"(z4) = 1.06, A" (z5) = 2.45;

A" (z1) = 3.54,d™" (z5) = 3.02,d™" (z3) = 2.66,d™" (24) = 6.06,d"" (z5) = 10.85;
S(z1) = 3.68,5(2p) = 3.04,S(z3) = 2.72,S(z4) = 7.12,S(z5) = 13.3.

Finally, we can see from the fifth step that zs is the best decision.

Now, we present Algorithm 2 as a second type for a decision-making problem (i.e., a second
application of the single-valued neutrosophic fuzzy soft set) as follows:
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Algorithm 2: Determine the optimal decision based on AND operation of two single-valued
neutrosophic fuzzy soft sets.

First step: Input the single-valued neutrosophic fuzzy soft sets é(iq) € (SVNFS)X!
‘i’(]-q) € (SVNFS)¥/, defined, respectively, as follows:

. (T<i><,-q)(xp)/Iéw(xp)fpé(,q)(xp)/ll(xp)) ‘
by, = { - €L % € X 0 Ty (x)+ 1o, (1) + Fo, (%) < 3},

to be evaluated by a group of experts 1 to element x on parameter i, where T(f(. : (xp) €[0,1]
iq
(i.e., the degree of truth membership), Ié(‘ ) (xp) (i.e., the degree of indeterminacy
iq
membership), Fqg(_ )(xp) (i.e., the degree of falsity membership), and p(x,) € [0,1],
iq

. Ty, (oo B (oo By () ()
‘F(jq) _ { (iq) (ig)

Xp

€], x, €X, 0 T, I F, <3}
Jq ] Xp = ly(iq)(xl”)+ \y(/q)(xp)+ \y(m)(xp) >

to be evaluated by a group of experts 7 to element x on parameter j, where Tq,g . (xp) €[0,1]
ia

(i.e., the degree of truth membership), I\Y, o (xp) (i.e., the degree of indeterminacy

membership), F\P/(‘ )(xp) (i-e., the degree of falsity membership), and u(x,) € [0,1].
Iq

Second step: Define and calculate the AND operation of two single-valued neutrosophic
fuzzy soft sets CTD(iq) € (SVNFS)X! and ‘i](jq) € (SVNFS)¥/, denoted by
(@K‘i’)(iq,jq) (Vie I,je€]), defined as

: A . A - ! !
Ty, (k) A T, () Iy, (¥p) V B, (). Fg,,, (xp) v B, Cep). B p) A (7))

(
(@A), i) = { 5 i,,el,jqe],xr,ex}.

Third step: Define and write the truth membership (®A )( )y the indeterminacy

4/l
membership (CD/\‘I’)( ) and the falsity membership (®A )’(t , respectively, as follows:
T (Té(iq) (xp) A Txli;(j )(xp),y(xp) A V/(xp))
P B . . ,
(CD/\ )(lq,]-q)—{ % quI,]qE],XPEX},
e (Ié(iq)(xp) Vlsz(jq)(xp)/ﬂ(xp) A (xp)) ' .
and
e p (F<i>(,-q) (xp) V Fxli/(j )(xp)/P‘(xp) A (xp)) ' .
((Dm)(lq,]q) = { 1 X lq S I,]q S ],xP (S X}.
p

Fourth step: Define and compute the max-matrices of (@W)( in ) (@W) (insja)” and

(CD/\T)(z‘q,jq)’ respectively, for every x, € X as follows (p = 1,2,--- ,N):

(@R, 50) = 5 ((Ta g (50 A Ta, )+ (0G3) A (3))),

jq)

and
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Algorithm 2: Cont.

Fifth step: Calculate and write the max-decision 77 (i.e., 77 : X — R), 17 (i.e,, 771 : X — R),
ond o (L. . HAG\T TN Al S AG\F :
and tr (i.e., 7r: X = R) of (q)/\T)(iq,jq)’ (<I>/\‘*I’)(iquq), and (¢m)(iq,jq)’ respectively, for
every x, € X as follows (p =1,2,--- ,N):

tr(xp) = Y or(xp)(i), ) = Y Or(xp)(i,j), and Y Or(xp)(i ),

(ij)elx] (ij)elx] (ij)elx]
where
(@AY (), @R () = max{(@RD)], () s (0,0) € 1)
or(xp) (i) =
0, otherwise
[ @RD) ), @ADL () = max{(@RD)], () s (0,0) € 1 )
o1(xp) (i) =
0, otherwise
N (OAY )(Fiq,jq)(xp)’ (OAY )(Fiq,].q)(xp) = max{(®AYE )fuq,vq)(xp) c(u,v) €I x]J}
Op(xp) (i.f) =
0, otherwise

Sixth step: Calculate the score S(x,) of element x, as follows (p = 1,2,--- ,N):
S(xp) = tr(xp) + 1 (xp) + T (xp).
Seventh step: Obtain the decision p satisfying

xp = max {S(x1),S(x2),- -, S(x}) }.

Now, we show the principle and steps of the above Algorithm 2 using the following example.

Example 9. (Continued from Example 11). Suppose that an investment company also adds three different
parameters | = {j1, 2,3}, where j1 is “marketing management”, j, is “productivity of capital”, and j5 is
“interest rates”. The data of the single-valued neutrosophic fuzzy soft set ‘i’(jq) € (SVNFS)X/ is given by

] ‘ 21 2] 23 24 5

(0.5,0.6,0.7,04) (0.3,0.2,0.7,0.8) (0.6,0.9,0.4,0.3) (0.8,0.8,0.2,0.1) (0.9,0.5,0.4,0.2)
j» | (08,04,0502) (07,09,02,01) (0.3,03,09,04) (09,04,0505) (0.7,08,07,02)
i3 | (09,09,05,03) (05,09,02,01) (06,06,01,05) (0.50708,08) (0.602,04,07)

Now, we explain the practical meaning of alternatives X by taking the alternative zq as an example:
the single-valued neutrosophic fuzzy soft set \?(h) (z1) = (0.5,0.6,0.7,0.4) is the evaluation by four expert
groups; the single-valued neutrosophic fuzzy soft value 0.5 (meaning 50% say yes in the first expert group)
in ‘?(h) (z1), the single-valued neutrosophic fuzzy soft value 0.6 (meaning 60% say no in the second expert
group) in ‘ij(h) (z1), the single-valued neutrosophic fuzzy soft value 0.7 (meaning 70% say yes in the third
expert group) in ‘ij(h) (z1), and fuzzy value 0.4 (meaning 40% say no in the fourth expert group) in ‘?(h) (z1).

Then, by computing (ém)(iq,jq) (9 =1,2,3) in the second step of Algorithm 2, we obtain the following:
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Z1 22 Z3 Z4 Z5
(0.3,0.7,0.7,0.2) (0.1,0.8,0.7,0.5) (0.2,0.9,0.8,0.3) (0.5,0.8,0.5,0.1) (0.4,0.7,0.9,0.1)
(0.3,0.7,0.5,0.2)  (0.1,09,0.5,0.1) (0.2,0.6,0.9,0.4) (0.5,0.6,0.5,0.2) (0.4,0.8,0.9,0.1)
(0.3,09,0.5,0.2) (0.1,09,0.5,0.1) (0.2,0.6,0.8,0.5) (0.5,0.7,0.8,0.2) (0.4,0.7,0.9,0.1)
(0.5,0.6,0.7,04) (0.3,0.7,0.7,0.4) (0.6,0.9,0.6,0.3) (0.3,0.8,0.2,0.1) (0.7,0.8,0.8,0.2)
(0.8,04,0.5,0.2) (0.3,09,0.5,0.1) (0.3,0.3,0.9,0.4) (0.3,0.7,0.5,0.5) (0.7,0.8,0.8,0.2)
(0.9,09,0.5,0.3) (0.3,09,0.5,0.1) (0.6,0.6,0.6,0.5) (0.3,0.7,0.8,0.5) (0.6,0.8,0.8,0.3)
(0.5,0.6,0.7,04) (0.3,0.5,0.6,04) (0.7,0.8,0.6,0.1) (0.8,0.9,0.6,0.1) (0.7,0.8,0.9,0.2)
(0.6,04,0.5,0.2) (0.3,09,0.6,0.1) (0.3,0.3,0.9,0.3) (0.8,0.9,0.6,0.4) (0.7,0.8,0.9,0.2)
(0.6,09,0.5,0.3) (0.3,09,0.6,0.1) (0.6,0.6,0.6,0.3) (0.5,0.9,0.8,0.4) (0.6,0.8,0.9,0.6)

By calculating in the third step of Algorithm 2, we get the truth membership (®PAY)T .

(lq/]q)’

the indeterminacy membership (@K‘i’)f ) and the falsity membership (CTDK‘?)(F )’ respectively, as follows:

(=1,2,3):

iq,]

iq)]

((t)KA)T Z1 Z Z3 Z4 Z5
(i1,j1) |(03,02) (0.1,05) (0.2,03) (0.5,0.1) (0.4,0.1)
(i1,2) |(03,02) (0.1,0.1) (0.2,04) (0.5,0.2) (0.4,0.1)
(i1,j3) |(03,02) (0.1,01) (0.2,05) (0.5,0.2) (0.4,0.1)
(i2,j1) | (05,04) (0.3,04) (0.6,03) (0.3,0.1) (0.7,0.2)
(i2,j2) | (0.8,02) (0.3,0.1) (0.3,04) (0.3,05) (0.7,02) |’
(ia,73) | (0.9,03) (0.3,0.1) (0.6,0.5) (0.3,0.5) (0.6,0.3)
(i3,j1) | (05,04) (0.3,04) (0.7,0.1) (0.8,0.1) (0.7,0.2)
(i3,2) | (0.6,0.2) (0.3,0.1) (0.3,03) (0.8,04) (0.7,0.2)
(i3,73) | (0.6,0.3) (0.3,0.1) (0.6,0.3) (0.5,0.4) (0.6,0.6)

(CTDKA)I Z1 Z2 Z3 Z4 Z5
(i1,j1) |(0.7,02) (0.8,05) (0.9,0.3) (0.8,0.1) (0.7,0.1)
(i1,2) | (0.7,02) (0.9,0.1) (0.6,0.4) (0.6,0.2) (0.8,0.1)
(i1,73) |(0.9,02) (0.9,01) (0.6,05) (0.7,0.2) (0.7,0.1)
(in,j1) | (0.6,0.4) (0.7,04) (0.9,0.3) (0.8,0.1) (0.8,0.2)
(i2,j2) | (0.4,02) (09,01) (0.3,04) (0.7,05) (0.8,02) |’
(ia,73) | (09,03) (0.9,0.1) (0.6,05) (0.7,0.5) (0.8,0.3)
(i3,1) | (0.6,0.4) (0.5,04) (0.8,0.1) (0.9,0.1) (0.8,0.2)
(i3,2) | (0.4,02) (0.9,01) (0.3,0.3) (0.9,04) (0.8,0.2)
(i3,73) | (09,03) (0.9,0.1) (0.6,0.3) (0.9,0.4) (0.8,0.6)

(OA)F Z1 Zn Z3 Z4 Zs
(i1,j1) | (0.7,02) (0.7,05) (0.8,03) (0.5,0.1) (0.9,0.1)
(i1,72) |(05,02) (0.5,0.1) (0.9,04) (05,02) (0.9,0.1)
(i,j3) | (0.5,02) (05,0.1) (0.8,05) (0.8,0.2) (0.9,0.1)
(in,j1) | (0.7,04) (0.7,0.4) (0.6,03) (0.2,0.1) (0.8,0.2)
(iz,j2) |(05,02) (0.5,0.1) (0.9,04) (0.5,05) (0.8,0.2)
(ia,73) | (05,03) (0.5,0.1) (0.6,05) (0.8,05) (0.8,0.3)
(i3,j1) | (0.7,04) (0.6,04) (0.6,0.1) (0.6,0.1) (0.9,0.2)
(i3,2) | (0.5,02) (0.6,0.1) (0.9,03) (0.6,0.4) (0.9,0.2)
(i3,73) | (05,03) (0.6,0.1) (0.6,0.3) (0.8,04) (0.9,0.6)
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A

By calculating in the fourth step of Algorithm 2, we obtain the max-matrices of (dAY) (Tiq Y (&N

and (OAY)F. . (p=1,2,3,4,5; q = 1,2,3), respectively, for every z,, € X as follows:

1
Vigia)

(iq.jq)

(SAY)T Z1 Z Z3 Zy4 Z5
(ih,j1) | 025 03 025 03 025
(ih,j2) | 025 01 03 035 025
(i,j3) | 025 01 035 035 025
(i,j1) | 045 035 045 02 045
(i, j2) 05 02 035 04 045 |’
(i2, J3) 06 02 055 04 045
(i3,j1) | 045 035 04 045 045
(i3, j2) 04 02 03 06 045
(is,j3) | 045 02 045 045 06

(OAY)! Z1 Z Z3 Z4 Zs

)

(i,j1) | 014 04 027 008 007

(i,j») | 014 009 024 012 0.08
(i,j3) | 018 009 03 014 007
(i,j1) | 024 028 027 008 0.6
(i,j2) | 008 008 012 035 016 |’
(in,j3) | 027 009 03 035 024
(i3,j1) | 024 02 008 009 0.16
(i3,j2) | 008 009 009 036 0.16
(is,j3) | 027 009 018 036 048

(CIADK ) X1 Zy Z3 Z4 Z5
(i,j1) | 025 004 025 016 0.64
(i1,J2) 0.09 0.16 0.25 0.09 0.64
(i1,73) 0.09 016  0.09 036  0.64
(i, 71) 0.09 0.09 0.09 0.01 0.36
(i, 2) | 009 016 025 0 036
(i, 3) | 004 016 001 009 025
(i3, /1) 0.09 004 025 025 049
(i3, J2) 0.09 0.25 0.36 0.04 0.49

(i3, j3) 004 025 009 016 0.09

By calculating in the fifth step of Algorithm 2, we obtain the max-decision tr,T;, and T of elements z),
respectively, as follows (p = 1,2,3,4,5):

TT(Zl) =2, TT(Z2) = 0.3, TT(Z?,) =0., TT(Z4) = 2.05, TT(Z5) =1.5;

T[(Zl) = 0.24, T[(Zz) = 0.68, T[(Z3) = 0.54, T[(Z4) = 1.06, T[(Z5) = 0.48;
Tr(z1) =0, Tp(z2) = 0.25, Tp(z3) =0, Tp(2z4) =0, Tp(25) = 3.87.

By calculating in the sixth step of Algorithm 2, the scores S(zp) of elements z,(p = 1,2,3,4,5), respectively,
are as follows:

S(z1) =224, S(zp) = 1.23, S(z3) = 1.34, S(z4) = 3.11, S(z5) = 5.85.
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Finally, we know from the seventh step that zs has a high value. Therefore, the experts should select zs5 as
the best choice.

Remark 2.

(1) By means of Algorithms 1 and 2, we can see that the final results are in agreement. Thus, x5 is the most
accurate and refinable.

(2) By comparing the steps in Algorithms 1 and 2, we can see that step 4 and step 5 in Algorithm 2
are complicated in their process compared to step 2 and step 3 in Algorithm 1, respectively. So, if we take
the complexity of these steps into consideration, Algorithm 2 gives its decision concisely.

(3) Algorithms 1 and 2 that we have elaborated here arrive at their decisions by combining the concept of
single-valued neutrosophic fuzzy set theory and soft set theory. As result, we can apply Algorithm 1 to picture
fuzzy soft sets [29], generalized picture fuzzy soft sets [13], and interval-valued neutrosophic soft sets [12].
Further, Algorithm 2 can be applied to possibility m-polar fuzzy soft sets [15] and possibility multi-fuzzy soft
sets [17].

5. Conclusions

We introduced the notion of the single-valued neutrosophic fuzzy soft set as a novel neutrosophic
soft set model. We discussed the five operations of the single-valued neutrosophic fuzzy soft set, such
as subset, equal, union, intersection, and complement. The structure properties of the single-valued
neutrosophic fuzzy soft set are explained. Then, a novel approach (i.e., Algorithm 1) is presented as
a single-valued neutrosophic fuzzy soft set decision method. Lastly, an application (i.e., Algorithm 2)
of a single-valued neutrosophic fuzzy soft set for fuzzy decision-making is constructed, and the
two approaches (i.e., Algorithms 1 and 2) introduce an important contribution to further research
and relevant applications. Therefore, in the future, we will provide a real application with a real
dataset or we will apply the two approaches (i.e., Algorithms 1 and 2) to lung cancer disease [30]
and coronary artery disease [31]. In addition, we will describe in more detail in order to clarify if the
methods (i.e., Algorithms 1 and 2) converge or diverge from standard approaches such as fuzzy sets
[1], intuitionistic fuzzy sets [2], picture fuzzy sets [3].
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Abstract: With the increasing automation of mechanical equipment, fault diagnosis becomes more
and more important. However, the factors that cause mechanical failures are becoming more and
more complex, and the uncertainty and coupling between the factors are getting higher and higher.
In order to solve the given problem, this paper proposes a single-valued neutrosophic set ISVNS
algorithm for processing of uncertain and inaccurate information in fault diagnosis, which generates
neutrosophic set by triangular fuzzy number and introduces the formula of the improved weighted
correlation coefficient. Since both the single-valued neutrosophic set data and the ideal neutrosophic
set data are considered, the proposed method solves the fault diagnosis problem more effectively.
Finally, experiments show that the algorithm can significantly improve the accuracy degree of
fault diagnosis, and can better satisfy the diagnostic requirements in practice.

Keywords: neutrosophic set; fault diagnosis; triangle fuzzy number; weighted correlation coefficient

1. Introduction

With the development of automation technology, these mechanical machines gradually came into
the stage of fully automated control operation [1-5]. In this way, people’s hands are comparatively free,
and machines are more intelligent and comprehensive; however, this kind of full automation greatly
increases the probability of mechanical equipment failure as well [6-11]. If the mechanical equipment
has faults, the quality of the manufactured products will not pass the standard, which will affect the
economic benefits of the enterprise [12-15]; additionally, it will bring potential danger to personal
safety [16-19]. In order to solve this problem, it is necessary to carry out fault diagnosis on mechanical
equipment on a regular basis to detect and repair mechanical equipment and ensure its normal operation.

1.1. Research Status

Therefore, the fault diagnosis of mechanical equipment has been widely concerned by
many scholars, and has been applied in the military [20,22-24], medical [25-28], economic [29-32],
and other fields. In ref. [33], looking at the problem of low efficiency of fault diagnosis of automobile
exhaust system, based on a cold test, a fault diagnosis method is proposed for port vehicle exhaust
system based on the principal component analysis. The variance contribution rate of principal
component model is analyzed by the change of each variable of measurement data, and the fault
diagnosis is achieved; In ref. [34], aiming at the problem of fault diagnosis of the data-driven system,
a new diagnosis method based on Bayesian network (BN) combined with fault frequency is proposed
to realize fault diagnosis; In ref. [35], based on the particle filter (PF) program, a dual estimation method
is applied to fault diagnosis; In ref. [36], for the problem of bearing diagnosis under the condition
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of variable speed, the method of support vector machine and neural network is used for bearing
fault diagnosis; On the basis of machine learning technology, a new depth neural network model with
domain self-adaptability is proposed in ref. [37], which realizes fault diagnosis, but the selection of the
best parameters of the model is random, and the application of the model is limited.

In the actual operating environment of mechanical equipment, fault information is usually
inaccurate, incomplete and uncertain. It is difficult to use the above fault diagnosis method for
deterministic analysis and processing of fault information. In order to deal with the uncertain and
inaccurate information in the fault information, so as to better handle the fault information and
get more accurate fault diagnosis results, Smarandache [38] proposed the theory of neutrosophic
set from a philosophical point of view. It describes the uncertainty, imprecision, and inconsistent
information in the objective world much better. The literature [39] introduced the theory of interval
neutrosophic set and single-valued neutrosophic set; The literature [40] proposed the theory of
simplified neutrosophic set; Literature [41] proposed a single-valued neutrosophic set SVNS method
with a weighted correlation coefficient to realize fault diagnosis. However, the correlation coefficient
does not comprehensively consider the single-valued neutrosophic set and ideal neutrosophic set data
under various faults [42—46], only the maximum value between them is considered [47-49]. This does
not completely deal with the uncertain and inaccurate information in the fault information, and may
lead to an incorrect diagnosis.

1.2. Contribution of This Work

Based on the problems above, properly handling the uncertain information in the fault diagnosis
process is an important goal to be achieved, however, complicated and changeable environmental
information, the mutual influence between the factors causing the failure are difficult to handle. Due
to neutrosophic set’s outstanding performance in handling uncertain information issues, this paper
proposes a single-valued neutrosophic set ISVNS algorithm, which generates neutrosophic set by
triangular fuzzy number and introduces the formula of the improved weighted correlation coefficient.
In addition, the ISVNS algorithm comprehensively considers the single-valued neutrosophic set
and ideal neutrosophic set data of various faults, so make it possible to analyze the data more
comprehensively and make more accurate judgments. Finally, an example was used to diagnose
the fault; the degree of accuracy of the fault diagnosis was calculated; the excellent productivity of the
improved method, proposed in this paper was obtained by comparison. For the current difficulties in
dealing with some uncertain issues, this method may have some enlightenment.

Due to the Overall Equipment Effectiveness (OEE) and the Overall labor effectiveness (OLE) are
simple and practical production management tool, which has been widely used in European and
American manufacturing and Chinese multinational companies. The global equipment efficiency index
has become an important standard for measuring the production efficiency of enterprises, so it is also
important to consider the proposed method’s impact on OEE and OLE. During the simulation process
in the laboratory, the ratio of the operating hours and the planned working hours is relatively high;
therefore, the fault can be repaired in a more timely manner based on the diagnosis result, and the OEE
and the OLE can be improved.

The remainder of this paper is organized as follows. Section 2 briefly introduced triangular fuzzy
numbers and single-valued neutrosophic sets. Section 3 proposed improved correlation coefficient
between single-valued neutrosophic sets. In Section 4, a numerical example is given to fault diagnosis
and fault diagnosis accuracy based on the proposed approach. Some conclusions are shown in Section 5.
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2. Preliminaries

2.1. Triangular Fuzzy Numbers

About data sets D = {dy,dy, - -, dy}, take its minimum value | = min{dy,d,, - -+ ,d,}, average value
m = mean{dq,dy, - - ,dy}, maximum value u = max{dy, dy, - - ,dn}, so s = [I; m; u] named as triangular
fuzzy number [9] of this data set D, as shown in Figure 1:

Un(x)

Membership
degree

| m u X
Figure 1. Geometric Interpretation of Triangular Fuzzy Number.

It can be seen from the geometric interpretation of the triangular fuzzy number in the figure above:

If x = m, so x completely belongs to D;

If ] < x < u, so x takes a certain degree of data set D;

If x <l or x > u, so x completely does not belong to the data set D.

And, for two triangle fuzzles My = (I1,mq,u1) and My = (I, mp,up), have the following
counting method:

My®M; = (I + 1o, my + my, uy + uy)
My @My ~ (Iilo, mymy, uyuz)
AQM; ~ (/\l1,Aml,Au1)

Loy (1, L 1)

M =

up’ my’ Iy
2.2. Single-Valued Neutrosophic Sets

Neutrosophic set introduced by Smarandache [38] is an effective tool for solving the problems
under complex environment. The definition of neutrosophic set is as follows.

Definition 1. X denote a space of points or objects, and each element of it is denoted as x. A neutrosophic set
A in X is characterized by a truth-membership function T 4, an indeterminacy-membership function 14 and a
falsity-membership function Fa. Ta(x), Ly (x) and F(x) are real standard or non-standard subsets of |07, 17[.
That is:

Tq:XH]0,17]

Iy : X0, 17] (1)

Fa:X )07, 1]

For Formula (1),0™ < supTa(x) + supla(x) 4 supFa(x) < 3.

To facilitate the application of neutrosophic set in real scientific and engineering problems, the
notion of SVNS was defined as follows.

Definition 2. X denote a space of points or objects, and each element of it is denoted as x. A neutrosophic set
A in X is characterized by a truth-membership function T4 (x), a indeterminacy-membership function I (x)
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and a falsity-membership function Fa(x). If Ta(x) : X = [0,1], Ix(x) : X = [0,1] and Fa(x) : X — [0,1]
satisfied:

xe X Ty(x)€0,1]

xeXmIs(x)el0,1]

xe X Fa(x) € [0,1] @
0<Ta(x)+1a(x)+Fa(x)<3
then an SVNS A in X can be denoted as:
A ={(x, Ta(x), Ia(x), Fa(x))|x € X} 3)

which is called an SVNS. Especially, if X includes only one element, N = (T4 (x), In(x), Fa(x)) is called a
single-valued neutrosophic number (SVN).

For any two SVNSs (A = (Ta(x), Ia(x), Fa(x)), B=(Tp(x), Ig(x), Fg(x)) operational relations
are defined as follows:

(1) A+ B = (Ta(x) + Tp(x) = Ta(x)Tp(x), Ia(x) + Ip(x) = La(x)Ip(x),
Fa(x) + Fp(x) = Fa(x)Fp(x))

(2) AxB = (TA(X)TB( ), 1a(x)Ip(x), Fa(x)Fp(x)) (4)
(3)AA =(1-(1-Ta())", 1= (1-La(x)", 1= (1-Fa(x))"), 1>0
(4) AN = (Ta(x)", 1a(x), Fa(x)), A >0

These are a series of common laws in operation for SVNSs.

Moreover, the assumption and operation requirements are as follows: Because ISVNS algorithm
generates neutral set by triangular fuzzy number, the fault template data of each fault must be greater
than or equal to 3.

3. The Proposed Method

3.1. Correlation Coefficient between Single-Valued Neutrosophic Sets

For any two neutrosophic sets A = {T4,F4,14} and B = {Tg, Fg, I}, the improved correlation
coefficient is defined as follows:
2.C(A,B)
(A, A)+C(B B)
2: Z (T4 (x;)-Tp(xi)+Fa(x;)-Fp(x;)+1a (x;)-Ip (x;)] (5)

W(A,B) =

i=1
)E [T4? (x1)+FA2(xi)+IA2(xi)]Jﬁgl [Tp (xi)+Fp?(x;) +15% (x;)]

i=

In addition, the correlation coefficient for any A = {T4,Fa,14} and B = {Tp, Fp, Ig} must satisfy
the following three mathematical rules10:

W(A,B) = ( A)
0<W(A,B) < (6)
if A=B, W(4, ) 1

For Formula (5), prove separately as follows:

(1) According to the structural symmetry of the Formula (5), the condition W(A,B) = W(B,A)
is satisfied.
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@)

®)

For each element in the Formula (5), they are satisfied > 0, so obviously W(A, B) > 0; The proof of
inequality W(A, B) <1 as follows:
n
C(AB) = Zl [Ta(x;) Tp(x;) + Fa(x;)-Fp(xi) + 1a(xi)-Ip(xi)]
1=
= Ta(x1) Tp(x1) + Ta(x2) Tp(x2) + -+ + Ta(xn) Tp(xn)
+FA(X1)-FB(X1) + FA(XZ)-FB(Xz) +---F FA(xn)-FB(xn)
+1a(x1)-Ig(x1) + La(x2)-Ip(x2) + -+ + La(xn)Ip (xn)

And because of the inequality:

Therefore, we can get:

C(A,B) = 121 [TA(xi)'TB(xi> +FA(XZ')-FB(XZ') + IA(xl-)-IB(xi)}
=
= Ta(x1) Tp(x1) + Ta(x2) Tp(x2) + -+ + Ta(xn) Tp(xn)
+Fa(x1)Fp(x1) + Fa(x2)-Fp(x2) + -+ + Fa(xn)-Fp(xn)
+1a(x1) I (x1) + La(x2)-Ig(x2) + -+ + La(xn) Ip (xn)
< TAZ(Xl);TBZ(Xl) + TAZ(Xz);TBZ(Xz) 4o TA2(xn)+T32(x,,)

2
Fp%(x1)+F5%(x1) + Fp%(x2)+FB%(
2 2

x2) 4ot FA?(xn) +Fp*(xn)

L) Hg2(n) | 1a20) 152 () 142 (n)+ 1% (xn)
A12B )4 la 223 2) 4.4 la 23

+

+

[T2@»+Rﬁ&»+u%mn+z:Wﬁ&»+Pf@n+m%mn}

Z s L
(A,A) + C(B,B)]

Nl—= NI—=

[

Therefore:

C(A,B) < =[C(A,A) + C(B,B)]

N~

There is:
2-C(A,B) <C(A,A)+C(B,B)

Finally, contacting the previous types, there are:

2:.C(A,B)
W(A,B) = <1
(4,B) C(A,A)+ C(B,B)
In summary, the condition 0 < W(A, B) < 1 is satisfied;
IfA=B,soforanyx; € X(i =1,2,---,n),all To(x;) = Tg(x;), Fa(x;) = Fp(x;), La(x;) = Ip(x;),
we can see from the structure of Formula (5), W(A,B) = 1.

In practical application, it is usually necessary to consider the weight of neutrosophic sets, so the

weighted correlation coefficient of neutrosophic sets is given:

2., w[Ta(x:) To(x;) + Fa(x)-Fp(xs) + La (x) s (x:)]
W(A,B) = — = - @
L wi[TA?(x;) + Fa® (%) + 1 (x)] + ,;1 wi[Tg?(x;) + Fp* (x;) + 15 (x;)]

1
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n
Among them, w;(j = 1,2,--- ,n) represents the weight of the i fault template, and ¥ w; = 1.
i=1
In addition, the formula satisfies the three conditions of the formula and proves to be the same as the

Formula (5), which is not repeated here.

3.2. Fault Diagnosis Method

Based on the above analysis, properly handling the uncertain information in the fault diagnosis
process is an important goal to be achieved, however, complicated and changeable environmental
information, the mutual influence between the factors causing the failure are difficult to handle. Due to
neutrosophic set’s outstanding performance in handling uncertain information issues, this paper
proposes a single-valued neutrosophic set ISVNS algorithm, which generates neutrosophic set by
triangular fuzzy number and introduces the formula of the improved weighted correlation coefficient.

The objectives of the proposed algorithm are to rationally process the uncertain information in
the diagnosis process, and obtain correct and reasonable fault diagnosis results from the fault data.
Therefore, the laboratory simulation of the algorithm is carried out under the assumption that the
actual fault is one of several known fault templates, the collected fault data is reasonable, and there is
no major abnormality. The operating requirement is to collect fault data in a stable and equal time
interval way. The detailed flow chart of the fault diagnosis method is shown in Figure 2:

Stepl:Collect data, generate three
fuzzy numbers

Y

Step2:Generate each degree of
membership and single neutrsophic set

Y

Step3:Generate the single valued
neutrsophic set decision matrix

Y

Step4:Generated the ideal single
valued neutrudophic number

Y

Stepb:Generated weighted correlation
coefficient based on decision matrix
and the ideal neutrudophic number

Y

Stepb:Sorting the weighted correlation
coefficient get fault diagnosis result

Figure 2. The detailed flow chart of the fault diagnosis method.

Step 1: For fault template set A= {A1, Ay, -+, Ay}, and test sample set C={C,Cp, -, Cp}.
Firstly, three fuzzy numbers of fault template data and test sample data are generated, and the
calculation method is as follows:
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In a group number, the largest value is the right end value of the triangle; the minimum value is
the left end-point of the triangle; the average value is the upper-end value of the triangle; the height of
the triangle is 1, as shown in Figure 1.

Step 2: By comparing the three fuzzy number of each attribute of the test sample and the three
fuzzy number of the same attribute of the fault template, the degree of determinacy-membership
TAI,<C i), the degree of non-membership F4,(C;), and the degree of indeterminacy-membership I4,(C;)
are obtained, as shown in Figure 3, and the calculation method is as follows:

UX)
_——
PN
y N
y N
y’ N
A \\
. /N )
Membership % N N
/ \ N
degree ’ \ N
s \ .
7 N N
s \ N
/ N N
/ \ N
s \ by

Figure 3. Each degree of membership and neutrsophic set generate a schematic diagram.

Tx,;(C;): The ratio of the overlapping area of the analyzed sample triangular fuzzy number and
the triangular fuzzy number of the fault template under a certain attribute, and the analyzed sample
total area of the triangular fuzzy number;

F4,(C;): The ratio of the area of the part not overlapped with the fault template in the analyzed
sample triangular fuzzy number to the total area of the analyzed triangular fuzzy number. Moreover,
for each attribute, the sum of the non-membership degree and the determined membership degree is 1;

I4,(C;): The calculation of the indeterminacy-membership degree is as follows:

(R1+Ry)/2 (8)

Among them, Ry= 1-51/Sy, Ry = Sx/max{S4, S, Sc}, 51 is the overlapping area of the analyzed
sample triangular fuzzy number and the triangular fuzzy number of the fault template under the
current attributes, {Sylk = A, B, C} is the area of the k fault triangular fuzzy number of the under the
current attribute.

Finally, each degree of membership, the relationship of A;(i =1,2,---m) and C j( j=12,---n)is
shown below:

Ai = {< Tp,(C}), Fa,(C)),1n,(C}) > |C; € C,j = 1,2, ) )

Among them Tx,(Cj),Fa,(Cj),14,(Cj) € [0,1] respectively denote the degree
of determinacy-membership, the degree of non-membership, and the degree of
indeterminacy-membership between A;(i = 1,2,---m) and Cj( j = 1,2,---n), also
0< TAi(Cj)rFAi(Cj>/IAi<Cj) <3.

Step 3: T4, (Cj),Fa,;(Cj),14,(Cj) can be expressed as single-valued neutrosophic set a;; =<
tij, fij, i >, at this point, a single-valued neutrsophic set decision matrix can be generated as follows:

D = (),
<t fir,in > <t fio > o <t fijlij >
<ty, fo1,io1 >  <tw,fa,in> - <ty fon,ion > (10)
< tml/fmlziml > < tm2/fm2/im2 > o < tmn/fmnzimn >
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Step 4: After obtaining the single-valued neutrosophic set decision matrix D, the ideal
single-valued neutrudophic number for attribute j(j = 1,2,---,n) can be generated by column
as follows:

aj =<t f,i>=< mlax(tl-]-),miin(ﬁ]-),miin(ii]-) > (11)

Among them, max(t;j), min(f;;), min(i;;) respectively denote the maximum value of the jth column

1 1 1
in tj, the minimum value of the jth column in f;;, the minimum value of the jth column in i;.
Step 5: According to Formula (7), generated weighted correlation coefficient based on single-valued

neutrsophic set decision matrix D and the ideal single-valued neutrudophic number a*, the calculation
formula is as follows:

n
Z'jgl wj [tij’t*j + fzjf*] + 11]1*]}
W(A;B) = — - (12)
j;l wj[ti]'z + fijz + iijz] + ]';1 w]'[t*]'z + f*]'z + i*]'z]

n
Among them, w]-( j=1,2,---,n) represents the weight of the j attribute, and j§1 wj =1;a;; =<
tij, fij, iij > denote single-valued neutrosophic set for attribute j from decision matrix D, a*; =<
£ fr j+1'j > denote the ideal single-valued neutrudophic number for attribute j.
Step 6: Finally, sorting the W(A;, B) of each analyzed sample, the largest value indicates that the
template data belongs to this kind of fault.

4. Ilustrative Example and Discussion

In this section, in order to demonstrate the validity and accuracy rate of the proposed method,
an example of a motor rotor is used. The data in this paper is originated from ref. [11], and the data
analysis software is the LABVIEW environment12.

4.1. Fault Diagnosis

The specific steps for fault diagnosis using the ISVNS method proposed in this paper are as follows:

(). According to the fault template data, the triangular fuzzy numbers under various attributes are
obtained, in turn, as shown in Table 1: According to the analyzed sample data, the triangular
fuzzy numbers under various attributes are obtained, in turn, as shown in Table 2: For the
analyzed sample Xk (k = 1,2, 3,4 represents the k attribute), Xk and Gyj_¢5 (Where G = X, Y, Z
represent A, B, C three kinds of faults) are used for matching, respectively. The neutrosophic
numbers (T, F,I) statistics generated by the determined-membership degree T, non-membership
degree F, and indeterminacy-membership degree I, are calculated, as shown in Table 4:

(ii). Next, for the same fault template, neutrosophic sets with different attributes under fuzzy sample X,
we can get the single-valued neutrosophic decision matrix, as shown in Table 3:

(iii). According to the single-valued neutrosophic set decision matrix and Formula (11) under sample
X in Table 3, the ideal neutrosophic set Bx can be obtained as follows:

Bx = [<0.9612,0.0388,0.6747 >, < 0.7540,0.2460, 0.5972 >,

< 0.9836,0.0164,0.6451 >, < 0.9966,0.0034, 0.5757 > (13)

(iv). The weights of attributes j(j = 1,2,3,4) are all the same, that is the weight matrix w is as follows:

w = [0.25,0.25,0.25,0.25] (14)
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Next, according to Table 3, Formula (7), (13), (14), for the fault template type A;
(A= X11 — X45,A,= Y11 — Y45,A3= Z11 — Z45) and the ideal single-valued neutrosophic set By,
calculate the improved weight correlation coefficient as follows:

W[A1, Bx] = 0.8126
W[A,, Bx] = 0.4133 (15)
W[As, Bx] = 0.5398

(v). Finally, according to Formula (15), A1 > A3 > Ay, it can be seen that the analyzed samples X1-X4
belong to the first type of fault, namely, the X fault.
Table 1. Triangle fuzzy number of fault template.
Min Value Average Value Max Value Area
X11-X15 0.0661 0.1614605 0.2006 0.06725
X X21-X25 0.121 0.149226 0.3468 0.1129
X31-X35 0.0899 0.1123885 0.1296 0.01985
X41-X45 0.357 4.3256515 4.666 2.1545
Y11-Y15 0.1567 0.181797 0.2038 0.02355
Y Y21-Y25 0.3071 0.329311 0.351 0.02195
Y31-Y35 0.1865 0.242014 0.3218 0.06765
Y41-Y45 4.094 4.715255 8.896 2.401
Z11-715 0.3006 0.3294004 0.3476 0.0235
Z 721-725 0.2801 0.343854 0.3647 0.0423
Z31-735 0.1151 0.136169 0.1864 0.03565
741-745 9.385 9.810633 10.112 0.3635
Table 2. Triangular fuzzy numbers data of the analyzed sample.
Min Value Average Value Max Value Area
X1 0.1416 0.14265 0.144 0.0012
X X2 0.1028 0.11092 0.3058 0.1015
X3 0.1279 0.133655 0.1378 0.00495
X4 4.06 4.0938 4.18 0.06
Table 3. Single-valued neutrosophic set decision matrix under sample X.
Diagnosis Fault X1 X2 X3 X4
X11-X45 (0.9612,0.0388,0.9914) (0.7540,0.2460,0.6610) (0.0127,0.9873,0.6451) (0.9966,0.0034,0.9348)
Y11-Y45 (0,1,0.6751) (0,1,0.5972) 0,1,1) (0.0871,0.9129,0.9989)
Z11-745 (0,1,0.6747) (0.0126,0.9874,0.6722) (0.9836,0.0164,0.6952) (0,1,0.5757)
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Table 4. The calculation result of the membership degree of the analyzed sample X.

Analyzed Sample Fault Template Neutrosophic Number
X11-X15 (0.9612,0.0388,0.9914)
X1 Y11-Y15 (0,1,0.6751)
711-715 (0,1,0.6747)
X21-X25 (0.7540,0.2460,0.6610)
X2 Y21-Y25 (0,1,0.5972)
721-725 (0.0126,0.9874,0.6722)
X31-X35 (0.0127,0.9873,0.6451)
X3 Y31-Y35 ©0,1,1)
731-735 (0.9836,0.0164,0.6952)
X41-X45 (0.9966,0.0034,0.9348)
X4 Y41-Y45 (0.0871,0.9129,0.9989)
741-745 (0,1,0.5757)

4.2. Fault Diagnosis Accuracy

To verify the accuracy of fault diagnosis, separately extract arbitrary 40 faults data from the three
faults template [18—42]; These 120 faults data are used as a diagnosis template. Diagnose the fault
type to which it belongs. Finally, compare each test sample with its original fault template [43,44],
Calculate the overall accuracy of fault diagnosis.

The SVNPWA algorithm in ref. [44] is used for verifying these 120 unknown fault samples, and the
diagnosis accuracy is 98.33%. Moveover, the ISVNS algorithm proposed in this paper also applied for
diagnosing the same 120 unknown fault samples, and the diagnosis accuracy is 99.16%. The diagnosis
results are shown in Table 5.

Table 5. Diagnosis results of applying the SVNPWA and proposed algorithm.

SVNPWA The Proposed Algorithm
Unknow Fault - : - :
Times of Right Times of Error Times of Right Times of Error
X 38 2 40 0
Y 40 0 39 1
V4 40 0 40 0

It can be seen from Table 5: Compared with the SVNPWA algorithm, the fault diagnostic accuracy
rate of the ISVNS algorithm, proposed in this paper, is improved by 0.83%. That is, the ISVNS algorithm
can better satisfy the diagnostic needs than the basic SVNPWA algorithm.

5. Conclusions

This paper proposes an ISVNS algorithm, which introduces the improved weighted correlation
coefficient formula, and more comprehensively considers both single-valued neutrosophic set and ideal
neutrosophic set under various faults, effectively solved the problem of fault diagnosis. An example
of a motor rotor is illustrated that the ISVNS algorithm could improve the diagnostic accuracy rate
compared with the SVNPWA algorithm. In conclusion, the ISVNS algorithm can obtain better fault
diagnosis accuracy, and satisfy the fault diagnosis needs in practice.

Since the collection and aggregation of data on technical faults is a laborious process. Moreover, the
parameters in the diagnosis process are automatically generated in the laboratory simulation, without
human intervention—therefore, the proposed method could be automating in practical application.
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Therefore, the next step of the work will focus on how to automating the proposed method in order to
scale the use of the proposed algorithm.
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Abstract: To improve the efficiency, accuracy, and intelligence of target detection and recognition,
multi-sensor information fusion technology has broad application prospects in many aspects.
Compared with single sensor, multi-sensor data contains more target information and effective fusion
of multi-source information can improve the accuracy of target recognition. However, the recognition
capabilities of different sensors are different during target recognition, and the complementarity
between sensors needs to be analyzed during information fusion. This paper proposes a multi-sensor
fusion recognition method based on complementarity analysis and neutrosophic set. The proposed
method mainly has two parts: complementarity analysis and data fusion. Complementarity
analysis applies the trained multi-sensor to extract the features of the verification set into the sensor,
and obtain the recognition result of the verification set. Based on recognition result, the multi-sensor
complementarity vector is obtained. Then the sensor output the recognition probability and the
complementarity vector are used to generate multiple neutrosophic sets. Next, the generated
neutrosophic sets are merged within the group through the simplified neutrosophic weighted average
(SNWA) operator. Finally, the neutrosophic set is converted into crisp number, and the maximum
value is the recognition result. The practicality and effectiveness of the proposed method in this
paper are demonstrated through examples.

Keywords: neutrosophic set; target recognition; complementarity analysis; data fusion

1. Introduction

In daily life, target recognition involves all aspects of our lives, such as intelligent video
surveillance and face recognition. These applications also make target recognition technology more
popular. The development of related technologies has greatly enriched the application scenarios of
target recognition and tracking theories. Research on related theoretical methods has also received
extensively attention. Target recognition involves image processing, calculation computer vision,
pattern recognition and other subjects.

Generalized target recognition includes two stages, feature extraction, and classifier classification.
Through feature extraction, image, video, and other target observation data are preprocessed to extract
feature information, and then the classifier algorithm implements target classification based on the
feature information [1]. Common image features can be divided into color gray statistical feature,
texture edge feature, algebraic feature, and variation coefficient feature. The feature extraction methods
corresponding to the above features are color histogram, gray-level co-occurrence matrix method,
principal component analysis method, wavelet transform [2]. The classic target classification algorithms
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include decision tree, support vector machine [3], neural network [4], logistic regression, and naive
Bayes classification [5-8]. On the basis of a single classifier, the ensemble classifier integrates the
classification results of a series of weak classifiers through an ensemble learning method, so as to obtain
a better classification effect than a single classifier, mainly including Bagging and Boosting [9]. With the
development of high-performance computing equipment and the enlargement in the amount of
available data, deep learning related theories and methods have developed rapidly, and the application
of deep learning in the direction of target recognition has also made it break through the limitations of
traditional methods based on deep neural networks [10-12]. Classification network models include
LeNet, AlexNet, VggNet.

In practical applications, multi-source sensor data is often processed in decision analysis [13-19]
as the number of sensors increases. For the problem of uncertain information processing, there are
many theoretical methods such as Dempster-Shafer evidence theory [20-26], fuzzy set theory [27,28],
D number [29-32] and rough set theory [33].

Smarandache [34] firstly generalized the concepts of fuzzy sets [35], intuitionistic fuzzy sets
(IFS) [36] and interval-valued intuitionistic fuzzy sets (IVIFS) [37], and proposed the neutrosophic set.
It is very suitable to use the neutrosophic set to deal with uncertain and inconsistent information in
the real world. However, its authenticity, uncertainty, and false membership function are defined in
the real number standard or non-standard subset. Therefore, non-standard intervals are not suitable
for scientific and engineering applications. Therefore, Ye [38] introduced a simplified neutrosophic set
(SNS), which limits the true value, uncertainty, and false membership function to the actual standard
interval [0, 1]. In addition, SNS also includes single value neutrosophic set (SVNS) [39-41] and interval
neutrosophic set (INS) [42].

As a new kind of fuzzy set, neutrosophic set [43,44] have been used in many fields, such as
decision-making [45-48], data analysis [49,50], fault diagnosis [51], the shortest path problem [52].
There is also a lot of progress in the related theoretical research of neutrosophic set. For example,
score function of pentagonal neutrosophic set [53,54].

Existing multi-sensor fusion methods, such as evidence theory, have complex calculation and long
calculation time [55], and there are a few methods that use neutrosophic set in multi-sensor fusion.
Therefore, this paper proposes a multi-sensor fusion based on neutrosophic set. First, the complementarity
vectors between multiple sensors are calculated. Then these complementarity vectors and the probability
of sensor output are used to form a group of neutrosophic sets, and generated neutrosophic sets are
fused through the SNWA operator. Finally, the neutrosophic set is converted to the crisp number, and the
maximum value is the recognition result. The proposed method has simple calculation and fast operation,
and can effectively improve the accuracy of target recognition.

The rest of this article is organized as follows: Section 2 introduces some necessary concepts,
such as neutrosophic set and multi-category evaluation standard. The proposed multi-sensor fusion
recognition method is listed step by step in Section 3. In Section 4, an example is used to illustrate and
explain the effective of proposed method. Some results discussion are shown in Section 5.

2. Preliminaries

2.1. Neutrosophic Set

Definition 1. The the simplified neutrosophic set (SNS) is defined as follows [38]:

X is a finite set, with a element of X denoted by x. A neutrosophic set (A) in X contains three parts:
a truth-membership function (Ty), an indeterminacy-membership function (I,), and a falsity-membership
function (Fy).
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0<Tp(x) <1 )
0<Ip(x) <1 @)
0<Fp(x) <1 ®3)
0< Tp(x) + Ip(x) + Fp(x) <3 4)
A single-valued neutrosophic set P on X is defined as:
P = {{x, Tp(x), Ip(x), Fp(x))|x € X} ()

This is called a SNS. In particular, if X includes only one element, N = (x, Tp(x), Ip(x), Fp(x)) is called
a SNN (the simplified neutrosophic number) and is denoted by « = (y, 7t,v). The numbers i, 71, v denote the
degree of membership, the degree of indeterminacy-membership, and the degree of non-membership.

Definition 2. The crisp number of each SNN is deneutrosophicated and calculated as follows [56]:

5= i () x () ©)

S; can be regarded as the score of SNN, so SNN can be sorted according to crisp number S;.

2.2. Commonly Used Evaluation Indicators for Multi-Classification Problems

The index for evaluating the performance of a classifier is generally the accuracy of the classifier,
which is defined as the ratio of the number of samples correctly classified by the classifier to the total
number of samples for a given test data set [57].

The commonly used evaluation indicators for classification problems are precision and recall.
Usually, the category of interest is regarded as the positive category, and the other categories are
regarded as the negative category. The prediction of the classifier on the test data set is correct or
incorrect. There are four situations as follows:

*  True Positive(TP): The true category is a positive example, and the predicted category is a
positive example.

*  TFalse Positive (FP): The true category is negative, and the predicted category is positive.

e  False Negative (FN): The true category is positive, and the predicted category is negative.

*  True Negative (TN): The true category is negative, and the predicted category is negative.

Based on the above basic concepts, the commonly used evaluation indicators for multi-
classification problems are as follows.

1. Precision or precision rate, also known as precision (P):

TP
b= TP+ FP @
2. Recall rate, also known as recall rate (R):
TP
R=7p +FN ®)

3. F1 score is an index used to measure the accuracy of the classification model. It also takes
into account the accuracy and recall of the classification model. The score can be regarded as
a harmonic average of model accuracy and recall. Its maximum value is 1 and its minimum value

is O:
_2XPxR

h="37% ©)
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2.3. AdaBoost Algorithm

AdaBoost is essentially an iterative algorithm [58], and its core idea is to train some weak classifier
h; based on the initial sample using the decision tree algorithm. Use the classifier to detect the sample
set. For each training sample point, adjust its weight according to whether the result of its classification
is accurate: if 1; makes it classified correctly, reduce the weight of the sample point; otherwise, increase
the sample the weight of the point. The adjusted weight is calculated according to the accuracy of the
detection result. The sample set after adjusting the weight constitutes the sample set to be trained at
the next level, which is used to train the next level classifier. In this way, iterate step by step to obtain
a new classifier until the classifier ,, is obtained, and the sample detection error rate is 0.

Combine hy, hy, . .., hy, according to the error rate of the sample detection: make the weak classifier
with the larger error account for the smaller weight in the combined classifier, and the weak classifier
with the smaller error account for the larger weight to obtain a combined classifier.

The algorithm is essentially a comprehensive improvement of the weak classifier trained by
the basic decision tree algorithm. Through continuous training of samples and weight adjustment,
multiple classifiers are obtained, and the classifiers are combined by weight to obtain a comprehensive
classifier that improves the ability of data classification. The whole process is as follows:

e Train weak classifiers with sample sets.

*  Calculate the error rate of the weak classifier, and obtain the correct and incorrect sample sets.

¢ Adjust the sample set weight according to the classification result to obtain a redistributed
sample set.

After M cycles, M weak classifiers are obtained, and the joint weight of the classifier is calculated
according to the detection accuracy of each weak classifier, and finally a strong classifier is obtained.

2.4. HOG Feature

Histogram of oriented gradient (HOG), which is a feature descriptor for target detection.
This technology counts the number of directional gradients that appear locally in the image.
This method is similar to the histogram of edge orientation and scale-invariant feature transform,
but the difference is hog calculate the density matrix based on the uniform space to improve accuracy.
Navneet Dalal and Bill Triggs first proposed HOG in 2005 for pedestrian detection in static images or
videos [59].

The core idea of HOG is that the shape of the detected local object can be described by the light
intensity gradient or the distribution of the edge direction. By dividing the entire image into small
connected areas (called cells). Each cell generates a directional gradient histogram or the edge direction
of the pixel in the cell, and the descriptor is represented by combining the histogram. To improve
the accuracy, the local histogram can be compared and standardized by calculating the light intensity
of a larger area (called block) in the image as a measure, and then using this value (measure) to
normalize all cells in the block. This normalization process completes better illumination/shadow
invariance. Compared with other descriptors, the descriptors obtained by HOG maintain the invariance
of geometric and optical transformations (unless the object orientation changes).

2.5. Gabor Feature

Gabor feature [60] is a feature that can be used to describe the texture information of an image.
The frequency and direction of the Gabor filter are similar to the human visual system, and it is
particularly suitable for texture representation and discrimination. The Gabor feature mainly relies on
the Gabor kernel to window the signal in the frequency domain, so as to describe the local frequency
information of the signal.

In terms of feature extraction, Gabor wavelet transform is compared with other methods: on the
one hand, it processes less data and can meet the real-time requirements of the system; on the other
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hand, wavelet transform is insensitive to changes in illumination and can tolerate a certain degree of
when image rotation and deformation are used for recognition based on Euclidean distance, the feature
pattern and the feature to be measured do not need to correspond strictly, so the robustness of the
system can be improved.

2.6. D-AHP Theory

Analytic Hierarchy Process (AHP) [61] is a systematic and hierarchical analysis method that
combines qualitative and quantitative analysis. The characteristic of this method is that on the
basis of in-depth research on the nature, influencing factors and internal relations of complex
decision-making problems, it uses less quantitative information to mathematicize the thinking process
of decision-making, thereby providing multi-objective, multi-criteria or complex decision-making
problems with no structural characteristics provide simple decision-making methods.

The D-AHP method extends the traditional AHP method in theory. In the D-AHP method [62],
the derived results about the ranking and priority weights of alternatives are impacted by the credibility
of providing information. A parameter A is used to express the credibility of information, and its
value is associated with the cognitive ability of experts. If the comparison information used in
the decision-making process is provided by an authoritative expert, A will take a smaller value.
If the comparison information comes from an expert whose judgment is with low belief, A takes
a higher value.

3. The Proposed Method

In general sensor recognition, the training set is inputting to train the sensor by extracting
feature, and then the test set is inputting to test and get the recognition result. To improve the
accuracy of multi-sensor fusion recognition, this paper proposes a fusion recognition method
based on neutrosophic set. The proposed method in this paper is mainly divided into two parts:
complementarity analysis and data fusion. The main steps of the method proposed in this paper are
shown in Figure 1.
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Figure 1. Target fusion recognition based on sensor complementarity and neutrosophic set.

The essence of complementarity is to calculate the weight of the recognition ability of the base
sensor in different categories. Based on this, the data set is divided into training set, validation set,
and test set. First, the base sensor preference matrix is obtained from the recognition matrix of the
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trained base sensor on the verification set, and then the sensor complementarity vector is calculated in
each category.

Data fusion aims at different target types, based on the sensor complementarity vector,
the recognition results of different sensors are generated by the neutrosophic set. Then the fusion of the
neutrosophic set can be obtained in different categories, and finally the neutrosophic set is converted
into crisp number, and the maximum value is taken as the recognition result.

3.1. Complementarity

The main steps of the multi-sensor complementarity analysis are proposed as follows:

*  According to the data test result, the sensor recognition matrix can be obtained.

¢ The sensor preference matrix for different target types is obtained from multiple sensor
recognition matrices.

e The sensor complementarity vector is gotten from the sensor preference relationship matrix.

3.1.1. Sensor Recognition Matrix

Suppose there are n types of sensors Xi, Xp, X3,---,X,, and m types of target types
Y1,Y, Y3, -+, Y. For a certain data set i, the recognition results of all its samples can be represented
by the following recognition matrix R;.

Viu ril2 s rilm
r' Ty e Ty

R; = . . ) (10)
rinl rinZ s rinm

3.1.2. Sensor Preference Matrix

To obtain the preference relationship matrix between sensors, the preference between sensors
needs to be defined. For two sensors, if the recognition performance of the sensor X; on the target
Y is better than the recognition performance of the sensor Xj, then for the target Yj, the sensor X; is
better than the sensor Xj. The recognition results of a certain sensor on the samples in the data set i
can be organized in the form of a recognition matrix, but the rows and columns become the recognized
category of the sample and the true category of the sample. Furthermore, for the target of category Y;,
according to the recognition matrix, we can get Table 1:

Table 1. Rj: The recognition situation of a certain sensor to the target of category Y;.

Real-Recognition Y; Non-Y;
Y; i Y
] 11 )

. K
non-Y; Ly XY

i ik

Record the above matrix as R; in Table 1, where 7/ jj is the number of correct recognition of the

category Y; by the sensor, kg‘ ri kj is the number of samples that the sensor misrecognizes non-targets.
)
k%'rl jk is the number of misrecognized category Y; samples into other categories. l%'kg' t'y; is the
) TK7)
number of samples other than the above three cases number. If the optimal performance of sensor

recognition is expressed as a matrix:
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h
Yy 0
= = . an
0 L Xy
k£j1=1

Which means the category is fully recognized correctly. Then the recognition performance of
this sensor to the category Y; is defined as W Therefore, if there are two sensors Xj and X,
i

the preference value of the recognition accuracy rate of Xy versus X; in the category (representing the
priority of the recognition ability of X over X; in the category of Y)) is defined as:

1 I
' 7] % -1
Pa= 1 T T, 1. (12)
R =[] + TR =0l }’RkJ_I]"+‘|Rl]_I]’|

In the same way, the recognition accuracy preference value of sensor X; vs Xy on category Y] is
defined as follows:
k
I
Ik —
IRE = L[ + R = 1]

(13)

It is easy to get from the above two formulas that p/};+p/;, = 1, which is the sum of the two
preference values is 1. If | = k, then p/;, = 0.5. For the case where multiple sensors recognize at the
same time, the preference relationship matrix P/ on the category Y; can be obtained. For each target
category in the data set i, a corresponding preference relationship matrix can be obtained.

3.1.3. Sensor Complementarity Vector

Next, using the method in D-AHP theory [62], the complementarity vector can be calculated by
the preference relationship matrix.
According to the classifier preference relation matrix P; of category Y.

Plyy Pl -+ Py,

’ p]'21 Plyy -+ Ply,
Pl = ) ) . . (14)

Pj'rll Pjn2 Pjnn

It is calculated that for each sensor complementarity vector C/ of category Y, Clisalxn
dimensional vector. The flowchart of the C/ calculation is presented as Figure 2, the calculation steps
are as follows:

1. Express the importance of the index relative to the evaluation target through the preference
relationship, and construct the D number preference matrix Rp.

2. According to the integrated representation of the D number, transform the D number preference
matrix into a certain number matrix R;.

3. Construct a probability matrix R; based on the deterministic number matrix Rp, and calculate the
preference probability between the indicators compared in pairs.

4. Convert the probability matrix Rp into a triangularized probability matrix R” p, and sort the
indicators according to their importance.

5. According to the index sorting result, the deterministic number matrix Rj is expressed as a matrix
RT}, finally C/ is obtained.
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Figure 2. Complementary vector generation process [62].

3.2. Data Fusion

For a picture with unknown target type, the probability matrix is formed via the recognition result
vectors of each sensor.

qi1 0 qim
Q= St (15)
n1  *°° Gnm

where g;; is the probability that the sensor X; considers the unknown target as the target type Y;.
At this time, the complementary vector is normalized to obtain the weight coefficient:

H'=C1/(Cyin + Clax) (16)

If the target type is Yj, the complementarity vector H/ and Q can be combined to obtain
a neutrosophic set « = (y, 77, v). Since there are n sensors, n groups neutrosophic sets can be obtained
according to Q and Y; as follows:

Déi:[]l:qi]'XHj,ﬂ':(l—qij)XHj,l/Zl—H]'] (17)

Combining n groups of neutrosophic sets, a group of fused neutrosophic set can be obtianed,
and the target recognition neutrosophic set is calculated under the imaginary target type Y;. Since there
are m types of target, we can finally use the SNWA operator [63] to get m neutrosophic sets:

n n n
ari =W X+ Waxap+ -+ Wy xay = [1=]](1—pu)", ] (ﬂi)wi,H (vi)"] (18)
i=1 i=1 i=1

Finally, convert these m SNNs into crisp numbers, and take the maximum value as the
recognition result.

By, . Sw =, + () x (— )] (19)

RS = Max(S) = Max|S, = + (mt, ) X (————
(5) [$1= pr, + (7, (HT1+VT1 ur, + v,
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4. Simulation

4.1. Data Set

The data source type of the experiment consists of two types: visible light image and infrared
light image. There are four target types: sailboat (1), cargo ship (2), speed boat (3), and fishing boat (4).
The structure of the experimental data is shown in Tables 2 and 3. The data consists of a train set,
a verification set, and a test set. The verification set and the test set are the same pictures. Since the
information of visible light and infrared sensors needs to be fused in the verification set and test set,
two visible and infrared images taken at the same location are required for the same target, as shown
in Figures 3—-6. Due to the lack of data, K = 8 cross-validation is used for verificating and testing.
This means that the validation set (test set) is divided into eight groups, and when a certain one group
is tested, the remaining seven groups are used as the validation set. The image features use Gabor and
HOG, and the classifier uses AdaBoost.

Table 2. Target recognition image of infrared data.

Infrared Light Data Train Set Validation Set Test Set

Sailboat 65 28 28
Cargo ship 68 35 35
Speed boat 63 25 25

Fishing boat 79 35 35

Table 3. Target recognition image of visible light data.

Visible Light Data  Train Set  Validation Set  Test Set

Sailboat 65 28 28
Cargo ship 79 35 35
Speed boat 70 25 25
Fishing boat 78 35 35

Figure 4. Visible light image and infrared light image for the same cargo ship.
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Figure 5. Visible light image and infrared light image for the same speedboat.

Figure 6. Visible light image and infrared light image for the same fishing boat.
4.2. Sensor

Two data sources (visible light, infrared), two image features (HOG, Gabor), and the classification
algorithm AdaBoost can be combined separately to obtain 4 classifiers, as shown in Table 4. Since the
background of this research is target recognition, these classifiers are regarded as different sensors,
so as to recognize the target and generate their respective recognition results. The specific process of
recognition is shown in Figure 7.

Data | Extract data | Training set
source features features
|
Train
Classifier
A A4
Test set | reste Classifier after
features training
|
Output

Figure 7. The work process of sensor.
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Table 4. Base sensor recognition confusion matrix.

Sensor 1 Sensor 2

Visible light + HOG + AdaBoost Infrared light + HOG + AdaBoost

Sensor 3 Sensor 4

Visible light + GABOR + AdaBoost Infrared light + GABOR + AdaBoost

4.3. Base Sensor Recognition Confusion Matrix

The verification set is input into the trained base sensor, and the recognition confusion matrix of
the base sensor can be obtained according to the recognition result of the sensor. The Tables 5-8 are the
identification confusion matrixs of the base sensors on the verification set.

Table 5. Recognition confusion matrix of sensor 1.

Real Category/Identify Category Sailboat Cargo Ship Speedboat Fishing Boat

Sailboat 23 0 2 0
Cargo ship 0 29 3 0
Speed boat 1 1 20 0

Fishing boat 0 0 0 31

Table 6. Recognition confusion matrix of sensor 2.

Real Category/Identify Category Sailboat Cargo Ship Speedboat Fishing Boat

Sailboat 16 3 6 0
Cargo ship 1 13 17 1
Speed boat 0 0 18 4

Fishing boat 0 1 9 21

Table 7. Recognition confusion matrix of sensor 3.

Real Category/Identify Category Sailboat Cargo Ship Speedboat Fishing Boat

Sailboat 16 1 8 0
Cargo ship 5 17 10 0
Speed boat 0 0 22 0

Fishing boat 0 0 0 31

Table 8. Recognition confusion matrix of sensor 4.

Real Category/Identify Category Sailboat Cargo Ship Speedboat Fishing Boat

Sailboat 25 0 0 0
Cargo ship 5 25 0 2
Speed boat 0 10 1 11

Fishing boat 0 0 6 25

4.4. Preference Matrix

Tables 9-12 show the preference comparison matrix of the four sensors for the four types of target.

Table 9. Preference matrix P(1,1) of Sailboat.

P(1,1) Sensor1l Sensor2 Sensor3 Sensor4

Sensor 1 0.500 0.801 0.821 0.690
Sensor 2 0.198 0.500 0.532 0.355
Sensor 3 0.178 0.467 0.500 0.326
Sensor 4 0.309 0.644 0.673 0.500
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Table 10. Preference matrix P(1,2) of Cargo ship.

P(1,2) Sensorl Sensor2 Sensor3 Sensor4

Sensor 1 0.500 0.859 0.826 0.794
Sensor 2 0.140 0.500 0.436 0.386
Sensor 3 0.173 0.563 0.500 0.448
Sensor 4 0.205 0.614 0.551 0.500

Table 11. Preference matrix P(1,3) of Speedboat.

P(1,3) Sensorl Sensor2 Sensor3 Sensor4

Sensor 1 0.500 0.856 0.769 0.802
Sensor 2 0.143 0.500 0.358 0.403
Sensor 3 0.230 0.641 0.500 0.548
Sensor 4 0.197 0.596 0.451 0.500

Table 12. Preference matrix P(1,4) of Fishing boat.

P(1,4) Sensorl Sensor2 Sensor3 Sensor4

Sensor 1 0.500 1.000 0.500 1.000
Sensor 2 0 0.500 0 0.561
Sensor 3 0.500 1.000 0.500 1.000
Sensor 4 0 0.438 0 0.500

4.5. Complementarity Vector

According to the previous research, the complementarity vector can be obtained from the
preference matrix, as shown in Table 13, which reflects the complementarity between the 4 sensors if the
target to be identified is the first type of target sailboat. These information also reflect the importance
of each sensor, so the complementary vector is used as the weight to generate the neutrosophic set
when fusing the neutrosophic set.

Table 13. Complementarity vector: C.

Sensor1l Sensor2 Sensor3 Sensor4

C(1,1) 0473 0.138 0.106 0.283
C(1,2) 0513 0.102 0.166 0.219
c(1,3) 0500 0.086 0.231 0.183
C(1,4) 0382 0.132 0.382 0.104

4.6. Data Fusion

When identifying an unknown target, the four sensors can obtain the probability of the category
through the trained classifier, as shown in Table 14.

Table 14. Probability of the 4 sensors to recognize the unknown target.

Type Sailboat Cargo Ship Speedboat Fishing Boat

Sensor 1 0.256 0.122 0.180 0.442
Sensor 2 0.136 0.237 0.315 0.312
Sensor 3 0.078 0.107 0.352 0.463
Sensor 4 0.099 0.162 0.286 0.453

According to these probabilities, by Equation (16), the complementarity vectors are converted
into weight vectors, as shown in Table 15.
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Table 15. Weight vector: H.

Sensor1 Sensor2 Sensor3 Sensor4

W(1,1) 0.817 0.238 0.183 0.487
W(1,2) 0.833 0.167 0.262 0.355
W(1,3) 0.853 0.147 0.393 0.311
W(1,4) 0.789 0.274 0.789 0.210

Use Equation (17) to combine P and W and get four neutrosophic sets in one category. The current
recognition framework has four categories, so four groups of neutrosophic set are obtained, as follows:

[ 211 = [0.209,0.607,0.184] ]|
v _ | %12 =10.032,0205,0.761]
! a13 = [0.014,0.168,0.817

| a4 = [0.048,0.439,0.513] |

[y = [0.102,0.731,0.167] |
| 2= (0.039,0.127,0.833]
a3 = [0.029,0.242,0.729]

| a4 = [0.057,0.297,0.645] |

[ a3 = [0.154,0.699,0.147] |
wy— | 02 [0.046,0.101,0.853]
w33 = [0.138,0.255,0.607]

| w34 = [0.089,0.222,0.689] |

[ 41 = [0.348,0.442,0.210] |
ne— | 2= 0.085,0.189,0.726]
g3 = [0.365,0.425,0.210]

| a4 = [0.095,0.116,0.789] |

Combine these four groups of neutrosophic sets according to Equation (18) to obtain 4
neutrosophic sets:

a1 = 0.25 x @91 +0.25 X aqp +0.25 X ®13 + 0.25 X aqy =
ap = 0.25 X ap1 +0.25 X app + 0.25 X ap3 + 0.25 X apy =
a3 = 0.25 X az1 +0.25 X azp +0.25 X g3 + 0.25 X agg =
g = 0.25 X g1 +0.25 X agp +0.25 X g3 + 0.25 X gy =

0.079,0.492,0.310
0.058, 0.506,0.286
0.108,0.479,0.251
0.234,0.399, 0.253

Furthermore, the four neutrosophic sets are transformed into crisp numbers by Equation (19).
RS =4 = Max(S) = Max[S; = 0.181,5, = 0.142, S3 = 0.252, S, = 0.427|
Therefore, the recognition result of the unknown target is fishing boat.

4.7. Recognition Result

After all the test sets are finally tested, the results of the method proposed in this paper are shown
in Table 16. And the results of two other fusion methods such as simple fusion (Table 17) and D-S
fusion (Table 18) are given to compare with the proposed method.
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Table 16. The proposed method recognition result.

Real Category/Identify Category Sailboat Cargo Ship Speedboat Fishing Boat

Sailboat 27 0 1 0
Cargo ship 1 31 3 0
Speed boat 0 0 25 0

Fishing boat 0 0 0 35

Table 17. Simple fusion result.

Real Category/Identify Category Sailboat Cargo Ship Speedboat Fishing Boat

Sailboat 27 0 1 0
Cargo ship 1 33 1 0
Speed boat 1 1 21 2

Fishing boat 0 0 0 35

Table 18. D-S fusion result.

Real Category/Identify Category Sailboat Cargo Ship Speedboat Fishing Boat

Sailboat 26 1 1 0
Cargo ship 2 28 5 0
Speed boat 0 0 25 0

Fishing boat 0 0 2 33

The recognition results of the 4 base sensors on the test set are shown in Tables 19-22:

Table 19. Sensor 1 recognition result.

Real Category/Identify Category Sailboat Cargo Ship Speedboat Fishing Boat

Sailboat 25 0 3 0
Cargo ship 0 31 4 0
Speed boat 1 1 23 0

Fishing boat 0 0 0 35

Table 20. Sensor 2 recognition result.

Real Category/Identify Category Sailboat Cargo Ship Speedboat Fishing Boat

Sailboat 17 3 8 0
Cargo ship 1 14 18 2
Speed boat 0 1 19 5

Fishing boat 0 1 10 24

Table 21. Sensor 3 recognition result.

Real Category/Identify Category Sailboat Cargo Ship Speedboat Fishing Boat

Sailboat 17 1 10 0
Cargo ship 6 18 11 0
Speed boat 0 0 25 0

Fishing boat 0 0 0 35
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Table 22. Sensor 4 recognition result.

Real Category/Identify Category Sailboat Cargo Ship Speedboat Fishing Boat

Sailboat 28 0 0 0
Cargo ship 6 27 0 2
Speed boat 0 12 1 12
Fishing boat 0 0 6 29

The multi-category evaluation criteria is used in the previous article to evaluate the classification
results, shown in Table 23. It can be seen that the method proposed in this paper has improved
in the recall rate, accuracy rate, F1 score and other indicators compared with these four sensors.
After multi-sensor fusion recognition, the accuracy rate of a single sensor is increased by 3.25% at the
lowest and 35.77% at the highest, and the average performance of a single sensor is improved by 21.13%.
At the same time, compared with the other two fusion methods, the method proposed in this parper
also performs better.It can be seen that the accuracy of fusion recognition can be significantly improved.

Table 23. Recognition result analysis.

Category Accuracy Rate Recall Rate F1Score Count Time Correct Rate

Sailboat 0.962 0.893 0.926
Cargo ship 0.969 0.886 0.925 o
Sensor 1 Speedboat 0.767 0.920 0.836 545 92.68%
Fishing boat 1.000 1.000 1.000
Sailboat 0.944 0.607 0.739
Cargo ship 0.737 0.400 0.519 o
Sensor 2 Speedboat 0345 0.760 0.475 525 60.16%
Fishing boat 0.774 0.686 0.727
Sailboat 0.739 0.607 0.667
Cargo ship 0.947 0.514 0.667 o
Sensor 3 Speedboat 0.543 1.000 0.704 1625 77.24%
Fishing boat 1.000 1.000 1.000
Sailboat 0.824 1.000 0.903
Cargo ship 0.692 0.771 0.730 o
Sensor 4 Speedboat 0.143 0.040 0.063 1585 69.11%
Fishing boat 0.674 0.829 0.744
Sailboat 0.929 0.929 0.929
. Cargo ship 0.966 0.800 0.875 o
D-§ fusion Speedboat 0.758 1.000 0.862 4345 91.56%
Fishing boat 1.000 0.943 0.971
Sailboat 0.931 0.964 0.947
. . Cargo ship 0.971 0.943 0.957 o
Simple fusion ¢ dboat 0913 0.840 0.875 4135 94.30%
Fishing boat 1.000 0.946 0.972
Sailboat 0.964 0.964 0.964
Cargo ship 1.000 0.886 0.940 o
Proposed method Speedboat 0.862 1.000 0.926 3985 95.93%
Fishing boat 1.000 1.000 1.000
5. Results

Aiming at the problem of multi-sensor target recognition, this paper proposes a new method based
on the complementary characteristics of sensors in the fusion of neutrosophic set, which improves
the accuracy of target type recognition. Using the identification of the sea surface vessel type
as the verification scenario, the category-oriented sensor complementarity vector is constructed
through feature extraction, sensor training of the target’s infrared and visible image training data.
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The multi-sensor neutrosophic set model is performed on the target to be recognized to realize the
multi-sensor. Compared with other methods, the method proposed in this paper performs better in
recognition accuracy, Compared with other fuzzy mathematics theories, the neutrosophic set theory is
more helpful for us to deal with the complementary information between sensors. At the same time,
the three sets of functions included in the neutrosophic set allow us to flexibly adjust the weight and
other parameters, and the calculation of the neutrosophic set is simple, it takes less time to run the
program. Further research will mostly concentrate on the the proposed method can be used to more
complicated study to further demonstrate its efficiency.
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Abstract: Neutrosophy is a recent section of philosophy. It was initiated in 1980 by Smarandache.
It was presented as the study of origin, nature, and scope of neutralities, as well as their interactions
with different ideational spectra. In this paper, we introduce the notion of single-valued neutrosophic
ideals sets in Sostak’s sense, which is considered as a generalization of fuzzy ideals in Sostak’s
sense and intuitionistic fuzzy ideals. The concept of single-valued neutrosophic ideal open local
function is also introduced for a single-valued neutrosophic topological space. The basic structure,
especially a basis for such generated single-valued neutrosophic topologies and several relations
between different single-valued neutrosophic ideals and single-valued neutrosophic topologies, are
also studied here. Finally, for the purpose of symmetry, we also define the so-called single-valued
neutrosophic relations.

Keywords: single-valued neutrosophic closure; single-valued neutrosophic ideal; single-valued
neutrosophic ideal open local function; single-valued neutrosophic ideal closure; single-valued
neutrosophic ideal interior; single-valued neutrosophic ideal open compatible

1. Introduction

The notion of fuzzy sets, employed as an ordinary set generalization, was introduced in 1965 by
Zadeh [1]. Later on, using fuzzy sets through the fuzzy topology concept was initially introduced in
1968 by Chang [2]. Afterwards, many properties in fuzzy topological spaces have been explored by
various researchers [3-13]

Paradoxically, it is to be emphasized that being fuzzy or what is termed as fuzzy topology in fuzzy
openness concept is not highlighted and well-studied. Meanwhile, Samanta et al. [14,15] introduced
what is called the graduation of openness of fuzzy sets. Later on, Ramadan [16] introduced smooth
continuity, a number of their properties, and smooth topology. Demirci [17] investigated properties
and systems of smooth Q-neighborhood and smooth neighborhood alike. It is worth mentioning
that Chattopadhyay and Samanta [18] have initiated smooth connectedness and smooth compactness.
On the other hand, Peters [19] tackled the notion of primary fuzzy smooth characteristics and structures
together with smooth topology in Lowen sense. He [20] further evidenced that smooth topologies
collection constitutes a complete lattice. Furthermore, Onassanya and Hoskova-Mayerova [21]
inspected certain features of subsets of a-level as an integral part of a fuzzy subset topology. Likewise,
more specialists in the field like Coker and Demirci [22], in addition to Samanta and Mondal [23,24],
have provided definitions to the concept of graduation intuitionistic openness of fuzzy sets based on
Sostak’s sense [25] according to Atanassov’s [26] intuitionistic fuzzy sets. Essentially, they focused on
intuitionistic gradation of openness in light of Chang. On the other hand, Lim et al. [27] examined
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Lowen’s framework smooth intuitionistic topological spaces. In recent times, Kim et al. [28] considered
systems of neighborhood and continuities within smooth intuitionistic topological spaces. Moreover,
Choi et al. [29] scrutinized smooth interval-valued topology through graduation of the concept of
interval-valued openness of fuzzy sets, as suggested by Gorzalczany [30] and Zadeh [31], respectively.
Ying [32] put forward a topology notion termed as fuzzifying topology, taking into consideration the
extent of ordinary subset of a set openness. General properties in ordinary smooth topological spaces
were elaborated in 2012 by Lim et al. [33]. In addition, they [34-36] inspected compactness, interiors,
and closures within normal smooth topological spaces. In 2014, Saber et al. [37] shaped the notion of
fuzzy ideal and r-fuzzy open local function in fuzzy topological spaces in view of the definition of
Sostak. In addition, they [38,39] inspected intuitionistic fuzzy ideals, fuzzy ideals and fuzzy open local
function in fuzzy topological spaces in view of the definition of Chang.

Smarandache [40] determined the notion of a neutrosophic set as intuitionistic fuzzy set
generalization. Meanwhile, Salama et al. [41,42] familiarized the concepts of neutrosophic crisp set
and neutrosophic crisp relation neutrosophic set theory. Correspondingly, Hur et al. [43,44] initiated
classifications NSet(H) and NCSet including neutrosophic crisp and neutrosophic sets, where they
examined them in a universe topological position. Furthermore, Salama and Alblowi [45] presented
neutrosophic topology as they claimed a number of its characteristics. Salama et al. [46] defined a
neutrosophic crisp topology and studied some of its properties. Others, such as Wang et al. [47],
defined the single-valued neutrosophic set concept. Currently, Kim et al. [48] has come to grips with a
neutrosophic partition single-value, neutrosophic equivalence relation single-value, and neutrosophic
relation single-value.

Preliminaries of single-value neutrosophic sets and single-valued neutrosophic topology are
reviewed in Section 2. Section 3 is devoted to the concepts of single-valued neutrosophic closure space
and single-valued neutrosophic ideal. Some of their characteristic properties are considered. Finally,
the concepts of single-valued neutrosophic ideal open local function has been introduced and studied.
Several preservation properties and some characterizations concerning single-valued neutrosophic
ideal open compatible have been obtained.

2. Preliminaries

In this section, we attempt to cover enough of the fundamental concepts and definitions.
Definition 1 ([49]). A neutrosophic set H (NS, for short) on a nonempty set S is defined as
H = (x,Ty, Iy, Fyy : x €S8),
where
Ty:S—|7017, Ix:S—|017, Fy:S8—]|70,17|
and
70 < Ty (x) + Iy (k) + Fyy () < 3%,

representing the degree of membership (namely, Ty;(x)), the degree of indeterminacy (namely, Iy (x)), and the
degree of nonmembership (namely, Fy(x)); for all k € S to the set H.

Definition 2 ([49]). Let H and R be fuzzy neutrosophic sets in S. Then, H is a subset of R if, for each x € S,

inf TH(x) S inf TR(K), inf IH(X) 2 inf IR(K), 1anH(x) Z lanR(K)
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and
sup Ty (x) <sup Tr(x), suply(x)>suplr(x), supFy(x)> supFg(k).

Definition 3 ([47]). Let H be a space of points (objects) with a generic element in S denoted by k. Then,
H is called a single-valued neutrosophic set (in short, SVNS) in S if H has the form H = (Ty, I, Fy),
where Ty, Iy, Fy : S — [O, 1].
In this case, Ty, Iy, Fy are called truth-membership function, indeterminacy-membership function,
and falsity-membership function, respectively, and we will denote the set of all SVNS's in S as SVNS(S).
Moreover, we will refer to the Null (empty) SVNS (or the absolute (universe) SVNS) in S as Oy (or 1x)
and define by O = (0,1,1) (or 1y = (1,0,0)) for each x € S.

Definition 4 ([47]). Let H = (Ty, Iy, F) be an SVNS on S. The complement of the set H (H€, for short)
and is defined as follows: for every x € S,

Tye () = By (), Ine(x) =1 —Iy(x),  Fye(x) = Ty ().
Definition 5 ([50]). Suppose that H € SVNS(S). Then,
(i) H is said to be contained in R, denoted by H C R, if, for every x € S,
Ty (k) < Tr(x), In(x) > Ig(x), Fy(x) > Fr(x);
(ii) H is said to be equal to R, denoted by H = H, if R C Rand H O R.
Definition 6 ([51]). Suppose that H, R € SVNS(S). Then,
(i) the union of H and R (HU'R, for short) isan SVNS in S defined as
HUR = (Ty UTg, Iy NIg, Fy NEFR),

where (Ty U TR)(x) = Ty (x) U Tr (k) and (Fy N Fr)(x) = Fy(x) N Fr(x), foreachx € S;
(ii) the intersection of H and R, (HN'R, for short), isan SVNS in S defined as

HNR = (Ty NTr, Iy Ulg, Fy UFR).

Definition 7 ([45]). Let H € SVNS(S). Then,
(i) the union of {H;}icy (Ujej Hi, for short) isan SVNS in S defined as follows: for every x € S,
(UHi) () = (U T, (6), (I, (), () Py, (x);
i€] i€] i€] i€]
(ii) the intersection of {H;}icy (Nicj Hi, for short) is an SVNS in S defined as follows: for every x € S,

(VM) (k) = () T, (), | I (), (U B, (10).

ie] ic] ie] ie]

Definition 8 ([52]). A single-valued neutrosophic topology on S is a map (t7,t!,tF) : IS — I satisfying the
following three conditions:

(SVNT1) *7(0) =7T(1) =1and t'(0) = 7/(1) = 75 (0) = (1) =0,
(SVNT2) tT(HNR) >t (H)NTI(R), HNAR) <TI(H)UT(R),
F(HNR) < TF(H)UTF(R), forany H, R € IS,

—~
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(SVNT3) TT(UZ'E]"Hi) > ﬂie]'TT('Hi), TI(UiejHi) < UiejTI(Hi) ,
TF(UiejHi) < UiejTF(Hi),for any {%i}ie] eId.

The pair (X,7!,7!/,7F) is called single-valued neutrosophic topological spaces
(SVNTS, for short). We will occasionally write /!F for (t7, 7!, 7F) and it will cause no ambiguity.

3. Single-Valued Neutrosophic Closure Space and Single-Valued Neutrosophic Ideal in
Sostak Sense

This section deals with the definition of single-valued neutrosophic closure space. The researchers
examine the connection between single-valued neutrosophic closure space and SVNTS based in
Sostak sense. Moreover, the researchers focused on the single-valued neutrosophic ideal notion where
they obtained fundamental properties. Based on Sostak’s sense, where a single-valued neutrosophic
ideal takes the form (S, £T, £, £F) and the mappings LT, ol cF . 1S — I, where (LT, L1, £F) are the
degree of openness, the degree of indeterminacy, and the degree of non-openness, respectively.

In this paper, S is used to refer to nonempty sets, whereas I is used to refer to closed interval [0, 1]
and I, is used to refer to the interval (0, 1]. Concepts and notations that are not described in this paper
are standard, instead, S is usually used.

Definition 9. A mapping C : I° x Iy — IS is called a single-valued neutrosophic closure operator on S if,
for every H, R € I° and r,s € Iy, the following axioms are satisfied:

(C1) C((0.1.1),s) = (0.1.1),

(C)) H < C(H,s),

(Cs) C(H,s) VC(R,s) = C(HVR,s),
(Cy C(H,s) <C(H,r)ifs<r,

(Cs) C(C(H,s),s) = C(H,s).

The pair (X, C) is a single-valued neutrosophic closure space (SVNCS, for short).
Suppose that C; and C, are single-valued neutrosophic closure operators on S. Then, C; is finer
than Cy, denoted by C, < Cy iff C;(H,s) < Ca(H,s), for every H € I¢ and s € .

Theorem 1. Let (S,7'F) be an SVNTS. Then, for any H € 1S and s € Iy, we define an operator
Corir : I8 x Iy — I as follows:

Cair(Hs)=N\{ReI*H<R, TT1-R)>s, TI(1-R)<1-s5 t'(1-R)<1-s}
Then, (S, C_rir) is an SVNCS.

Proof. Suppose that (S,77'F) is an SVNTS. Then, C;, (C;) and (C,) follows directly from the
definition of C_1ir.

(C3) Since R, H < HUR, (CTTIF (R,S) < CTTIF(H U R,S) and (CTT[F (H,S) < (CTTIF(H U R,S),
therefore,

Corir(H,s) UC 1ir(R,s) < Corir(HUR,s).
Let (X, 77F) be an SVNTS. From (C;), we have

H < Crir(H,s), TT(l—(CTTIF(H,S)) >s, Tl(l— Corir(H,s)) <1-—s5
and 5 (1 — Corir(H,8)) <1 -5,
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R < Crir(R,s), TT(l— C.rir(R,s)) > s, TI(l— Cir(R,s)) <1-—s5
and 5 (1 — C,rir(R,8)) <1—s.
It implies that H UR < C_rir(H,s) UCrir (R, s),
(1= (Corr(H,5) UC1ir(R,5))) =1 (1= Cprir(H,5)) N (1= Corir (R, 5)))

> 7T (1~ Crir(H,5)) N T (L~ Corr (R, 5)) 2 s,

(1= (Corir (H,5) UC (R,5))) =T/ (L= Corir(H,5)) N (L= Corir (R, 5)))
TI((lf Corir(H,s)) UTI(lf Crir(R,s)) <1-—s5,

IN

(L= (Corir (H,5) UC1ir(R,5))) = T (L = Corir (H,5)) N (1= Crir (R, 5)))
< TF(l —Corir(H,5)) U Tp(l— Crir(R,s)) <1—s.

Hence, Crir(H,s) UC rir(HUR,s) > Crir(HUR,s). Therefore,
Corir(H,s) UC rir(HUR,s) = Corir(HUR,s).
(Cs) Suppose that there exists s € Iy, H € I, and x € S such that
Crir (Corir (M, 5),8) (k) > Crir (H, s) (k).

By the definition of C_rir, there exists D & I° with D > H, and TT(l —D) >s5, Tl(l —D)<1-sand
F(1 - D) <1 — s such that

Corir(Corir(H,5),8) (1) > D(x) > Crie(H, s)(x).

Since Crir(H,s) < D and T(1-D) >s5,7'(1-D) <1-s,andtF(1-D) <1-5, by the definition
of C_rir(C rir), we have

Corir(Crrie(H,5),s) < D.

It is a contradiction. Thus, Crir(Crir(H,s),s) = Corr(H,s). Hence, C_ri¢ is a single-valued
neutrosophic closure operator on S. [

Theorem 2. Let (S, C) bean SVNCS and H € S . Define the mapping t2'F : 1S — I on S by

T(H) ={seh|COA-H,s)=1-H},
(H)=({1-s€l |CA-H,s)=1-H},

(H)=({1-s€l |CA-H,s)=1-H},
Then,

(1) TEIF isan SVNTS on S;
(2) Coqir is finer than C.
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Proof. (SVNT1) Let (S, C) be an SVNCS. Since C((0.1.1),7) = (0.1.1) and C(1,0,0),7) = (1,0,0) for
every s € Iy, (SVNT1).
(SVNT2) Let (S, C) be an SVNCS. Suppose that there exists 1, Ho € I° such that

T (HiNHy) < (M) NTE(Ha), TE(H1NHo) > T (Hy) U (Ha),

6 (H1 N Ha) > 1(Hy) UTE(Ha).
There exists s € Iy such that

L (H1NHp) < s < & (Hq) Nt (Ha), (M1 NHy) >1—5 > L (H1) Utd(Ha),

Té(?‘h ﬂHz) >1—s5> Té(?‘[l) U Té(?‘[z)
For each i € {1,2}, there exists s € Iy with C(#;,s;) = 1 — H; such that
s <8 <TE(My), TE(H)<1—-si<1—s, tE(H)<1-s<1—s.

In addition, since (1 — H;,7) = 1 — H; by C; and C4 of Definition 9, for any i € {1,2},

C(1—H)U(A—Hp),s) = (T— Hqi) U (T— Hsz).

It follows that & (H1 NHa) >'s, T&(H1 NHa) < 1—s,and TE(Hy N Ha) < 1—s. Itis a contradiction.
Thus, for every H,R € IS, fL(HNR) > L(H)NEB), TEHNR) < TE(H)UTE(R),
and TE(HNR) < tE(H)UTE(R).

(SVNT3) Suppose that there exists H = (J;c; H; € I such that

M) < UM, w(H) > UM, (1) > JEH).

iel iel iel
There exists sy € Iy such that

E(H) <so<JTE(H), (H)>1—s0>JE(Hi), TE(H) >1—s0 > |JtE(H).

icl icl icl
For every i € I, there exists C(H;,s;) =1 — H; and s; € I such that
sp < 8; < Té(?-[i), 1—5y>1—s;> T(é(Hi), 1—5;>1—5y> T((F:(Hi).
In addition, since C(1 — H;,r9) < C(1 — H;,s;) = 1 — H;, by C, of Definition 9,
C(1—His0) =1—H;.
It implies, for alli € I,
C(1—H,s0) <C(1—Hjs0) =1—H,.
It follows that

(C(T—H,r()) S m(T_Hz) ZT—H.

ic]
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Thus, CI(1 — H,s0) = 1 —H, thatis, tl(H) > so, 7L(H) < 1 —sp, and tE(H) < 1 —sy.

contradiction. Hence, TgIF isan SVNTS on S.
(2) Since H < C(H, 1),

(1 —C(H,s)) >s, ©(1-C(H,s)) <1—s, T&(1-C(H,s)) <1—s.
From Cs of Definition 9, we have (CT([]:"IF (H,s) < C(H,s). Thus, Crg” is finer than C. O
Example 1. Let S = {a,b}. Define B,H, A € IS as follows:

B =((0.2,0.2),(0.3,0.3),(0.3,0.3));H = ((0.5,0.5),(0.1,0.1),(0.1,0.1)).

We define the mapping C : IS x Iy — I° as follows:

(0.1.1), if A=(01.1), se€l,
BNH, if 0£A<BNH, 0<r<3,
B, if ASBAZLH, 0<r<},

C(A,s) = or0 £ ALB %<r<%,
H, if ASHAZLB, 0<r<3i,
BUH, if 0A£A<BUH 0<r<3,
1, otherwise.

Then, C is a single-valued neutrosophic closure operator.
From Theorem 2, we have a single-valued neutrosophic topology (t&, t&, &) on S as follows:

1, if A=(1,0,0)0r(0,1,1),
2, if A= B,
1 H c
roa ) b A=
T(C(A) %/ lf A = B¢ UHC,
5, if A=BNHS,
0, otherwise.
0, if A=1(1,0,0)0r(0,1,1),
1 if A=B,
1 : __ 1q4cC
1 _ 3, if A=HE,
T(C(A) %/ lf A= B¢ UHC,
%, if A=DBNHE,
1, otherwise.

0, if A=(1,0,0)0r (0,1,1),
Py
E(A) = ﬁngngHQ
1 if A=Ben,
1, otherwise.

Thus, the TgIF is a single-valued neutrosophic topology on S.

Itisa

Definition 10. A single-valued neutrosophic ideal (SVNI) on S in Sostak’s sense on a nonempty set S is a

family LT, LT, LT of single-valued neutrosophic sets in S satisfying the following axioms:

247



Symmetry 2020, 12, 193

(L1) £7(0) = 1and L£!(0) = LF(0) = 0.

(Ly) If H < B, then LT(R) < LT(H), LYR) > LI(H), and LF(R) > LF(H), for each single-valued
neutrosophic set R, H in I°.

(L3) LT(RUH) > LT(R)NLT(H), LYRUH) < LYR)ULYH), and LE(RUH) < LE(R)U
LE(H), for each single-valued neutrosophic set R, H in IS.

If L1 and L5 are SVNI on S, we say that Ly is finer than Lo, denoted by £1 < Lo, iff LT (H) < LI(H),
LUH) > LA(A), and LE(H) > LE(H), for H € IS.

The triable (X, (t7,7!,©F), (LT, £, LF) is called a single-valued neutrosophic ideal topological space in
Sostak sense (SVNITS, for short).

We will occasionally write LTF, LTF, and £TIE . 1X — [ for (£T, 1, CF), (T, L}, L), and
LT, Ll cF 19 — 1, respectively.

Remark 1. The conditions (L) and (Ls), which are given in Definition 10, are equivalent to the following
axioms: LT(HUR) = LT(H)NLT(R), L{(HUR) # LYH)ULI(R), and LE(HUR) £ LE(H) U
LE(R), for every R, H € IS.

Example 2. Let S = {a, b}. Define the single-valued neutrosophic sets R,C, H, A and (cT, T, CcTy: J I
I as follows:

R = ((0.3,0.5), (0.4,0.5), (0.5,05)); C = ((0.3,0.4),(05,0.5),(0.3,0.4)),

H = ((0.1,0.2), (0.5,0.5), (0.5,0.5)).

1 .
T _ 2/ zf A == 7?//
EA=92" o1 <A <R,
0, otherwise.
0, if A=(0.1.1),
P
)3 FA=C
EAD=0T 011 <A<,
1, otherwise.
0, Zf‘A:(Ollll)/
P
Ty ) 2 f A=,
EE=91 011 <A<,
1, otherwise.

Then, LTIF isan SVNI on S.

Remark 2. (i) IfLT(1) =1, £I(1) =0, and £F (1) = 0, then LT'F is called a single-valued neutrosophic
proper ideal.

(i) IfLT(1) =0, £1(1) = 1, and LF (1) = 1, then LTT is called a single-valued neutrosophic improper
ideal.

Proposition 1. Let {L]F};c; be a family of SVNI on S. Then, their intersection (Y;c; LT'F is also SVNL

Proof. Directly from Definition7. O
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Proposition 2. Let {LT'F};c; be a family of SVNI on S. Then, their union Uies LIF is also an SVNI
Proof. Directly from Definition 7. [J

4. Single-Valued Neutrosophic Ideal Open Local Function in Sostak Sense

In this section, we study the single-valued neutrosophic ideal open local function in Sostak’s sense
and present some of their properties. Additionally, properties preserved by single-valued neutrosophic
ideal open compatible are examined.

Definition 11. Let s,t,p € Iy and s+t + p < 3. A single-valued neutrosophic point xs, of S is the
single-valued neutrosophic set in I° for each k € H, defined by

_ ) (stp) ifx=x
Xstp () = { 0,1,1), if x #x.

A single-valued neutrosophic point xs;, is said to belong to a single-valued neutrosophic set
H = (Ty, Iy, Fy) € IS, denoted by xs1p € Hiffs < Ty, t > Iyyand p > Fy. 1. We indicate the set
of all single-valued neutrosophic points in S as SVNP(S).

For every x5, € SVNP(S) and H € IS we shall write Xs,t,p quasi-coincident with #, denoted by
xs,t,qu, if

s+Tu(x)>1,  t4+1Iyk) <1,  p+Fyx) <1

For every R, H € S we shall write HgR to mean that H is quasi-coincident with R if there exists
x € S such that

Ty () + Tr(x) > 1, Iy(x) +Ig(x) <1, Fy(x) +Fr(x) < 1.

Definition 12. Let (S, t7'F) be an SVNTS. Foreachr € Iy, H € s, Xst,p € SVNP(S), a single-valued
neutrosophic open Q. rir-neighborhood of xs 1, is defined as follows:

Qurir (Xst,p, 1) = {H|(xs,p)qH, TT(H) >, TI(H) <1-rv, TP(’H) <1-r}

Lemma 1. A single-valued neutrosophic point x5+, € C_rir (R, 1) iff every single-valued neutrosophic open
Q. rir-neighborhood of xs 1, is quasi-coincident with H.

Definition 13. Let (S, T7'F) be an SVNTS for each H € I°. Then, the single-valued neutrosophic ideal
open local function H; (TT1E, LTIEY of M is the union of all single-valued neutrosophic points X, such that if
R € Qurir(xspp, 1) and LT(C) >, LI(C) <1—r, LF(C) < 1—r, then there is at least one k € S for
which Tr (k) + Ty (k) —1 > Te(x), Ir(x) + Iy(x) =1 < Ip(x), and Fr (k) 4+ Fy (k) — 1 < Fe(x).

TTIF’ ETIF)

Occasionally, we will write Hj for 7 ( and it will have no ambiguity.

Example 3. Let (S, t7F, LTIF) be an SVNITS. The simplest single-valued neutrosophic ideal on S is

LI 18 — I, where

0, otherwise.

ﬁgIF(R) _ { 1, lf R = (1,0,0),

Ifwe take LT'E = LIF, for each H € IS we have H} = C.rir (H, 7).
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Theorem 3. Let (S, 77'F) bean SVNTS and LT'F, LT'F € SVNI(S). Then, forany H,R € IS and r € Iy,
we have

(1) IfH <R, then H} <R};

2 el <cl £ > £land £F > £F, then Hy(CTIE, THE) > 3 (LI, <TIE);

(3) My =Corr(Af,1r) < Corir(H,1);

4 M)y <H

5) (HFVRE)=(HVR)

6) IFLT(H)>r, LY(R)<1—r,and LE(R) <1 —rthen (HVR); = AXVR: = H;
7)) FtI(R)>r, T(R) <1—rand tF(R) <1 —r, then (RAH}) < (RAH)E

8) (HyrARy)>(HAR).

Proof. (1) Suppose that # € IS and H} % R}. Then, there exists k € S and s, t, p € Iy such that
Tyz (k) > s > Try (), Dy (k) <t <Ipp(x),  Fyp(x) < p < Fry(x). O]

Since Tg; (k) <'s, Igy(x) >t and Fry(x) > p. Then, there exists D € Q(rir)(Xstp, 1), £re) >,
L£1(C) <1—r,and £F(C) <1 —rsuch that forany x; € S,

Tp(x1) + Tr(x1) =1 < Te(x1), Ip(x) + Ir(x1) =1 > Ic(x1), Fp(x1) + Fr(x1) — 1> Fe(x1).
Since H < R,

Tp(r1) + Ty (1) =1 < Te(x), Ip(xk1) + Iy(cr) =1 > Ie(x1),  Fp(rr) + Fy(x1) — 1> Fe(r).

So, Ty (k) <'s, Iyx(x) > t,and Fyx (k) > p and we arrive at a contradiction for Equation (1). Hence,
Hy <R;.

(2) Suppose Hj (LTTE, TTIE) % 30x(LITE £TIF) Then, there exists s, t, p € Iy and x € S such that

TH;((ﬁlT[F,TTIF)(K) <s< TH;(L%"IFITTIF)(K)r
IHNﬁlTIF,TTIF)(K) >t> I%;(ﬁglF/TTIF)(K), (2)

PH;(L%"IF/TT[F)(K) >p>E ;(ﬁ%"IF’TTIF)(K)-

Since T’H?(LITIF,TTIF) (K) <s, I ;(L}"IF,TTH:) (K) > t, and F’H;*(LITIF,TTIF) (K) > p, D e anp(xsrt,p, 1’) with
£1T(C) > 7, ﬁ{(C) <1-—rand Cf(C) <1—r. Thus, forevery x; € S,

Tp(r1) + Ty (1) =1 < Te(xr), Ip(k1) + Iy() =1 > Ie(x1),  Fp(r) + Fy(x1) — 1> Fe(ry).
Since £I(C) > £T(C)) >, £1(C) < £I(C)) <1—rand £E(C) < LE(C)) <1-7,
Tp(r1) + T (x1) =1 < Te(xr),  Ip(xa) + Iy (1) = 1> Ie(x1), Fp(k1) + Fy(x1) — 1> Fe(ir).

Thus, TH;(LgIP,TTIF)(K) <8, Ly (cie vy () > t,and Fyy ngF,Tm)(K) > p. This is a contradiction for
Equation (2). Hence, H} ((LTIF, tTIF)) > #x((LIF, TIFY).
(3)(=) Suppose Hy £ C rir(H,r). Then, there exists s, t, p € Iy and x € S such that

Ty (1) 2 8 > T g (6), Dy () <t < g pyp a4 (K), Fap () < p < Fe 3, (1) 3)
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Since Ty () > s, Iz (k) < tand Fy:(x) < p, xs1p € H;. So there is at least one x; € S for every
D € Qurir(xstp,r) with £I(C) >, £1(C) <1—7, £F(C) <1 —rsuch that

Tp(k1) + Ty (x1) > Te(k) +1,  Ip(xy) + Iy(x1) < le(x1) +1,  Fp(rr) + Fy(x1) < Fe(xp) + 1.

Therefore, by Lemma 1, x5:, € C,rir(H,r) which is a contradiction for Equation (3). Hence,
Hy < Corir(H, 7).
(«=) Suppose H; # C_rir(H;,r). Then, there exists s, f, p € Iy and x € S such that

Ty () <8 < T pyeap (), Dy () 2 8> Ie o ap ) (K), Fap () 2 p > Fe ez (€). (4)

Since Tc . (urr) (K) 2t I e (€) <5, Conie(Hy,7)(x) < p we have x5, € Corir(Hf, 7). So,
there is at least one k1 € S with R € Q_rir(xs,p,7) such that

TR(Kl) + T’H;*(Kl) >1, IR(Kl) + IH;*(Kl) <1, FR<K1) +FH;(K1) <1

Therefore, H;((Kl) 7é 0. Let 51 = TH;‘ (Kl)/ t = IH;‘ (Kl)/ and pP1 = F’H? (Kl). Then, (Kl)slztlrpl S fH:
and s1 + TR(Kl) >1,t + IR(Kl) <1,and p; + FR<K1) < lsothatR € QTTIF((Kl)SLh,m/r)‘ Now,
(1 )5y 40, € Hj implies there is at least one k' € S such that Tp(x') + Ty(k') —1 > Te(x ), Ip(x') +
Iy(K) =1 < Io(x'),and Fp (k') 4+ Fy (') =1 < Fo(x' ), forall LT(C) > r, £1(C) < 1—r, LE(C) <1—7,
and D € Q.rir((%1)sy,t1,p,,7). That is also true for R. So there is at least one k" € S such that
Tr(x') + Ty(k') =1 > Te(x"), In(x") + By(x") =1 < Ie(x"), and Fr(x") + Fy(x') =1 < Fe(x').
Since R € Q. rir(kstp,7) and R is arbitrary; then Ty (k) > s, Iz (k) < tand Ty (x) < p. Itisa
contradiction for (4). Thus, Hy > C_ s (HF, 7).

(4) (=) Can be easily established using standard technique.

(5) (=) Since H,R < HUR.By (1), Hf < (HUR); and R} < (HUR);. Hence, H; U B} <
(HUR)}.

(<) Suppose (H;y UR}) # (HUR);. Then, there exists s, t, p € Iy and x € S such that

Tiagrurs) (€) <5 < Tiguryr (€), Liagpurs) (€) =t > Liyur): (), Fagurs) (€) = p > Faurys (). (5)

Since Tiyrurs) (k) < s, Iiggrumry) (k) > t, and Figrupy) (k) > p, we have Ty (k) < s, Iy (x) > ¢,
Fys(x) > por Trs(x) < t, Irz(x) > t, Frs(x) > t. So, there exists D1 € Q. 1ir(Xst,p, 1) such that for
every x; € S and for some LT (Cy) >, £LI1(C;) <1—r, LF(C;) < 1—r, we have

Tp, (k1) + Ty (k1) =1 < Te,(x1), Ip (k1) + I (k1) =1 > I (k1), Fp,(x1) + Fy(x1) —1 > Fe, (k7).

Similarly, there exists Dy € Qqrir (s, 7) such that for every x; € S and for some LT(C;) > 7,
L1(C) <1—7r,LF(C) <1 —r,wehave

Tp, (k1) + Ty (k1) — 1 < Tey (1),  Ip, (1) + Ipg(x1) — 1> I, (x1), Fp,(x1) + Fy(x1) — 1 > Fe, (x1).

Since D = D1 AD; € Q. 1ir (xs,t,p/ 1’) and by (L3), L:T(Cl U Cz) > [:T(Cl) N £T(Cz) >, EI(Cl U Cz) <
L1(C)ULN(C) <1 —r,and LF(CLUC,y) < LT(C1) U LT(Cy) <1 —r. Thus, for every k1 € S,

Tp(x1) + Trun (k1) — 1 < Teyue, (x1),
ID(Kl) + IRUH (Kl) -1 Z IC]UC2 (Kl)/
Fp(x1) + Frup (k1) > Feyue, (k1)-
Therefore, Tyury: (k) <, [i3ur)x (k) > t, and Figyur): (k) > p. So, we arrive at a contradiction for

(5). Hence, (Hy UR}) > (HUR);.
(6), (7), and (8) can be easily established using the standard technique. [
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Example 4. Let S = {a,b}. Define R,C,H € S as follows:

Ry = ((0.5,05,0.5),(0.5,0.5,0.5), (0.5,0.5,0.5)); Ry = ((0.4,0.4,0.4),(0.1,0.1,0.1), (0.1,0.1,0.1));

Rs = ((0.3,0.3,0.3),(0.1,0.1,0.1), (0.1,0.1,0.1); C; = ((0.3,0.3,0.3),(0.3,0.3,0.3), (0.1,0.1,0.1));

C, = ((0.2,0.2,0.2),(0.2,0.2,0.2),(0.1,0.1,0.1); Cs = ((0.1,0.1,0.1),(0.1,0.1,0.1), (0.1,0.1,0.1)).

Define T/1F, LTIF : [X — T as follows:

1, if H=(0,1,1), 1, if H=1(0,1,1),
tH(H) =< 1, if H=(1,0,0), L'H)=% 1, if H=0Cy,
3. if H="TRy 5 f0<H<Cy
0, if H=1(0,1,1), 0, if H=1(0,1,1),
0, if H=1(1,0,0), LYR)=1 3, if H=0C,,
1 if H="Ry 1 ifO<H<Cy
0, if H=1(0,1,1), 0, if H=1(0,1,1),
0, if H=(1,0,0), LEH) =X L ifH=0s,
3 if H="TRs; 1 ifO<H<Cs

Let G = ((0.4,0.4,0.4), (0.4,0.4,0.4), (0.4,0.4,0.4)). Then, G} = R.
2

Theorem 4. Let {H;}ic; C I be a family of single-valued neutrosophic sets on S and (S, T7'F, LTIF) be an
SVNITS. Then,

@ (UH)y:ie])<(UHi:ie])ys
2 (NH)y:ie]) =2 (NHi:i€]);.

Proof. (1) Since H; < UH; for all i € [, and by Theorem 3 (1), we obtain
(UH)DF,ie]) < (UH; i€])r. Then, (1) holds.
(2) Easy, so omitted. O
Remark 3. Let (S, tTF, LTIF) be an SVNITS and H € IS, we can define
(C;T”:(H,T) = HUH:, int;wp(’H,?’) =HA [l_ (l—H);f]

It is clear, C*ryp is a single-valued neutrosophic closure operator and (tT(LT), e (L), T (LF) is the
single-valued neutrosophic topology generated by C*r ., i.e.,

™ = U{rl Corir L —H,7r) =1—H}.

Now, if LTTF = LITF, then, C*pyp(H, 1) = Hf UH = Crpyp(H,r) UH = Corir(H, 1), for H € 15. So,
TIF*(ﬁTIF) TIP

Proposition 3. Let (S, 77F, LTIF) be an SVNITS, r € Iy, and H € IS. Then,

(1) (C:TIF (lr 7") =1
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(2) (C:TIF 0r) =0

(3) intiyyp(HUR,r) <intipp(H,r) Uintin (R, 7);

(4) int:ﬂp(/H, r)<H< C:T”: (H,r) < Crie(H,1);

(5) Coyp(l=H,r)=1—intlpp(H,r)and 1 — Clpypx(H, 1) = intlpyp (1 —H,r);
(6) intiypr(HNR, 1) =intinp(H,r) Nintip (R, 7).

Proof. Follows directly from definitions of (C;T,p, int;m, C, 117, and Theorem 3 (5). O

Theorem 5. Let (S, 7/, LTF) and (S,t/E, LTIF) be SVNTS's and t['F < <], Then,
M (JTF, LTIF) < 1 («]TF, £TIF),

Proof. Suppose H; (7] F, LTIF) £ Hy(t]!F, LTIF). Then, there exists s, t, p € Iy, x € S such that

TH*( TIF ﬁTIF)( ) >s>T ;(TlTIFLTIF)(K),
I’HNTZTIF,LTIF)(K) <t<I ;&(TlTIF’LTIF)(K), (6)

FH;(TEIF,LTIF)(K) <t< PHﬁ(T;"lFrﬁTIF)(K)-

Since THNTlTIF,LwF)(K) <s, I'Hr*(TlTIF,ETIF) (k) >t, FH;(TlrlF,Em) (k) > p, there exists D € QTlTIF(xs,t,p/r)
with £T(Cy) > r, £1(C;) <1—rand £F(C;) <1 —r, such that for any 1 € S,

Tp(k1) + Ty (k1) =1 < Texq), Ip(ky) +Iy(x1) =1 > Ie(x1), Fp(x1) + F (k1) —1 > Fe(xp).

Since T/'f < ¢, D € Qrzm(xs/t,p,r). Thus, TH;(TZTIF,LTIF)(K) < s, IH?(TZT’F,CT’F))(K) > t,
By (o, criry (1) = p. Itis a contradiction for Equation (6). [

Theorem 6. Let (S,TTIF,ﬁlT[F) and (S,TTIF,ﬁzTIF) be SVNTS's and ClTIF < EzTIF. Then,
H:(ﬁlTIP’ TTIF) > Hx (CTIF, £ TIF),

Proof. Clear. U

Definition 14. Let © be a subset of I°, and 0 ¢ ©. A mapping BT, B!, BF : © — I is called a single-valued
neutrosophic base on S if it satisfies the following conditions:

1) BT(1) =1and p'(1) = B (1) = 0;
(2) Forall H,R € O,

BT(HNR) > pT(H)NBT(R), B(HNR) <B(H)UB(R), BF(HNR) < BF(H)UFF(R).

Theorem 7. Define a mapping p: ® — I on S by

"H)=J{rTR)NIT(C)| H=RN(1-C)},
=M{'(R)UZ'(C)|H=RN(1L-C)},

= R)UZFC)H=RN(1-C)}.
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Then, BT'T is a base for the single-valued neutrosophic topology T''F*.

Proof. (1) Since £T(0) = 1and £/(0) = £F(0) = 0, we have 7 (1) = 1and p'(1) = g5 (1) =0;
(2) Suppose that there exists H1, Hy € © such that
BT (H1NHy) # BT (H1) N BT (Ha),
B'(HiNHa) £ B (H1) UB! (Ha),
Y (HaNHa) £ 7 (H1) U BT (Ha).

There exists s, t, p € Iy and k¥ € S such that

BT (H1NH2) (k) < s < BT (H1)(x) N BT (H2) (),
Bl (i NH2) (k) = t > B! (H1)(x) N B! (H2) (1), @)

B (1N H) (k) = p > BT (Ha) (1) U BT (Ha) ().

Since BT(H1)(x) > 5, BI(H1)(x) < t, BEHI)(K) < p, and BT(Ha)(x) = s, BI(Ha)() < t,
BF(H2)(x) < p, then there exists R, R1,C1,Cr € @ withHy = RiN(1—Cq)and Ho = RoN (1 —Ca),
such that BT(Hy) > TT(Ry) NLT(C) > s, BI(H1) < TRy ULIC) < t, BF(Hy) <
H(R1) U LE(C1) < p, and BT(Hp) > T1(Ro) NLT(Cy) > 5, BI(H2) < TH(Ry) U LI(CG) < ¢,
BF (H2) < tF(R2) U LF(Cy) < p. Therefore,

HINH, = (Rl N (l—Cl)) N (Rz n (l—CQ))
=(RiNR2)N(L-C)N(L-C2))
= (Rl ﬂRz) N (l— (C1 UCz)).

Hence, from Definition 14, we have

>t RINRY) NLY(CLUG)
>t (R) Nt (R2) N LT(C) N LT(Cy)
= (" (R1) N LT(C1)) N (T (R2) N LT (C2)) >,

RN Rz) U EI(C1 U Cz)

,BI(H1 N Hg) < TI(

<t (Ry) Ut (Ry) UL (Cr) U L(C)

= (R U LEC)) U (TH Ry U LI(C)) < t,
‘BP(/H1 mer) TP(Rl ﬂRz) UEF(Cl UCz)

<
< (Ry) U (Ry) U LF(Cr) U LF(Cy)
= ("R U L)) U (TF(Ro) U L (C)) < .

It is a contradiction for Equation (7). Thus,
BT (H1NHa) > BT (H1) NPT (Ha), B (H1 N Ha) < BH(H1) U B (Ha), BT (Ha N Ha) < BF(H1) U BF(Ha).

O
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Theorem 8. Let (S, T7IF) be an SVNTS, and LTF and LT'F be two single-valued neutrosophic ideals on S.
Then, for every r € Iy and H € IS,

(1) H?(C{IF N E%“IFI TTIF) — /Hf([,{n:, TTIF) U H;(‘C%“IFI TTIF),
(2 MF(CTFU LT, ) = Ay (LT, 77 (C1F) O A (LJF, T (LTF)).

Proof. (1) Suppose that H; (LTTE N LITF, 7 TIE) £ 3x(LTIE £ TIE) Y 3x (LTIF, 7T1F) there exists k € S
ands, t,p € Iy such that

Ty (crrcr,ery () 28 > Ty o7 omy () U Ty 1 o1y (K), (8)

L e1mne, oy (8) <8< D en oy (8) U Ly 1 1y (K),

FH;(Lfﬁﬁg,TF) (K) < p S F ;((ﬁ{:,TF)(K) NF :(ﬁgﬂ_p) (K)

Since T’H:((,C{,TT) (K) U TH?(,C;,TT) (K) < S, I’H;(,C{,T[) (K) ﬂ I’H?(ﬁé,TI)(K) 2 t, F’H:(L:T,TF) (K) ﬂ
Fyrcr oy () = p, we have, Typipromy (k) < s, Lyeipr oy(K) > £ Fypprory(x) > p, and
I’H;([é,TI) (K) < S, IH;((Ké,TI)(K) Z t, FH;((KIZ:,TF) (K) Z P

Now, TH:(EIT,TT)(K) <s, IH;(E{,T’)(K) > t, FH,;(L{"’TF)(K) > p implies that there exists D; €
Q11 (x5t p,7) and for some LT(C;) > r, £1(C1) < 1—rand £E(C1) < 1—r such that for every
K1 € S,

Tp, (k1) + Ty (K1) =1 < Te,(x1), Ip,(x1) +Iy(x1) =1 > Ie, (x1), Fp,(x1) + Fy (1) — 1 > Fe, (x1).

Once again, TH;(LZT,TT)(K) <'s, IH:(%,TI)(K) > t, FH;([:;TF)(K) > p, implies there exists D, €
Q.11 (x5t p,7) and for some L3 (Cy) > r, £3(C2) < 1—rand £5(C,) <1 —r,such that forx; € S,

Tp,(x1) + Ty (k1) =1 < Te,(x1),  Ip,(x1) + Iy (k1) —1 > I, (),  Fp,(x1) + Fyy(x1) — 1 > Fe, (1),
Therefore, for every 1 € S, we have

Tp,np, (k1) + Ty (1) — 1 < Teyne, (K1), Ipup, (k1) 4 Iy (k1) =1 > I ue, (K1),

Fp,up, (1) + Fy (k1) — 1 = Feyue, (k1)

Since (D1 A D2) € Qurir(xsp,7) and (LI N LI (C1NC) > 7, (LN LY (CUC) <1—rand (£IN
LE)(C1UCy) > 1—r we have TH?(ﬁlTﬂﬁzTrTT)(K) <s, IH?(K{ﬂﬁé,TI)(K) > t, and Fm(ﬁlpmﬁg,Tp)(K) > t
and this is a contradiction for Equation (8). So that

Hr(LTIF A LTI 1 TIF) < 34 (LTI o TIFy G g (CTIF, £ TIF),
On the opposite direction, ﬁlTlF > ElTIP N L‘2TH: and £2TIF > ElTIP N L‘2TH:, so by Theorem 3 (2),

HE(LTIF A LT 1T) > 305 (LTI, 2 TIFy G s (CTIF, £ TIF),

Then,

HE(CTIE () LTIF TIF) = 90 (£TIF £ TIFy g (CTIF, £ TIF),

(2) Straightforward. O
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The above theorem results in an important consequence. T/ /F*(LTF) and [tT1F*(LTIE)*(LTIF)
(in short T*) are equal for any single-valued neutrosophic ideal on S.

Corollary 1. Let (S,t'F,LTIF) pe an SVNITS. For every r € Iy and H € 1%, H(LTF) =
H*(ETIF TTIF*) and TTIF*(ETIP) — TTIF**
T 4 .

Proof. Putting £T'F = £I!F in Theorem 8 (2), we have the required result. [

Corollary 2. Let (S, tTF) be an SVNTS, and LTIF and LTIF be two single-valued neutrosophic ideals on S.
Then, for any H € IS and r € I,

(1) (L] O] = (L)) (L) = (T (LT ) (),
(2) TT*(E{IF N E%"IF) — TTIF*(EIIF) N TT*(EgIF).

Proof. Straightforward. O

Definition 15. For an SVNTS (S, t''F) with a single-valued neutrosophic ideal T''F, TTIF is said to be
single-valued neutrosophic ideal open compatible with ZT'F, denoted by t™'F ~ LTIF, if for each H,C € I°
and x5, € Hwith LT(C) > 1, L1(C) < 1—r,and LF(C) < 1 —r, there exists D € Qrir (x¢, 1) such that
Tp(k) + Ty (x) —1 < Te(x), Ip(x) + Iy (k) — 1 > I (x), and Fp(x) + Fy(x) — 1 > Fe(x) holds for any
k€S, then LT(H) >r, LI(H) <1—rand LE(H) <1—r

Definition 16. Let {R;};c; be an indexed family of a single-valued neutrosophic set of S such that R;qH
for each j € ], where H € I°. Then, {R}jej is said to be a single-valued neutrosophic quasi-cover of . iff
Ty (k) + ijej(Rj)(K) >1, Iy(x) + IV,-E/(R]-)(K) < 1,and Fy(x) + ijel(Rj)(K) <1, for every x € S.

Further, let (S, ‘L'TIF) be an SVNTS, for each TT(RJ-) > 7, TI(R]') <1-—r and TF(R]-) <1-r.
Then, any single-valued neutrosophic quasi-cover will be called single-valued neutrosophic quasi
open-cover of H.

Theorem 9. Let (S, t''F) be an SVNTS with single-valued neutrosophic ideal LT'F on S. Then, the following
conditions are equivalent:

(1 t~L

(2)  If for every H € IS has a single-valued neutrosophic quasi open-cover of {R;}jej such that for each
jr Tu(x) + Tr,(x) =1 < Te(x), Iy(x) + Ig;(x) =1 > Ic(x), and Fy(x) + Fg;(x) — 1 > Fe(x)
for every x € S and for some LT(C) > r, LI(C) < 1—r, and LF(C) < 1 —r, then LT(H) > 1,
LYH)<1—r,and LF(H) <1—7,

(3) Forevery H € IS, HAH: = (0,1,1) implies LT(H) > r, L1(H) <1—r,and L5 (H) <1 -7,

(4) ForeveryH € IS, LT(H) > r, LY(H) < 1—r,and LF(H) < 1 —r, where H = V Xs t,p such that
Xstp € Hbut x5p & Hy,

(5) Forevery T*(1—H) >r, t*(1—H) <1—r,and T7*(1 —H) < 1 —r we have LT(H) > r,
LUH) <1—r,and LE(H) <1—7,

(6) Forevery H € I°, if A contains no R # (0,1,1) with R < R}, then LT(H) > r, LI(H) <1 -7,
and LE(H) <1—r.

Proof. It is proved that most of the equivalent conditions ultimately prove the all the equivalence.
(1)=(2): Let {R};cj be a single-valued neutrosophic quasi open-cover of H € IS such that for
je ], Tyulx)+ TR].(K) —1 < Te(x), Iy(x) + IR].(K) —1 > Ie(x), and Fy(x) + Fg;(x) =1 > Fe(x) for
every x € R and for some LT (C) > r, £L!(C) <1 —r,and LF(C) < 1 — r. Therefore, as {Rj}jejisa
single-valued neutrosophic quasi open-cover of R, for each x5, € H, there exists at least one Rjo
such that xst,,qR . and for every x € S, Ty (x) + Tg,, (k) —1 < Te(x), Iy(x) + Iy, (k) =1 > Ie(x),
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and Fy(x) + Fg;, (k) =1 > Fe(x) for every ¥ € S and for some cree) > r, £c)
LF(C) < 1—r. Obviously, Rjo € Qrir(xst,p, 7). By (1), we have LT(H) > r, LI(H)
LE(H)<1—7.

(2)=(1): Clear from the fact that a collection of {Rj}je 7, which contains at least one R, €
Q.15 (%s,t,p, 7) of each single-valued neutrosophic point of #, constitutes a single-valued neutrosophic
quasi-open cover of H.

(1)=@): Let HNH; = (0,1,1), for every k € S, x; € H implies xst, ¢ H;. Then, there
exists D € Qurir(xstp, ) and LT(C) > r, LI(C) < 1—r, LF(C) < 1 —r such that for every x € S,
Tp(k) + Ty(x) —1 < Te(x), Ip(x) + Iy (k) — 1 > Ie(x), and Fp (k) + Fy (k) —1 > Fe (k). Since D €
Q.rir (xstp,7), By (1), we have LT(H) > 7, LI(H) <1—r,and LE(H) <1-r.

(3)=(1): For every x5, € H, there exists D € Q 11r (Xs,p,7) such that for every x € S, Tp(x) +
Ty (k) —1 < Te(x), Ip(x) + Iy (x) — 1 > I (x), and Fp(x) + Fy(x) — 1 > Fp(x), for some LT (C) > r,
£i(C) <1—r, £F(C) <1 —r. This implies x5+, & H;. Now, there are two cases: either H} = (0,1,1)
or Hy # (0,1,1) buts > Tyx(x) # 0,t < Iys(x) # 1, and p < Fys(x) # 1. Let, if possible,
Xstp € M such thatt > Ty (k) # 0, < Ipp(x) # 1,and t < Fyx(x) # 1. Lets’ = Ty (x) # 0,
t' = Iy; (k) #1,and p’ = Fy; (k) # 1. Then, xy y .y € Hj(x). Inaddition, x4 v € H. Thus, for every
V € Qurir(xstp, 1), for every LT(C) >, LI(C) < 1 —r,and £LF(C) <1 —r, thereis at leastone x € S
such that Ty (x) + Ty (x) — 1 > Te(x), Iy(x) + Iy (k) =1 < Ie(x), and Fy(x) + Fy(x) — 1 < Fe(x).
Since x5t € H, this contradicts the assumption for every single-valued neutrosophic point of H. So,
H; = (0,1,1). That means xs;, € H implies x, ¢ H;. Now this is true for every H € IS. So, for
any H € I°, HNH; = (0,1,1). Hence, by (3), we have LT(H) > r, LI(H) <1—r, LF(H) <1—7,
which implies t7F ~ £TIF,

(3)=(4): Let xs,t,pin’}-Nl Then, x5t € H but x5t & H;. So, there exists a D € Q ir(Xs1,p,7) such
that for every x € S, Tp(x) + Ty (x) —1 < Te(x), Ip(x) + Iy (x) —1 > Io(x), and Fp (k) + Fy () —
1 > Fe(x), for some L£T(C) > r, L1(C) < 1—7r, LF(C) < 1—r. Since H < H, for every x € S,
Tp(x) + Tg(xk) =1 < TC( ), Ip(x) + Ly(x) =1 > Ic(x), and Fp(x) + F(x) —1 > Fe(x), for some
LT(C) > r, £1(C) <1—rand LF(C) < 1—r. Therefore, x5, ¢ H? implies that H} = (0,1,1) or
Hr #(0,1,1) buts > TH*,t < Iy, and p < Fy.. Let xg p ,y in SVNP(S) such that s’ < Tﬁ;(K) <s,
t< Iz < t',and p < Fj g (K) < p,ie, xgp, € H*. Then, for each V € Qerir (Xgr 1, 7)
and for each £T(C) > r, LI(C) < 1—7r, £LF(C) < 1 —1r, there is at least one x € S such that
Ty (k) + Ty (k) =1 > Te(x), Iy(x) + Ig(x) —1 < Ie(x), and Fy(x) + F5(x) —1 < Fe(x). Since H <
H, then for each V € Q rir(xy p p/,r) and for each £LT(C) > r, £I(C) < 1—7r, LF(C) < 1-7,
there is at least one k¥ € S such that Ty (x) + Ty (k) — 1 > Te(k), Iy(x) + Iy (k) =1 < I¢(x), and
Fy(x) + Fy(x) —1 < Fe(x). This implies xy v € Hy. Butass' <s,t' <t and p’ < p, x5tp € H
implies xg 1,y € H, and therefore, Xy ¢ & Hy. This is a contradiction. Hence, H; = (0,1, 1), so that
Xstp € H implies Xs,tp & H with Hf = (0,1,1). Thus, H N H; = 0, for every H € IX. Hence, by (3),
LTH)>r, L' (H) <1—r,and LF(H) <1—r.

(4)=(5): Straightforward.

(4)=(6): Let H € IS and H < R # (0,1,1) with R < R}. Then, for any H € IS, H =
HU (HNH}). Therefore, Hi = (AU (HNH})): = HF U (H NHE);. by Theorem 3 (5).

Now, by (4), we have LT(H) >r, LY(H) <1—r,and LF(H) <1 —r, then H} = (0,1,1). Hence,
(HNH;)y = Hrbut HNHy < Hf, then HN A < (HNH));. This contradicts the hypothesis
about every single-valued neutrosophic set H € I S if (0,1,1) # R < H with R < R}. Therefore,
HNH; = (0,1,1), so that H = H by (4), we have LT(#) > r, LI(H) <1—r,and LF(H) <1—r.

(6)=(4): Since, for every H € I°, HN Hy = (0,1,1). Therefore, by (6), as H contains no
non-empty single-valued neutrosophic subset R with R < R, ET(’H) > 7, L] (H) <1-r, and
LEH)<1—r.

(5)=(1): For every H € e, Xstp € H, there exists an D € Q_ 1ir(Xst,p,7) such that Tp(x) +
Ty (x) —1 < Te(x), Ip(x) + Iy (k) —1 > Io(x), and Fp(x) + Fy(x) —1 > Fe(x) holds for every x € S
and for some LT(H) > r, L{(H) < 1—r,and £F(H) < 1 —r. This implies x4, ¢ H}. Let R =
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HUMH]. Then, R} = (HUH;); = Hr U (H;); = H; by Theorem 3(4). So, Cirr (R, 7) = RUR} = R.
That means 77*(1 — R)>r, (1 - R)<1-rand Th* (1-7R) <1 —r. Therefore, by (5), we have
LT(R)>r, LI(R)<1—r,and LF(R) <1—7.

Once again, for any x;p, in SVNP(X), xst,p & R} implies Xstp € Rbut xstp € Ry = H; So,
as B =HV H}, x51p € H. Now, by hypothesis about . Then, for any x5, € H;. So, R = H. Hence,
ET(H) > 7, £1(H) <1-—r,and EF(H) <1-—rie,tIF ~ £TIE O

Theorem 10. Let (S, TTIF ) be an SVNTS with single-valued neutrosophic ideal LTIE on S. Then, the
following are equivalent and implied by T ~ L.

(1)  Forevery H € IS, H AH} = (0,1,1) implies H} = (0,1,1);

(2) ForanyH € ICH 7-7;* =(0,1,1);

(3)  ForeveryH € IS, H AN H} = H}.

Proof. Clear from Theorem 9. O

The following corollary is an important consequence of Theorem 10.

Corollary 3. Let T/'F ~ LTIF. Then, B(t™F, LTIF) is a base for 71T and also B(tT'F, LTIF) = £ TIF*,

Definition 17. Let H, R € SVNS on S. If H is a single-valued neutrosophic relation on a set S, then H is
called a single-valued neutrosophic relation on B if, for every x,x1 € S,

Tr (1, x1) < min(Ty(x), Ty (x1)),

Ir (x,%1) > max(Iy(x), Iy (x1)), and

Fr (1, k1) = max(Fy (i), Fy (k1))

A single-valued neutrosophic relation H on S is called symmetric if, for every x,x1 € S,
Ty(x, 1) = Ty (r1,x),  Iyy(x, 1) = Iy(xy, ), Fyy(ic,50) = Fyy (i1, %); and

TR(K/ Kl) = TR(KLK) IR(KI Kl) = IR(Kll K)/ PR(KrKl) = FR(Kll K)-

In the purpose of symmetry, we can replace Definition 3 with Definition 17.

5. Conclusions

In this paper, we defined a single-valued neutrosophic closure space and single-valued
neutrosophic ideal to study some characteristics of neutrosophic sets and obtained some of their
basic properties. Next, the single-valued neutrosophic ideal open local function, single-valued
neutrosophic ideal closure, single-valued neutrosophic ideal interior, single-valued neutrosophic
ideal open compatible, and ordinary single-valued neutrosophic base were introduced and studied.

Discussion for further works:
We can apply the following ideas to the notion of single-valued ideal topological spaces.

(@) The collection of bounded single-valued sets [53];
(b)  The concept of fuzzy bornology [54];
(¢) The notion of boundedness in topological spaces. [54].
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Abstract: This paper aims to introduce the notion of r-single-valued neutrosophic connected sets in
single-valued neutrosophic topological spaces, which is considered as a generalization of r-connected
sets in Sostak’s sense and r-connected sets in intuitionistic fuzzy topological spaces. In addition,
it introduces the concept of r-single-valued neutrosophic separated and obtains some of its basic
properties. It also tries to show that every r-single-valued neutrosophic component in single-valued
neutrosophic topological spaces is an r-single-valued neutrosophic component in the stratification of
it. Finally, for the purpose of symmetry, it defines the so-called single-valued neutrosophic relations.

Keywords: stratification of single-valued neutrosophic topological spaces; r-single-valued neutrosophic
separated; r-single-valued neutrosophic connected and r-single-valued neutrosophic component

1. Introduction

Under a neutrosophic environment, Smarandache had established a generalization of intuitionistic
fuzzy sets. His neutrosophic framework has a very large impact of constant applications for different
fields in applied and pure sciences. In 1965, Zadeh [1] defined the so-called fuzzy sets (FS) and,
later on, Atanassov [2] defined the intuitionistic fuzzy sets (ZFS) in 1983. Topology is, of course,
a cornerstone notion of mathematics, especially for ordinary subjects. The main concept of fuzzy
topology (F7T) was defined by Chang [3]. Moreover, Lowen [4] gave the introduction to the
concept of stratified fuzzy topology in the sense of Chang’s fuzzy topology. Lee et al. and Liu
et al. in their papers [5,6] investigated fuzzy connectedness (F-connected) in fuzzy topological spaces.
Again, researchers in [7-10] have studied the concept of (F-connected). Sostak [11], however, also
introduced the concept of smooth topology as an extension of Lowen and Chang’s work.

In his paper [12], Smarandache characterized the neutrosophic set into three segment neutrosophic
sets (F-Falsehood, I-Indeterminacy, T-Truth), and neutrosophic topological spaces (SVN'T) presented
by Salama et al. [13,14]. Single valued neutrosophic sets (in sort, SVA) were proposed by
Wang et al. [15]. Meanwhile, Kim et al. [16] inspected the single valued neutrosophic relations
(SVNRs ) and symmetric closure of SVN'R, respectively. In recent times, Saber et al. [17] familiarized
the concepts of single-valued neutrosophic ideal open local function and single-valued neutrosophic
topological space.
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In this paper, we introduce the concept of r-single-valued neutrosophic connected sets and
r-single-valued neutrosophic component in single-valued neutrosophic topological spaces. We then
define the stratification of the single-valued neutrosophic topological spaces and show that every
r-single-valued neutrosophic component in a single-valued neutrosophic is an r-single-valued
neutrosophic component in the stratification of it. We have performed distinguished definitions,
theorems, and counterexamples in-depth analysis to investigate some of their significant properties
and to find out the best results and consequences. It can be said that different crucial notions in single
valued neutrosophic topology were developed and generalized in this article. Different attributes like
connectedness and stratification which have a significant impact on the overall topology’s notions
were also studied.

Innovative aspects and benefits of this article compared to relevant recent research on groups
related to it are very useful. This paper studies connectedness and stratification of single-valued
neutrosophic topological spaces. What makes this paper interesting is the introduction of the concept
of r-single-valued neutrosophic separated. The authors obtain some of its basic properties. They show
that every r-single-valued neutrosophic component in single-valued neutrosophic topological spaces
is an r-single-valued neutrosophic component in the stratification of it.

A neutrosophic set is a power general formal framework, which generalizes the concept of the
classic set, fuzzy set, interval valued fuzzy set, intuitionistic fuzzy set, and interval intuitionistic fuzzy
set from a philosophical point of view. The applications aspects of these kinds of sets can be further
noted. It can be seen In Geographical Information Systems (GIS) where there is a need to model
spatial regions with indeterminate boundary and under indeterminacy (see [18]). In addition, possible
applications to superstrings and {* space—time are touched upon (see [19]). It can also be applicable to
control engineering in average consensus in multi-agent systems with uncertain topologies, multiple
time-varying delays, and emergence in random noisy environments (see [20]).

In this work, X is assumed to be a nonempty set, { = [0,1] and (o = (0,1]. Fora € , &(x) = a
for all x € X. The family of all single-valued neutrosophic sets on X is denoted by { X,

2. Preliminaries

This section is devoted to bring a complete survey and previous studies and important related
notions and ideas.

Definition 1 ([21]). Let X be a non-empty set. A neutrosophic set (briefly, N'S) in X is an object having
the form

S = {{x,7s.7s, fis) : x € X},

where ¥g,1js, fis and the degree of membership (namely i s (x)), the degree of indeterminacy (namely fjs(x)),
and the degree of non-membership (namely fis(x)); for all x € X to the set S. A neutrosophic set S =
{{x,9s,7is, fis) : x € X} can be identified as ¥s,7is, fis in | 70,17 in X.

Definition 2 ([22]). Suppose that S and & are N'S's of the form S = {(x,9s,7s,fis) : x € X} and
E={(x,7s,7is, fis) : x € X} Then, S C &, iff for every x € X,

inf’?S(x) < infig(x), infﬁg(x) > infﬁg(x), infﬂg(x) > infﬁg(x),

sup 7s(x) <sup¥e(x), supis(x)>supie(x), supfis(x) > sup fig(x).

Definition 3 ([15]). Let X be a space of points (objects), with a generic element in X denoted by x. Then, S is
called a single valued neutrosophic set (briefly, SYN'S) in X, if S has the form S = {(x, ¥s,7is, fis) : x € X},
where §s, s, fis : X — [0,1].
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In this case, ¥s,Tjs, fis are called truth-membership, indeterminacy-membership, falsify-membership
mappings, respectively, and we will denote the set of all SYN' S's in X as 1X. Moreover, we will refer to the
Null (empty) SVN'S (resp. the absolute (universe) SVN'S) in X as 0 (resp. 1) and defined by 0 = (0,1,1)
(resp. 1= (1,0,0)) for each x € X.

Definition 4 ([15]). Let S = {(x,9s,fis, fis) : x € X} be an SVN'S on X. The complement of the set S
(briefly S°) is defined as follows:

Vse(x) = fis(x), fise(x) =1—=7s(x), fse(x) = Ts(x),
for every x € X.

Definition 5 ([23]). Let S = {(x,7s,7s,fis) : x € X} and € = {(x,F¢,7ie, fig) : x € X} be an
SVNS. Then,

(i) A SVNS S is contained in the other SVN'S & (briefly, S C &), if and only if

for every w € X,
(ii)  we say that S is equal to €, denoted by S = E,iff S C Eand S O €.

Definition 6 ([22]). Let S = {(x,9s,7is,fis) : x € X} and & = {(x,9¢,7i¢,fic) : x € X} be an
SVNS. Then,

(i)  the intersection of S and & (briefly, SN E) isa SVN'S in X defined as:
SNE = (FsNTe, s Ule, fis U fic)

where (fis U fig)(x) = fis(x) U fig(x) and (¥s N 5e) (x) = Fs(x) N Y (x), forall x € X,
(i) the union of S and € (briefly, SUE) is an SVN'S on X defined as:

SUE = (s U e, fis Nijg, fis Nfig).

Definition 7 ([13]). Let {S;,j € T'} be an arbitrary family of SVN'S’s on X. Then,
(i) the intersection of {S;,j € T'} (briefly, Njcr S)) is SVN'S over X defined as:

(NS = (N 7s(x), Uiis(x), U fis;(x))
Jer jer jer jer
forallx € X,
(i) the union of {Sj,j € T'} (briefly, Ujcr Sj) is SVN'S over X defined as:

(U8 = (U 7s,(x), s, (x), () 7is; ()

jer jer jer jer
forall x € X.

Definition 8 ([24]). A single-valued neutrosophic topology (SVN'T) on X is an ordered triple (£7, %, %) as
mappings from 7 to { such that:
(SVNT1) %7(0) = 7(1) = 1and T1(0) = 1(1) = t#(0) = (1

)=0,
(SVNT2) #7(SNE) > 1(S)NTV(E), T(SNE) <TN(S)U

1(E),

[t}
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(&), forall S, & € ¥,

fl
(SVNT3) f"y(U]'erSj) > ﬂ]‘erf’7 S]'), f‘ﬁ( 1€FS) < Ujerfﬁ(Sj),
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The quadruple (X, 7,7, ") is called SVN'TS. 7, ¥ and " may be interpreted as the degree
of openness, the degree of indeterminacy, and the degree of non-openness, respectively, and any single
valued neutrosophic (briefly, SVN'S) set in X is known as a single valued neutrosophic open set
(briefly, -SVNO) set in X. The elements of 77, %7, ¥ are called open single valued neutrosophic sets
(such that, for any SVN'S S € X and r € Iy, we obtain 7(S) > r, #1(S) <1 —r,and 7(S) <1 —7].
Then, the complement of --SVNO is a single valued neutrosophic closed set (briefly, --SVNC), and this
will cause no ambiguity. Occasionally, we will write T77# for (7,77, t"), and it will be no ambiguity.

Definition 9 ([17]). Let (X,t7,%1,%#) be an SYN'TS. A mapping C : Xxgy = X is called
a single-valued neutrosophic closure operator if, for every S,€ € (X and r,s € (o, it satisfies the
following conditions:

(C1) C(0,r) =0,
(C2) S <C(S,r),
(C3) C(S,r)UC(E,r)=C(S
(Cy C(S,r) <C(S,s)ifr <s
(C5) C(C(S,7),1) = C(S, 7).

UE&,r),

The pair (X, C) is a single-valued neutrosophic closure space (briefly, SVA'CS).

Theorem 1 ([17]) Let Cz5 21 7 be an single-valued neutrosophic closure operator on X. Define the mappings
Tg ,fg ,TC QX—>§by

i (8) =Ulr€do| Cor(8°r) = 8% 7 (S) =1 -r€ 8| Cu(S5r) = S,

=({1-relo|Cau(Sr) =5

Then, (TC ,Tg ,Tg yisan SYN'T on X.

T

Definition 10 ([25]). Let f : (X, =
to be SV N -continuous if T, (S

Segl

Y 7, 5 ) be a mapping and r € Co. Then, f is said
($), T(S) = T (7 1(S)), and H(S) = (£ 1(S)) foral

3. Connectedness in Single-Valued Neutrosophic Topological Spaces

The aim of this section is to introduce the r-single-valued neutrosophic separated (briefly,
r-SVN SEP), r-single-valued neutrosophic connected (briefly, -SVNCON), and r-single-valued
neutrosophic component (briefly, -SVNCOM).

Definition 11. Let (X,%7,%7,%") be an SYNTS. For every S,E,R € tX, S and € are called
r-single-valued neutrosophic separated (briefly, r-SVN SEP) if for r € Lo,

Cerzi 21 (S,1)NE = Cyy i i (E,1) NS =0

T
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A SVNS, R is called r-single-valued neutrosophic connected (briefly, -SVNCON) if -SVNSEP S, € €
— {0} such that R = S U € does not exist. A SVN'S R is said to be SYN'CON if it is -SVNCON for
any r € o. A quadruple (X, 27,1, ¥") is said to be -SVNCON if 1is -SVNCON.

Remark 1. Let S and € be r-SVN SEP. Then for every R € (X and r1 < r. We have Ceiznzn(R,11) <
Cir 21 20(R, 1), and S and & are said to be r1-SVN SEP. Conversely, from this fact, if R is 11-SVNCON
and r > 11, then R is called r-SVNCON.

Example 1. Let X = {a,b,c} be a set. Define &, &, € (X as follows:
& =((1,1,0),(1,1,0),(1,1,0)); & = ((0,0,1),(0,0,1),(0,0,1)).

We define an SYN'T (£7,%7, %) on X as follows: for each S € 7%,

1,if S =0, 0,if S =0,
1Lif =1, 0,if S =1,
t1(8) =< 1ifS=¢&, H(S) =< 3,ifS=&,
%/lfS:ng %/Zf‘S:gZ/
0, otherwise, 1, otherwise,
0,if S =0,
0,if S=0,
f"ﬂ(S): %;lf‘g:gl/
Lifs=8&,
1, otherwise.
We thus obtain
0, if S=0,r€,
- 5§,if8<51,r<—1—r2%
SR (8,7) = ELif S < &,r < < z,1—r> %,
0, otherwise.
Ifr < % and 1 —r > %, then £5 = 7fﬁ,f,z(é'l,r) N& = 0and & = Ciign T}l(é'z & =0

1) N :
Thus, & U & = 1 is not r- SV./\/C(’)Nforr <landl—r>2 Ifr>tand1—r < %, (X,27,%7,%0)
is -SVNCON.

Before we proceed further, we need to recall the following theorem given in [17] and prove its
second part.

Theorem 2 ([17]). Suppose that (X, ¥7,%1, ") is an SYN'TS . Foreveryr € {pand S € Z%, Define an
operator Cz5 27 2 {Xxgo — { as follows:

Coranan(S,r)=(HE€TX <S8, TNE) >r, F(E) <11, T(E) <11}

Then,

(1) ( s T'V #, T;l) VISVNCS

@ =t =tladzl =17
7,21 2 7,21 2 7,2 7

Proof. (1) It has been proven in [17].
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(2) Suppose that t7(£) = r, T1(£) = 1 —r and T#(R) = 1 —r. Then, Cs; 17 1 (E,1) = E°.
Therefore, 7! > 17, fg < #%Tand ”g < " Suppose that
7 7 e 7,2, 2 7,71 #H
(A 4 L S S A
T2 7,2 H 7,71 &

By the definition of Cz; 37 z1, we have T7(€) > r, #71(€) < 1—rand 7 (€) < 1—r. Itis a contradiction
for Equation (1). O

Example 2. Let X = {a,b} be a set. Define &, &, € {X.
& = ((02,0.2),(03,0.3), (0.3,03)); & = ((0.5,0.5), (0.1,0.1), (0.1,0.1)).

We define the mapping C : X x gy — ¥ as follows:

0, if §=0, rel,

EN&, if 0£S<ENE, 0<r<],

&, if S<&,8%&, 0<r<i,
C(S,r)= or0£S<E t<r<i,

&, if S<&ESLE, 0<r<i,

EUE, if 0£S<&EUE, 0<r<],

1, otherwise.

Then, C is a single-valued neutrosophic closure operator. o
From Theorem 1, we have a single-valued neutrosophic topology (!, Tg, Tg) on X as follows:

1, if S=1or0,
2, ifs=¢
1 : _ ¢cC
5 _ 5, if §=E&;,
TC(S) %/ ZfSZEfUHC,
3 if S=ENES,
0, otherwise.
0, if S=1o0r0,
L Fs=¢,
1 : c
o _ ) b ifS=6,
TO=N L s—etue,
%, if S=¢&NE;,
1, otherwise.
0, if S=T1or0,
LifS=¢g,
1 : c
Aoy ) 20 FS=6&,
(S) L ifs=¢ug,
5 if S=ENES,
1,  otherwise.
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Thus, the (T(':7 , Tg, g) is a single-valued neutrosophic topology on X.

Theorem 3. Let (X, ©7,T7,T") be an SVN'TS. Then, the following are equivalent.

(1) X, %7, 21, %) is -SYNCON.

2 fSUE=Tand SNE =0 for (FV(E) > r, T1(E) <1 -1, (E) < 1—71)and (F7(S) > 1,
t1(S) <1—r,T(S) <1-7), thenS-OorS:(),

3) fSUE =T, ENE = 0for (TT(ES) > r, T1(£°)

t1(8¢) <1—1,%(S)<1—7), thenE =00rS =

—

.—‘

EY < 1—rT(E) < 1—71)and (T7(S) > 1,
0.

,-l

Proof. (1)=>(2): Let there exist S, £ € (X — {0} such that for every (£7(£) > r, ¥1(€) <1—r, T (E) <
1—r)and (£7(S) > 71, #1(S) <1-r,t(S) <1-7r),SUE =1,85NE =0. It implies

S‘NE =0, SfUE =1.
Since Czy 21 71 (S, 1) = S and Cyj 27 z1(E6,7) = E° from Theorem 2, S¢ and &£° are r-SVNSEP.
Suppose S = 1. Then, £ = SNE = 0. It is a contradiction. Hence, 8¢ € X — {0}. Similarly,
£¢ e ¢X — {0}. Furthermore, S U £¢ = 1. Thus, 1 is not -SVNCON.

(2)=-(3): It is trivial.

(3)=(1): Suppose that (X,%7, ”I"7 ) is not -SVNCON. Then, there exist r-SVNSEP
S,& € X — {0} suchthat SUE = 1. Since SNE < Ciizizn(S,1)NE =0, wehave SNE = 0.
Thus, S¢ N EC = 0 implies £ < S Hence, Czj 27 z1(S, 1) NE = 0 implies, Cer2n 21 (S, 1) < E°.
Thus, Cz; 1 z1(S,7) < S. By Definition 9 (C;), we have Cy; 7 71 (S, 1) = S. By Theorem 2, we obtain
(F7(8¢) > r, T1(S8°) < 1—r, T(8°) < 1 —r). Similarly, we have (£7(£°) > r, ¥1(£°) < 1 -7,
T(E°) <1 —r). Itis a contradiction. [

Lemma 1. Let (X,%7,%7, %) bean SYNTS and S,E,R € Zx. If € and R are -SYNSEP, then SN E
and SN'R are r-SVN SEP.

Proof. Let £ and R be -SVYN SEP. Thus,
Ceizrei(SNET)N(SNR) < Corznzn(E,r) NR =0
Similarly, Cz; 27 1 (SNR,7) N (SNE) = 0. Thus, SNE and SNR are -SYNSEP. O

Theorem 4. Let (X, 7, %1,1) bean SYN'TS and S € {X. Then, the following are equivalent.

(1)  Sisr-SYNCON,
(2)  IfE€and Rarer-SVNSEP suchthat S <EUR, then SNE =00rSNR =0,
(3) If€ and R are r-SYN SEP such that S < EUR, then S < Eor S < R.

Proof. (1) = (2): LetE, R € 7X be -SYNSEP such that S < EUR. ByLemmal SN€and SNR
are r-SVNSEP. Since S is -SVNCON and S =SN(EUR) = (SNE)U(SNR), thenSNE =0
orSNR =0.

(2) = (3): Itis easily proved.

(3) = (1): Let £ and R be r-SVN'SEP such that S =EUR. By (3), S < EorS<R.IfS <&
and &, R are -SVYN SEP, then

R=RNS <RNAE<RACyy 11 2(E,7) =0.
Hence, R = 0. If S < R, similarly £ =0. O
Theorem 5. Let (X, 77, T, ) bean SYN'TS and S, € € 7.
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(1) IfSisr-SVNCON,S < & < Cuapu(S, 1), then € is r-SYNCON.
(2)  IfSand € are r-SYNCON single-valued neutrosophic sets which are not -SVN SEP, then SU € is
r-SYNCON.

Proof. (1) Let R,D € QX be r-SVNSEP such that £ = RUD. Put, Ry =SNRand Dy =SND,
then R and D; are r-SVN SEP such that S = Ry U D;. Since S is -SVNCON, Ry = 0or D; = 0.
IfRy=0thenS =D; =SND =8 < D. Itimplies

& < C"’Y [ (8 7’) < C‘Z"}‘ /el (D 7’)

Hence, R = RNE < RNCy 21 1a(D,7) = 0.

If D; = 0, similarly D = 0. Therefore, £ is -SVNCON.

(2) Let R and D be r-SVNSEP such that SUE = RUD. Since S is r-SVNCON,
by Theorem 4 (3), S < Ror S < D. Say, S < R. Suppose that £ < D. Since (SUE)NR =S
and (SUE)ND =&, by Lemma 1, S and € are -SVN SEP. It is a contradiction. Thus, £ < R Hence,
SUE < R,by Theorem 4 (3), SUE is -SVNCON. O

Theorem 6. Let (X, %7,%7,%#) bean SYN'TS. Let B = {S; € X | Sjisr — SYNCON sets,j € T} be
a family in X such that no two members of B are r-SVNSEP, then Ujer S; is r-SVNCON.

Proof. PutS = Ujer Sj. Let &, R € CX be r-SVN SEP such that S = £ U R. Since any two members
S;,S; € B are not r-SVNSEP, by Theorem 5 (2), S; U S; is -SVNCON. From Theorem 4 (3),
SjUS; < EorSjUS; < R. Say, S;US; < E. Itimplies that S < £. Thus, S is r-SYNCON. O

Corollary 1. Let (X, 77,77, TF) bean SVN'TS. Let B = {Sj € g | Sjisr —SVNCON sets ,j €T} be
a family in X. If Njer S # 0, then Ujer S; is -SYNCON.

Lemma 2. Let f : ( 17 {7 le) - (Y, 1 ,TZ,TZ) be a mapping from an SYNTS (X, Tl T ,le) to
another SYN'TS ( (A ) Then, the following are equivalent, ¥ S € CX, £ e QY andr € (g

(1) fis SVN — continuous.
@ F(Copp #(8,1)) < Cog g 5 ((S),7)
(3) Cff,ff,ff (f_l (5)/ r) S f_l (Cf;rf-zﬁ/fzﬂ (8/ 7’))

Proof. (1)=(2): Suppose that f is SVN — continuous. Then, 7] ((f~1(S))¢) > (S,
T ((f1S)) < 7 (S) and 7 ((f1(S))) < 3 (8°). Hence,

Co a1, (F(S)7) = MEel | f(S) <& T(E)>r, T(E) <17, T () <1-1}
>(HEed" [S<FUE), F((FUEN) =r H((FHE)) <1,
T((FUE)) <1-1}
>(WFFHEN €V [S < fFUE), HUFHEN) = F(F(E)) <17,
(&) <11}
> FINUFHE) €N IS < FUE), FUFHE) = H(FHEN) <1-7,
4 ((fFHE)) <11}

> f(Coi o1 o1 (f(S),7)):
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(2)=(3). Forall £ € {¥. By (2),
f(Co a1,21(8,1)) = Cog 1 2 (F(S), 7).
Putting S = f~1(&), we obtain
F(Co 21 (f1(E),r) <Cy T4, ;(f(f’l(é’)),r) < Cya (&)

Hence, Ci5 .7 . (fHE) ) < f_l(Cf;,fj,fg(&r))-
B)= (l) It follows that C_; 5 7 (£,7) = &€ implies C_5 ;s a(f1(E),7) = f1(&). O
et 5.4

Theorem 7. Let (X, 7 ,11'7,1'1 ), (Y, %) ,fg,i’z}‘) be two SYNTS'sand f : X — Y is SV N -continuous
mapping. If S is r-SVNCON, then f(S) is -SVNCON.

Proof. Let &, R € {7 be two -SVNSEP's such that f(S) = £ UR. We obtain
S<FF NS =fFHEUR) =FHE)UFTH(R).
Since f is SV N -continuous, by Lemma 2,
Cog b 1 E) < F(C g g (€1
Thus,

Cor e ENNFTIR))

Likewise, we obtain f~1(£) N Cr-n(Rr) = 0. It implies that f~1(&), f1(R) € 7X are
2752772

r-SVNSEP's. Since S is -SVNCON,, then we have by Theorem 4 (3), S < f1() or S < f1(R),
s0S < f71(E). Thus, f(S) < f(f1(€)) < & Hence, f(S) is -SVNCON. O

Example 3. Let X = Y = {a, b} be a set. Define &1, >, E3,B1, Ba, Bz € 7x:

& = ((05,04),(0.5,05),(09,0.6)), & = ((0.4,04),(0.1,0.1),(0.1,0.1)),
& = ((03,0.1),(0.1,0.1),(0.1,0.1), By = ((0.4,0.5),(0.5,0.5), (0.6,0.9)),

B, = ((0.2,0.2),(0.2,0.2),(0.1,0.1), Bz = ((0.1,0.1),(0.1,0.1), (0.1,0.1)).

Define TV, 5717 . 7X — X gs follows:

1/ lfSZO, 1/ lf826>’
5 1, if S=1, 5 1, if S=1,
Y — Y ey
T (S) %, lf S = 51/ (% (S) %’ Zf S = 81,
0, otherwise. 0, otherwise.
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0, if S=0, 0, if S=0,
7 0, if S=1, i 0, if S=1,
U = ij _
TE=N L rs=g, U9V pson,
1,  otherwise. 1, otherwise.
0, if S=0, 0, if S=0,
i 0, if S=1, i 0, if S=1,
iz — H =
TOEN L rs—e, TV rsos,
1, otherwise. 1,  otherwise.

Define f : (X, T’Wﬁ)) — (Y, 8717 be a map as follows f(a) = band f(b) = a. If T'(By) > 1,
JNBy) <1—%and JH(By) <1— 4. Then, f~1(By) = ((0.5,04), (0.5,0.5), (0.9,0.6)) is 3-single-valued
neutrosophic open set in X. Thus, f is SVN-continuous. However, by Theorem 7, for every S € 7X is
r-SVNCON, then f(8S) is -SVNCON in Y.

Definition 12. Let (X,%7,%1,%") be an SVNTS. A SVN [ S is called r-single-valued neutrosophic
component (r-SVNCOM, for short) in (X, %7, %1, %) if S is a maximal -SYNCON in (X, %7, %1, ),
e, if € > Sand € is r-SYNCON, then £ = S.

Corollary 2. Let (X,%7,%1,#") be an SVN'TS.

(1) IfSisar-SYNCOM, Cyj 2 (S, 1) = S.

2)  If81,8, € (X are r-SVNCOM in X such that S; NS, = 0, then 81, S, € {X are -SYNSEP.
(3)  Each single-valued neutrosophic point x; ¢ . is SVNCON..

(4)  Every r-SVNCOM is a crisp set.

Proof. Straightforward. O

4. Stratification of Single-Valued Neutrosophic Topological Spaces

In this section, we obtain crucial results in the stratification of the single-valued neutrosophic
topology as follows.

Definition 13. The stratification of the single-valued neutrosophic topology (SVN'T) on X is a mapping from
7X to ¢ such that

(SVNT1) %7(&) =1land ¥1(a) = t"(a) =0,Va €,

(SVNT2) %7 Sﬁé’)zﬂ( ) (5) Tﬁ(805)<r’7(5)uf’7(5),
) t(E), forall S, & € 7%,

)

(SVNT3) %7 7’7( zerS)<U]eFfﬁ(Sj)f

The ordered pair SVN'TS (X, %7, %1, #") is called stratified. Let ( f’ 1 ") and (T2 ,fg ,T; )
be SVNQ(’) s on X. We say that (#,t/,1]') is finer then (Tg,rg,’rzy) [(%),%),%)) is coarser then

(7,7, #1if T)(S) < T(S), T (S) > F(S) and T'(S) > T} (S) forall S € .

Theorem 8. Let (X, 7,77, ") be an SVN'T S. Define the mappings T, 2,2l . 7X = C as follows: for all
Sel”,

all

sz U{ﬂ'ﬂ )| S= USﬂa}

jer jer
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(S ﬂ{UT” ) S =U(Sing)}

jer jer

(S ﬂ{UT” )18 =(Sing)}.

jer jer

Then, (£, 71, %0}) is the coarsest stratified SVN'T on X which is finer than (¥7, 71, 7).

Proof. Firstly, we will show that (Tst, TS”t, T ) is a stratified SVN'T on X. )
(SVNT1) For every a € , there exists a collection {1} with& = &n 1, weobtain 7} (&) > £7(1) =1,

S
#h(&) < #1(1) =0and Tst( &) < (1) = 0. Thus, 1 (&) = 1 andT W(&) =T, (&) =0.
(SVNT?2) Suppose there exists £, R € 7X and r € {o with

FENR) <r <ENE)NTH(R),

FENR) >1—r>TH(E)UTI(R),

HENR)>1—r> h(E) UTH(R).

Since [T)(&) > r, E1(R) > 1], [T (5) <1- St(’R) <l-—rjand [£}(€) <1-7TH(R) <1-1],
by the deﬁmhon of (27,77,T1), there exist {&; | jeT} with & = U]er(g N&;) and {Ry | k € K} with
R = Urex(Ry N &) such that

E) > NTE) >r, T(E < JTE) <1—r and (E) < |JTH(E) <17,

st s
jer jer jer

THR) > N TT(Re) >r, Th(R) < |J T (Ry) <1—r and T(R) < |J T(Ry) <1-1.
kek keK kek

Since  is completely distributive lattice, we have

ENR =[UJEn#) N[ Rena)] = U(ENRe) N (& N i)

jer keK jer
= U(gijk)m&jk- (Eéjk = &jﬂﬁck).
jer

Moreover, since T7(E; N Ry) > T7(&;) NT7(Ry), T1(E; N Ry) < T1(&;) UTT(Ry) and TF(E; N Ry) <
(&) UTF(Ry), we obtain

2(8m7z > ﬂﬂ (ENRy) > ﬂ mﬂ(Rk)) [ﬂ(%V(é‘j)] N [ﬂ T (Ry)] > r
Jik jk jer keK

ENR) <UTNENRY) < JE(E) UTT(Ry) = (U ETEN UL #T1(R)] <1-7,
ik ik jer kek

ZENR) <UT(ENRY) < UE(E) UELRY)) = [JEF (EN U Th(R)) <1 -7
jk jk jer keK
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It is a contradiction. Hence, foreach £, R € { X,
TENR) > TE)NT(R), TYENR) <TYE)UTL(R), #(ENR) <€) UT(R).

(SVNT3) Suppose there exists a family {&; € 7X|jeT}andr e gy with

& <r< N

jer jer

D& >1-r>JE(E)

iel jer
ﬁ
&) >1-r> (g
jer jer

Since [T, (E ) >, (Ej) <1-—rand fg(é’j) <1-—r]forallj €T, there exists a family {E; | k € K;}
with & = UkeK/ ik ﬂ &y such that

(&) > kﬂ T (Ex) >,
EB%
fZ((g]) < kU fjt(g]k) <l-v,
EB%
)< U e <1-r

Since Ujer & = Ujer (Ukek; (Ejx N &) = Ujx(Ejx N ), we obtain

(&) >ﬂﬂ ) =N FT(Ex) =,

]GF ]GF kEK]

It is a contradiction. Hence, for each {&;}jcr € ¢ X

U&= NwiE), wmlUs) <UnE), @%Js) < UieE).
jer jer ier jer ier jer
Secondly, for each S € 7%, there exists a family {1} with S = SN 1, such that [% St(S ) > T7(S),
S;(S) < t1(S)and %! (S) < #(8)]. Hence, (Tiz, ‘Z'Z,T ) is finer than (t7,%7,%"). Finally, if a stratified
SYN'T (07,07, 07 is finer than (£7, %7, #), we show that [£1(S) < U7(S), TH(S) > U(S) and
#(8) > UF(&)] for each S € ¢X.
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Suppose that there exist £ € { X and r € g such that

(&) >r>01(E), TE)<1—r<U1(E), T(E)<1—r<TFE).

st

Since [T} (E) > 7, fﬁ(S) <1l-—rand ‘fﬁ(ﬁ) < 1—7], there exists {&; | j € I'} with & = Ujer (& N &)
such that

E) > NT(E) >r, TE) <UTE) <1—r, TE) < (E) <1

On the other hand, since [U7(;) > ©7(&;), UT(E;) < T1(€;) and UF(E;) < ()] forall j € T,
we have

jer jer jer jer jer
are) =ul(|JEne)) < JurEne) < JOME) uai ) = Ja &) < | JH#(E) <1—r
jer jer jer jer jer

It is a contradiction. [

Remark 2. From Defintion 13 and Theorem 8, we have (T’jt, T’Z, fg) as a stratification for SYN'T (27, %1, )
on X.

Example 4. Let X = {a,b,c} be aset. Define £1,&, € {X as follows:
& = ((0.5,0.5,0.5), (0.5,0.5,0.5), (0.5,0.5,0.5)); £ = ((0.4,0.4,0.4), (0.4,0.4,0.4), (0.6,0.6,0.6)).

We define ©7, T, T : {Xx{y — T as follows: for every S € 7%,

1,if S =0, 0,if S =0,
1Lif S =1, 0,if S =1,
1if S=&, SifS=24,
T(S) =4 2fS=&, T(S) =1 2ifS=&,
%,ifS:é"lUEz, }I,iszé'lUEz,
%,iszElﬂEz, %,ifS:&ﬂé’z,
0, otherwise, 1, otherwise,
0,if S =0,
0,if S =1,
3ifS=2¢,
(S ={ Lifs=&
3ifS=&EU&,
%,if S=&NE&,,
1, otherwise,
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If ys(w) = a forany 0.5 < a < 0.6, fis(w) = a for every 0.5 < a < 0.6 and Ys(w) = 0.6 for all
B > 0.6, since

S=@nHuU(BnN(E1U&)) = @nT)u(BN&).

Then,

2(S) = [FT D) NG U&E)UFTA)NTT(&)] = Z,

#(8) = [T utl(EuE) N[ETT)uTl(E)] = %,

#(S) = [FF(I) Ut (& U &) N[FF(T) U T (&)] = %
IFys(w)=aV05<a<06fs(w)=aV05<a<06andys(w)=pY05<a B> 0.6 wehave

we obtain Tz(S — 1 , &
If ys(w) =0.5,7js(w) = 0.5, and ¥s

we obtain fz(é‘) = %, %Z(S) = %, ffi(g) — %
If ys(w) = a, is(w) = a, and ys(w) = B, V04 < a B < 05 and a < B, since for every
S1={1,6,60&E} and S, = {&, 6 N &}

S=@&@N&)UPBNE),

we have T,(S) = 3, T(S) = 1, ,(S) = 1. We can obtain the following:

=
|95}
I
=N

1,i ,
) 3,if ¥s(w) = a,fjs(w) = aand fig(w) = B for0.5 < a, f < 0.6,a < B,
th(S) =2 Lif ys(w) = a,fis(w) = a for04 < a < 05and fis(w) = B, for0.5 < B < 0.6,
2if 95(w) = a,fjs(w) = wand fis(w) = B for 0.4 < a, B < 0.5,a < B,
0, otherwise,

0,if S =g,
i Lif 9s(w) = a,fjs(w) = aand fis(w) = B for 0.5 < a, p < 0.6, < B,
t(S) =< Lif ys(w) = a,fis(w) = a for04 < a < 0.5and fis(w) = B, for0.5 < B < 0.6,
Lif 9s(w) = a,fjs(w) = aand fig(w) = B for04 < a,p < 05, & < B,
1, otherwise,
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0,if S =&
i if 4s(w) = a,fjs(w) = aand fig(w) = B for0.5 < a,f < 0.6,a < B,
t(S) = Lif 9s(w) = a,fjs(w) = a for 0.4 < & < 0.5and fig(w) = B, for0.5 < B < 0.6,
Lif 9s(w) = a,fjs(w) = aand fis(w) = B for04 < a,p < 0.5, a < B,
1, otherwise.
Theorem 9. Let (X, 77,1, %), (Y, 07,07, (") be two SYN'TS's and let (7], T, 2%) and (UTf
be stratification for (27,77, f‘) and (U7, U7, 0F), re spectzvely Iff: (X, %7,#1,%") — (Y,07,0
r-SVN -continuous, then f : (X, %, %1, %) — (¥,07, Ugt, U”) is r-SVN -continuous.

Proof. Suppose there exist 7 € {p, R € {%, such that

GL(R) > r> T (f1(R)),

Ul(R) <1—r < 2h(f(R))

S

UhL(R) <1—r < T(F1(R))

Since U(R) > r, U(R) < 1 —rand U}(R) < 1 —r, by the definition of ({17, (17, (I%}), there exists a

family {R;};er with R = Ujer(R; N &;) such that

Since

jer jer
and by Remark 2 and Theorem 8, we obtain

T(UR) = N T UR)),

LR = NTFURy)) = N UN(R

jer jer
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It is contradiction. Hence, f : (X, "fst,fﬁt,fﬁ) — (Y, 07 a’ U”) is r-SV N -continuous. [

st’ st/

The converse of the previous theorem is not true in general as it will be shown by the
following example.

Example 5. Let X be a nonempty set. Define SVNT's (7,
define R € X as follows: R = ((0.5,0.5,0.5), (0.5,0.5,0.5),

otherwise, otherwise, otherwise.

1, %) and (U7, 24, ar), for each S € CX and
( )

11
0.5,0.5,0.5)),

Lif S = 0,1, 0,if S =0,1, 0,if S =0,1,
ns)=¢ LifS==r, UI(S)=¢ %ifS=R, U"S)=( %ifS=R,
0, otherwise, 1, otherwise, 1, otherwise.

Since 0 = TH(R) < UT(R) = 3,0 = t1(R) > UT(R) = 3 and 0 = #{(R) > UF(R) = &,
then the identity mapping id, : (X, %7,%#7,#%) — (X, 07,0Y, ot r-SVN-continuous.
Since for every a family {1} and R = R N 1, we have Lﬂ (R) >U7(1) =1,0,(R) < UT(1) =0and

af(R) < U7 (1) = 0. Thus, U (R) = 1, U7(R) = 0 and U’;(R) = 0. Hence,

A -5 1if S=a,Va €qy, _i ~ 7 0,if S =a,vVa €
Y _ 17 _ Ul _ 171 _
t(S) = Ug(S) = { 0, otherwise, T(S)=U t(S) - { 1, otherwise,

1, otherwise.

~ﬁ(5) _ aﬂ(s) _{ 0,if S =a,vVa €

) — (X, 4, al, ak) is r-SVN -continuous.

L=

Therefore, id, : (X, TZ ’z 7!

In the following, we will show that every r-SVNCOM in the single-valued neutrosophic is
r-SYNCOM in the stratification of it.

~S;) be a stratification of an SYN'TS (X, ¥7,1,%"). A SYNS S isa

Theorem 10. Let o st
’7 ) iff S is a r-SYNCOM in (X, ), 71, %0})

(X, 1}
r-SYVNCOM in (17,
Proof. (1) Let S be -SVNCOM in (X, Tst,TZ, T”) Suppose that S is not r-SVNCON in
(X, 27,47, Tﬁ) Then, 5 # 0 and R # 0 are r-SVNSEP in (X,%7,%7,%") such that S = £ U D.

Since t7 < £, 7 > %/ and t# > %/, then, from Theorem 8, we get

sz,fz,fg(grr) < Cer i an (E,7), Cfsz,fi,ffi(R'r) < Cei a1, (R 7).

Hence, £, R are -SVN'SEP in (X, ©1,%], 21}). Thus, S is not -SVNCOM in (X, 21, %1, t1}). We reach
a contradiction.
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(2) Now, we show that, if S is -SVNCOM in (X,%7,%1,#"), then S is -SVNCON in

(X, Tst,'fgt, Tﬁ) Let S be a r-SVNCOM in (X,t7,%1,%"). Then, by Corollary 2 (1), we have
Csr 27 2 (Sr)=S8.

Supposmg that S is not -SVNCON in (X, 1), 1

n (X, Tst’TW ) such that S = EUR. Since 7 < !, #7 > ~77t’ o> T};, then C~71r i(S,r) <

St’ =
Totr Tst/ st

Cﬁ 21¢1(S,1) = S. Thus, C_ #1414 (S, r) S. Since E < S, wehave C_; s ,4(5 r) < S. It implies

Tst cts Tops Tt T,

that S = Cy 7 i (€,r) UR. Put C.i.ii(E,r) = D. If x € supp(€), then x € supp(S). Since S

Tstr st Tst s st st

isa r-SVNCOM in (X,%7,7,%"), by Corollary 2 (4), x; € S = DUR, thatis, D(x) UR(x) = 1
Since DNR = 0, thus, R(x) = 0. It implies that D(x) = 1. Therefore, D is a crisp set. Since
fz(i —D)>r, ’Ejt(i —D)<1-r,and ffé(i — D) <1—r. By Theorems (1) and (2), for each family,
{EcjﬂCj 1-D= Ujerﬁé]‘ﬂc]'},

ﬁt) then & # 0,R # 0 are -SVNSEP

H-‘QX(FA’_QI

(1 =N =r, 1 =M{UTCr <1-7,

jer jer

R
?1

st ﬂ{UTH }<1—7’

jer

Let &; = 0. Since D(x) = 1 for any x € supp(D), we have

I-D)(x) = U@ nNC)(x) =1=D(x) = ((T—a)(x) U —-C))(x).
jer jer
Hence, (1—D)(x) = Ujer(Cj)(x) for x € supp(€). If y & supp(D), then

1=(1-D)y)=®nC)y) < UGy

jer
Thus, for any family {&; N C; : 1-D= Ujer & NC;}, we have 1-D= Ujer ;. It implies

H1-D) =T -p)= 0T 2,
jer

Thus, C; (D,r) = D. It implies

7,20
Cer 70,20 (Cos
st/

Similarly, Ci 27 20(C3 0 .i(R,7),r) = C

- N st' st' st st’ st’
(X, %7, %1, ") from

Csr 27 2 (R,r)n€ < (Cf’?,fﬁ,’rﬂ (Cy i P (Rr),r)n¢&) =(C 27 2 =R (R,r),r)NE) =0,

7
st7 st’ “st TsprTspr st
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Ceren(6,1) VR < (Conn(Cop (D7), 1)V R) = (Cp oy n(E,7),1) N R) =
Thus, S is not -SVNCOM in (X, t7,%7,77). It is a contradiction.

(3) Let Sbea r-SVNCOM in (X, Zt #l,%0). From (1), S is -SVNCON in (X, %7, %7,%"). There
exists a -SVN'COM R in (X, 7, #7, t7) containing S. From (2), R is -SVNCON in (X, %0, 71, 5).
Thus, S = R.

Let R be a r-SVNCOM in (X, %7,%1,%"). Similarly, R is a -SVNCOM in (X, z, fz, fg) O

Example 6. In Example 4, we proved that (£),%1,2h) is a stratification for SUN'T (¥7,%1,%1) on X.
By Theorem 10, we can clearly see that each -SVNCOM in (t7,%1,#%) is -SVNCOM in (£}, %}, %),

The opposite is also true.

For the purpose of Symmetry, we can apply the idea in the following definition into Definition 3
and get the desired symmetry’s consequences.

Note A SVNS R in X x X is called a single valued neutrosophic relation (SVAN'R, for short) in
X, denoted by R = {((x, x1)¥r (%, x1), ir (%, x1), fir (x,x1)) : (x,x1) € X x X}, where 7 : X x X —
[0,1], 7 : X x X = [0,1], fig : X x X — [0,1] denote the truth-membership function, indeterminacy
membership function and falsity-membership function of R, respectively.

Definition 14 ([17]). Let S, € € X. If S is a single-valued neutrosophic relation on a set X, then S is

called a single-valued neutrosophic relation on & if, for every x,x1 € X, ¥s(x,x1) < min(F¢(x), ¥e(x1)),

As(x,x1) > max(ife (x), e (v1)) and fis (x, x1) > max(fie (x), g (x1)). N
Moreover, a single-valued neutrosophic relation S on X is called symmetric if, for any k, ki € X,

Ys(k ki) = Fs(ki k), sk ki) = sk k), fis(k k) = fis(ky,k); and ye(k, k) = e(ky, k)

fe(k k1) = fe(ki, k), fie(k ki) = fig (ki k).

Example 7. Let X = {x1,x2,X3,%4,X5}. Aa single valued neutrosophic relation S on X is given in the
following table.

S X1 X2 X3 X4 X5

x1 (0.2,0.6,04) (0,03,0.7) (0.9,0.2,04) (03,09,1) (03,09,1)

xp (04,05,01) (0.1,0.7,0) (1,1,1) (1,0.3,0) (0.5,0.6,1)
x3 0,1,1) (1,0.5,0) 0,0,0) (0.2,0.8,01) (1,08,1)
X4 (1,0,0) 0,0,1) (0.5,0.7,0.1) (01,04,1) (1,08,0.8)
X5 0,1,0) (0.9,0,0) (0,0.1,0.7) (0.8,0.9,1) (0.6,1,0)

5. Conclusions

In this paper, authors have made a study of the connectedness, the idea of component, and the
stratification of single-valued neutrosophic topological spaces which are different from the study
taken so far and obtained some of their basic properties. Next, the concepts of an -SVNSEP
and r-SVNCOM were introduced and studied. It has been proven that every r-SVNCOM in an
single-valued neutrosophic topological spaces is r-SVNCOM in the stratification of it. We will
now go into detail on some of the conclusions of the research. Firstly, a single-valued neutrosophic
connected (-SVNCON) has the same properties in a single-valued neutrosophic topological spaces
(see Theorem 3). Secondly, a single-valued neutrosophic separated (r-SVN SEP) has the same
properties in a single-valued neutrosophic topological spaces (see Theorems 4 and 5). Finally,
it has been proven that every single-valued neutrosophic component (r-SVNCOM) in single-valued
neutrosophic topological spaces is -SVNCOM in the stratification of it.
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Discussion for Further Works
It is known that the notion of boundedness in topological spaces (see [26]) plays a significant role
in topological aspects. It is also well known that the collection of bounded sets is an ideal. This concept
is generalized to the concept of bornology (which is essentially an interesting ideal). There is also the
corresponding generalized notion in fuzzy topics (the concept of fuzzy bornology (see [27]).
Therefore, the following ideas could be applied to the notion of single-valued neutrosophic
topological spaces.

(@)  The collection of bounded single-valued sets;
(b)  The concept of fuzzy bornology;
(¢)  The notion of boundedness in topological spaces.
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Abstract: With increasing data on the Internet, it is becoming difficult to analyze every bit and make
sure it can be used efficiently for all the businesses. One useful technique using Natural Language
Processing (NLP) is sentiment analysis. Various algorithms can be used to classify textual data based
on various scales ranging from just positive-negative, positive-neutral-negative to a wide spectrum of
emotions. While a lot of work has been done on text, only a lesser amount of research has been done
on audio datasets. An audio file contains more features that can be extracted from its amplitude and
frequency than a plain text file. The neutrosophic set is symmetric in nature, and similarly refined
neutrosophic set that has the refined indeterminacies I; and I, in the middle between the extremes
Truth T and False F. Neutrosophy which deals with the concept of indeterminacy is another not so
explored topic in NLP. Though neutrosophy has been used in sentiment analysis of textual data, it has not
been used in speech sentiment analysis. We have proposed a novel framework that performs sentiment
analysis on audio files by calculating their Single-Valued Neutrosophic Sets (SVNS) and clustering them
into positive-neutral-negative and combines these results with those obtained by performing sentiment
analysis on the text files of those audio.

Keywords: sentiment analysis; Speech Analysis; Neutrosophic Sets; indeterminacy; Single-Valued
Neutrosophic Sets (SVNS); clustering algorithm; K-means; hierarchical agglomerative clustering

1. Introduction

While many algorithms and techniques were developed for sentiment analysis in the previous years,
from classification into just positive and negative categories to a wide spectrum of emotions, less attention
has been paid to the concept of indeterminacy. Early stages of work were inclined towards Boolean
logic which meant an absolute classification into positive or negative classes, 1 for positive and 0 for
negative. Fuzzy logic uses the memberships of positive and negative that can vary in the range 0 to 1.
Neutrosophy is the study of indeterminacies, meaning that not every given argument can be distinguished
as positive or negative, it emphasizes the need for a neutral category. Neutrosophy theory was introduced
in 1998 by Smarandache [1], and it is based on truth membership T, indeterminate membership I and false
membership F that satisfies 0 < T + I + F < 3, and the memberships are independent of each other. In case
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of using neutrosophy in sentiment analysis, these memberships are relabelled as positive membership,
neutral membership and negative membership.

Another interesting topic is the speech sentiment analysis, it involves processing audio. Audio files
cannot be directly understood by models. Machine learning algorithms do not take raw audio files as
input hence it is imperative to extract features from the audio files. An audio signal is a three-dimensional
signal where the three axes represent amplitude, frequency and time. Previous work on detecting the
sentiment of audio files is inclined towards emotion detection as the audio datasets are mostly labelled
and created in a manner to include various emotions. Then using the dataset for training classifiers are
built. Speech analysis is also largely associated with speech recognition. Speech analysis is the process of
analyzing and extracting information from the audio files which are more efficient than the text translation
itself. Features can be extracted from audio using Librosa package in python. A total of 193 features per
audio file have been retrieved including Mel-Frequency Cepstral Coefficients (MFCC), Mel spectogram,
chroma, contrast, and tonnetz. The goal of this project is to establish a relationship between sentiment
detected in audio and sentiment detected from the translation of the same audio to text. Work done
in the domain of speech sentiment analysis is largely focused on labelled datasets because the datasets
are created using actors and not collected like it is done for text where we can scrape tweets, blogs or
articles. Hence the datasets are labelled as various emotions such as the Ryerson Audio-Visual Database of
Emotional Speech and Song (RAVDESS) dataset which contains angry, happy, sad, calm, fearful, disgusted,
and surprised classes of emotions. These datasets have no text translation provided hence no comparison
can be established. With unlabelled datasets such as VoxCeleb1/2 which have been randomly collected
from random YouTube videos, again the translation problem arises leading to no meaningful comparison
scale. We need audio data along with the text data for comparison, so a dataset with audio translation was
required. Hence LibriSpeech dataset [2] was chosen, it is a corpus of approximately 1000 h of 16 kHz read
English speech.

The K-means clustering algorithm performs clustering of n values in K clusters, where each value
belongs to a cluster. Since the dataset is unlabelled features extracted from the audio are clustered using
the K-means clustering algorithm. Then the distance of each point from the centroid of each cluster is
calculated. 1-distance implies the closeness of an audio file to every cluster. This closeness measure
is used to generate Single Value Neutrosophic Sets (SVNS) for the audio. Since the data is unlabelled,
we performed clustering of SVNS values using the K-means clustering.

Sentiment analysis of the text has various applications. It is used by businesses for analysing customer
feedback of products and brands without having to go through all of them manually. An example of this
real-life application could be social media monitoring where scraping and analysing tweets from Twitter on
a certain topic or about a particular brand or personality and analysing them could very well indicate the
general sentiment of the masses. Ever since internet technology started booming, data became abundant.
While it is simpler to process and derive meaningful results from tabular data, it is the need for the hour to
process unstructured data in the form of sentences, paragraphs or text files and PDFs. Hence NLP provides
excellent sentiment analysis tools for the same. However, sentiment cannot be represented as a black and
white picture with just positive and negative arguments alone. To factor in indeterminacy, we have the
concept of neutrosophy which means the given argument may either be neutral or with no relation to the
extremes. Work done previously related to neutrosophy will be explained in detail in the next section.

For the sentiment analysis of text part, the translation of the audio is provided as text files along with
the dataset which mitigates the possibility of inefficient translation. In this paper, using Valence Aware
Dictionary and Sentiment Reasoner (VADER), a lexicon and rule-based tool for sentiment analysis on the
text files, SVNS values for text are generated. Then K-means clustering is applied to visualize the three
clusters. The first step is the comparison of the two K-means plots indicating the formation of a cluster
larger than the rest in audio SVNS implying the need for a neutral class. Then both the SVNS are combined
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by averaging out the two scores respectively for Py, Iy and Ny. Again K-means clustering and hierarchical
agglomerative clustering is performed on these SVNS values to get the final clusters for each file.

Neutrosophic logic uses Single Valued Neutrosophic Sets (SVNS) to implement the concept of
indeterminacy in sentiment analysis. For every sentence A, its representative SVNS is generated. SVNS
looks like (P4, 14, N4) where ‘P’ is the positive sentiment score, ‘I4” is the indeterminacy or neutrality
score and ‘N,’ is the negative sentiment score. Neutrosophy was introduced to detect the paradox
proposition.

In this paper, a new innovative approach is carried out in which we use unlabelled audio dataset
and then generate SVNS for audio to analyse audio files from the neutrosophic logic framework.
The higher-level architecture is shown in Figure 1.

7T
|

’ INTEGRATION RESULTS

MODULE

Figure 1. High level architecture.

Indeterminacy is a strong concept which has rightly indicated the importance of neutral or
indeterminate class in text sentiment analysis. Coupling it with speech analysis is just an attempt to
prove that not all audio can be segregated into positive and negative. There is a very good amount of
neutrality present in the data that needs to be represented. We have used clustering to validate the presence
of neutrality.

This paper is organized as follows: Section 1 is introductory in nature, the literature survey is
provided in Section 2. In Section 3, the basic concepts related to speech sentiment analysis, text sentiment
analysis and neutrosophy are recalled. The model description of the proposed framework that makes
uses of neutrosophy to handle speech and text sentiment analysis is given in Section 4. In Section 5 the
experimental results in terms of K-clustering and agglomerative clustering are provided. Results and
discussions about combined SVNS are carried out in Section 6. The conclusions are provided in the
last section.

2. Literature Survey

Emphasizing on the need and application of sentiment analysis in business and how it can play a
crucial role in data monitoring on social media. The fuzzy logic model by Karen Howells and Ahmet
Ertugan [3] attempts to form a five class classifier—strongly positive, positive, neutral, negative and
strongly negative for tweets. It is proposed to add fuzzy logic classifier to the social bots used for data
mining. It will result in the analysis of the overall positive, neutral and negative sentiments which will
facilitate the companies to develop strategies to improve the customer feedback and improve the reputation
of their products and brand. A study on application of sentiment analysis in the tourism industry [4]
shows that most of the sentiment analysis methods perform better for positive class. One of the reasons
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for this could be the fact that human language is inclined towards positivity. It is even more difficult to
detect neutral sentiment. Ribeiro and others have pointed out a similar observation in [5] that twelve
out of twenty-four methods are better in classifying positive sentiment and neutral sentiment is harder
to identify. They also concluded from their experiments that VADER tool provides consistent results for
three-classes (positive, neutral, negative) classification.

Similarly, Hutto and Gilbert in [6] did an excellent job in comparing VADER tool eleven sentiment
analysis techniques depending on Naive Bayes, Support Vector Machine (SVM) and maximum entropy
algorithms. They concluded that VADER is simple to understand and does not function like a black
box where the internal structure of process cannot be understood as in complex machine learning
and deep learning sentiment analysis techniques. VADER also performs in par with these benchmark
models and is highly efficient as it only requires a fraction of second for analysis because it uses a
lexicon rule-based approach, whereas its counterpart SVM can take much more time. VADER is also
computationally economical as it does not need any special technical specifications such as a GPU for
processing. The transparency of the tool attracts a larger audience as its users include professionals from
businesses and marketing as well as it allows researchers to experiment more. Hutto and Gilbert’s analysis
is applied in [7] to rule out the neutral tweets. They built an election prediction model for 2016 USA
elections. They used VADER to remove all the neutral tweets that were scraped to focus on positive and
negative sentiments towards Donald Trump and Hilary Clinton.

Fuzzy logic gives the measure of positive and negative sentiment in decimal figures, not as absolute
values 0 or 1 like Boolean logic. If truth measure is T, then F is falsehood according to the intuitionistic fuzzy
set and I is the degree of indeterminacy. Neutrosophy was proposed in [1], it was takenas 0 < T+ [+ F <
3. The neutrosophy theory was introduced in 1998 by Smarandache [1]. Neutrality or indeterminacy was
introduced in sentiment analysis to address uncertainties. The importance of neutrosophy in sentiment
analysis for the benefit of its prime users such as NLP specialists was pointed out in [8]. To mathematically
apply neutrosophic logic in real world problems, Single Valued Neutrosophic Sets (SVNS) were introduced
in [9]. A SVNS for sentiment analysis represented by (P, I4, N4) where ‘P4’ is the positive sentiment
score, ‘14" is the indeterminacy or neutrality score and ‘N4 is the negative sentiment score.

Refined Neutrosophic sets were introduced in [10]. Furthermore, the concept of Double Valued
Neutrosophic Sets (DVNS) was introduced in [11]. DVNS are an improvisation of SVNS. The indeterminacy
score was split into two: one indicating indeterminacy of positive sentiment or ‘T’ the truth measure and
the other one indicating indeterminacy of negative sentiment or ‘F’ the falsehood measure. DVNS are
more accurate than SVNS. A minimum spanning tree clustering model was also introduced for double
valued neutrosophic sets. Multi objective non-linear optimization on four-valued refined neutrosophic set
was carried out in [12].

In [13] a detailed comparison between fuzzy logic and neutrosophic logic was shown by analyzing
the #metoo movement. The tweets relevant to the movement are collected from Twitter. After cleaning,
the tweets are then input in the VADER tool which generates SVNSs for each tweet. These SVNS are then
visualized using clustering algorithms such as K-means and K-NN. Neutrosophic refined sets [10,14-16]
have been developed and applied in various fields, including in sentiment analysis recently. However no
one has till now attempted to do speech sentiment analysis using neutrosophy and combine it with text
sentiment analysis.

A classifier with SVM in multi class mode was developed to classify a six class dataset by extracting
linear prediction coefficients, derived cepstrum coefficients and mel frequency cepstral coefficients [17].
The model shows a considerable improvement and results are 91.7% accurate. After various experiments
it was concluded in [18] that for emotion recognition convolutional neural networks capture rich features
of the dataset when a large sized dataset is used. They also have higher accuracy compared to SVM. SVMs
have certain limitations even though they can fit data with non-linearities. It was concluded that machine
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learning is a better solution for analysing audio. In [19] a multiple classifier system was developed for
speech emotion recognition. A multimodal system was developed in [20] to analyze audio, text and visual
data together. Features such as MFCC, spectral centroid, spectral flux, beat sum, and beat histogram are
extracted from the audio. For text, concepts were extracted based on various rules. For visual data, facial
features were incorporated. All these features were then concatenated into a single vector and classified.
A similar approach was presented in [21] to build multimodal classifier using audio, textual and visual
features and comparing it to its bimodal subsets (audio+text, text+visual, audio+visual). The same set
of features were extracted from audio using openSMILE software whereas for text convolutional neural
networks were deployed. These features were then combined using decision level fusion. From these
studies it can be very well inferred that using both audio and textual features for classification will yield
better or sensitive results.

3. Basic Concepts

3.1. Neutrosophy

Neutrosophy is essentially a branch of philosophy. It is based on understanding the scope and
dimensions of indeterminacy. Neutrosophy forms the basis of various related fields in statistical analysis,
probability, set theory, etc. In some cases, indeterminacy may require more information or in others, it
may not have any linking towards either positive or negative sentiment. To represent uncertain, imprecise,
incomplete, inconsistent, and indeterminate information that is present in the real world, the concept of a
neutrosophic set from the philosophical point of view has been proposed.

Single Valued Neutrosophic Sets (SVNS) is an instance of a Neutrosophic set. The concept of a
neutrosophic set is as follows:

Definition 1. Consider X to be a space of points (data-points), with an element in X represented by x.
A neutrosophic set A in X is denoted by a truth membership function Tx(x), an indeterminacy membership
function 14(x), and a falsity membership function Fa(x). The functions T (x), 14(x), and Fa(x) are real standard
or non-standard subsets of | — 0,1 + [; that is,

Ta(x): X <]70,17]

Ix(x): X <+]70,17],

Fa(x): X «+]70,17],

with the condition ~0 < supTa(x) + supla(x) + supFa(x) < 37.

This definition of a neutrosophic set is difficult to apply in the real world in scientific and engineering
fields. Therefore, the concept of SVNS, which is an instance of a neutrosophic set, has been introduced.

Definition 2. Consider X be a space of points (data-points) with element in X denoted by x. An SVNS A in
X is characterized by truth membership function T (x), indeterminacy membership function 14(x), and falsity
membership function F(x). For each point x € X, there are Ta(x),I4(x),Fa(x) € [0,1], and 0 < Ta(x) +
Iao(x) + Fa(x) < 3. Therefore, an SVNS A can be represented by

A= {(x,TA(x),IA(x),FA(x))|x € X}

The various distance measures and clustering algorithms defined over neutrosophic sets are given
in [2,11,14].
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3.2. Sentiment Analysis of Text and VADER Package

Sentiment analysis is a very efficient tool in judging the popular sentiment revolving around any
particular product, services or brand. Sentiment analysis is also known as opinion mining. It is, in all
conclusive trails, a process of determining the tone behind a line of text and to get an understanding of the
attitude or polarity behind that opinion. Sentiment analysis is very helpful in social media understanding,
as it enables us to pick up a review of the more extensive general assessment behind specific subjects. Most
of the existing sentiment analysis tools classify the arguments into positive or negative sentiment based on
a set of predefined rules or ‘lexicons’. This enables the tool to calculate the overall leaning polarity of the
text and thus makes a decision on the overall tone of the subject.

VADER is an easy-to-use, highly accurate and consistent tool for sentiment analysis. It is fully open
source with the MIT License. It has a lexicon rule-based method to detect sentiment score for three classes:
positive, neutral, and negative. It provides a compound score that lies in the range [—1, 1]. This compound
score is used to calculate the overall sentiment of the input text. If the compound score >0.05, then it
is tagged as positive. If the compound score is <—0.05 then it tagged as negative. The arguments with
the compound score between (—0.05,0.05) is tagged as neutral. VADER uses Amazon’s Mechanical Turk
to acquire their ratings, which is an extremely efficient process. VADER has a built in dictionary with a
list of positive and negative words. It then calculates the individual score by summing the pre-defined
score for the positive and negative words present in the dictionary. VADER forms a particularly strong
basis for social media texts since the tweets or comments posted on social media are often informal, with
grammatical errors and contain a lot of other displays of strong emotion, such as emojis, more than one
exclamation point, etc. As an example, the sentence, ‘This is good!!!"” will be rated as being “more positive’
than ‘This is good!” by VADER. VADER was observed to be very fruitful when managing social media
writings, motion picture reviews, and product reviews. This is on the grounds that VADER not just tells
about the positivity and negativity score yet in addition tells us how positive or negative a text is.

VADER has a great deal of advantages over conventional strategies for sentiment analysis, including:

1. It works very well with social media content, yet promptly sums up to different areas.

2. Although it contains a human curated sentiment dictionary for analysis, it does not specifically
require any training data.

3. It can be used with real time data due to its speed and efficiency.

The VADER package for Python analysis presents the negative, positive and indeterminate values for
every single tweet. Every single tweet is represented as (Ny, Iy, Px), where x belongs to the dataset.

3.3. Speech Analysis

An important component of this paper is speech analysis which involves processing audio. Audio files
cannot be directly understood by models. Machine learning algorithms do not take raw audio files as
input hence it is imperative to extract features from the audio files. An audio signal is a three-dimensional
signal where the three axes represent amplitude, frequency and time. Extracting features from audio files
helps in building classifiers for prediction and recommendation.

Python provides a package called librosa for the analysis of audio and music. In this work, librosa
has been used to extract a total 193 features per audio file. To display an audio file as spectrogram, wave
plot or colormap librosa.display is used.

Figure 2 is a wave plot of an audio file. The loudness (amplitude) of an audio file can be shown in
wave plot.
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Figure 2. Wave plot of an audio file.

Figure 3 shows the spectrogram of the sample audio. Spectrogram is used to map different frequencies
at a given point of time to its amplitude. It is a visual representation of the spectrum of frequencies of
a sound.
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Figure 3. Spectrogram of an audio file.

The MFCC features of an audio file is shown in Figure 4. The MFCCs of a signal are a small set of
features which concisely describe the overall shape of a spectral envelope. Sounds generated by a human
are filtered by the shape of the vocal tract including the tongue, teeth etc. MFCCs represent the shape of
the envelope that the vocal tract manifests on the short time power spectrum.

Sampling Rate

Time (s)

Figure 4. MFCC features of an audio file.
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The chroma features of the sample audio file is represented in Figure 5. These represent the tonal

content of audio files, that is the representation of pitch within the time window spread over the twelve
chroma bands.
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Figure 5. Chromagram of an audio file.

Figure 6 represents the mel spectrogram of the sample audio file. Mathematically, mel scale is the
result of some non-linear transformation of the frequency scale. The purpose of the mel scale is that the
difference in the frequencies as perceived by humans should be different for all ranges. For example,

humans can easily identify the difference between 500 Hz and 1000 Hz but not between 8500 Hz and
9000 Hz.
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Figure 6. Mel spectrogram of an audio file.

The spectral contrast of the sample audio file is represented in Figure 7. Spectral contrast extracts the
spectral peaks, valleys, and their differences in each sub-band. The spectral contrast features represent the
relative spectral characteristics.
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Figure 7. Spectral contrast of a sample audio file.
Figure 8 shows the tonnetz features of the sample audio file. The tonnetz is a pitch space defined by

the network of relationships between musical pitches in just intonation. It estimates tonal centroids as
coordinates in a six-dimensional interval space.
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Figure 8. Tonnetz features of the sample audio file.
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4. Model Description

4.1. Model Architecture

The research work follows a semi-hierarchical model where one step is followed by another but it is
bifurcated into two wings one for audio and other for text and later on the SVNS are combined together in
the integration module.

The overall architecture of the work is provided in Figure 9. The process begins with selecting an
appropriate dataset with audio to text translations. For the audio section, convert the audio files into .wav
format and extract features for further processing. Since the dataset is unlabelled the only suitable choice
in the machine learning algorithms are clustering algorithms. For this module, K-means clustering was
chosen. Then the Euclidean distance(x) of each point from the centre of each cluster is calculated and 1 — x
is used as the measure of that specific class, SVNS values were obtained. Clustering was performed again
to visualise the SVNS as clusters.

TEE
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i
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o 2 Ry FEATURE CLUSTERING | COMPUTING

% % CONVERSION | Ferion e CLUSTERING
£

s

o E TEXT APPLYING

=25 TRANSLATION | VADER e onie | custering
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HIERARCHICAL
K-MEANS AGGLOME-
CLUSTERING RATIVE
CLUSTERING

COMBINING
AUDIO AND
TEXT SVNS

RESULTS

INTEGRATION
MODULE

Figure 9. The model architecture.

For the text module, the text translations were considered and VADER tool was used to generate
SVNS. After the generation of SVNS, it was clustered and visualized.
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In the integration module the SVNS values obtained from speech module and text module was
combined together, there by combining both the branches. The final SVNS are calculated by averaging the
audio and text SVNS which are again clustered and visualized for comparison.

4.2. Data Processing

Dataset played a crucial role in this research work. The reason being we wanted to map audio SVNS to
text SVNS for comparison so a dataset with audio translation was required. Hence LibriSpeech dataset [2]
was chosen. LibriSpeech is a corpus of approximately 1000 h of 16kHz read English speech. The data is
derived from read audiobooks from the LibriVox project, and has been carefully segmented and aligned.
For this purpose the following folders have been used:

1. Dev-clean (337 MB with 2703 audio)
2. Train-clean (6.3 GB with 28,539 audio)

We used the dev clean (337MB) folder to test algorithms in the initial phase and then scaled up to
train clean-100 (6.3 GB) to get the final results. We did not scale further due to hardware limitations.
The reason for selecting the “clean” speech sets was to eliminate the more challenging audio and focus
more on speech analysis. Since these are audio books, the dataset is structured in the following format.
For example, 84-121123-0001.flac is present in the sub directory 121123 of directory 84, it implies that
the reader ID for this audio file is 84 and the chapter is 121123. There is a separate chapters.txt which
is provided along with the dataset that provides the details of the chapter. For example, 121123 is the
chapter ‘Maximilian” in the book “The Count of Monte Cristo’. In the same sub directory 121123 a text
file is present, 84-121123.trans.txt which contains the audio to text translation of the audio files in that
directory. The reason for choosing this dataset over others is that it provides audio to text translations of
the audio files.

The processing of audio file from .flac format to .wav format was carried out. The dataset was
available in .flac format. It was necessary to convert these files into .wav format for further processing and
extracting features. For this ffmpeg was used in shell script with bash. Ffmpeg is a free and open-source
project consisting of a vast software suite of libraries and programs for handling video, audio, and other
multimedia files and streams.

4.3. Feature Extraction

The audio files were then fed into the python feature extraction script which extracted 193 features
per audio file. Using the Librosa package in python following features were extracted

MFCC (40)
Chroma (12)
Mel (128)
Contrast (7)
Tonnetz (6)

G PN

The following npy files were generated as result:

—_

X_dev_clean.npy (2703 x 193)
2. X_train_clean.npy (28,539 x 193)

Then these files were normalized using sklearn. The screenshot of the normalized audio features is
given in Figure 10.
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Figure 10. Normalized audio features.

4.4. Clustering and Visualization

4.4.1. K-Means

The K-means algorithms used for clustering SVNS values for sentiment analysis was proposed in [13].
It is a simple algorithm which produces the same results irrespective of the order of the dataset. The input
is the SVNS values as dataset and the number of clusters (K) required. The algorithm then picks K SVNS
values from the dataset randomly and assigns them as centroid. Then repeatedly the distance between
other SVNS values and centroids are calculated and they are assigned to one cluster. This process continues
till the centroid stops changing. Elbow method specifies what a good K (number of clusters) would be
based on the sum of squared distance (SSE) between data points and their assigned clusters’ centroids.

4.4.2. Hierarchical Agglomerative Clustering and Visualization

Hierarchical clustering is a machine learning algorithm used to group similar data together based on
a similarity measure or the Euclidean distance between the data points. It is generally used for unlabelled
data. There are two types of hierarchical clustering approaches: divisive and agglomerative. Hierarchical
divisive clustering refers to top to down approach where all the data is assigned to one cluster and
then partitioned further into clusters. In hierarchical agglomerative clustering all the data points are
treated as individual clusters and then with every step data points closest to each other are identified
and grouped together. This process is continued until all the data points are grouped into one cluster,
creating a dendogram. The algorithm for hierarchical agglomerative clustering of SVNS values is given in
Algorithm 1.
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Algorithm 1: Hierarchical agglomerative clustering.

Input: N number of SVNSs {s1,...sn}
Output: Cluster
begin
Step 1: Create a distance matrix X using Euclidean distance function dist(s;, s;)
fori < 1,N do
forj«i+1,Ndo
‘ X; < dist(si,s]-)
end
end
Step 2: X + {x1,x2,...,xN}
Step 3: Perform clustering
while X.size > 1 do
(Xmint, Xmin2) < minimum_dist(x,, x,)Vx,, xp € X
Remove x,,;,1 and x;,,» from X
Add center{x,in1, Xmin2 } to X
Alter distance matrix X accordingly
end
Results in cluster automatically
end

4.5. Generating SVNS Values

4.5.1. Speech Module

Since the dataset was unlabelled, K-means algorithm was used for clustering. With K being set
to 3, the clusters were obtained. Let the cluster centres be B, B, and B;. Bj, B, and B3 were mapped
as positive, neutral, and negative clusters, respectively. We randomly selected 30 samples from each
cluster and mapped the maximum sentiment of the sample as the sentiment of the cluster. For every
data point P, in the dataset distance was calculated to the centres of each cluster. 1-distance implied the
closeness measure to each cluster or class (positive, neutral or negative). SVNS for audio were created
using 1-distance and stored in a .csv file as (P4, I4, Na).

4.5.2. Text Module

The next task is sentiment analysis of text translation using VADER. VADER is a tool used for
sentiment analysis which provides a measure for positive, neutral and negative classes for each input
sentence. Using VADER text translation for each audio was analysed and SVNS were generated and stored
in .csv file as (Pr, I, N1). Taking the csv file of text SVNS as input, K-means cluster with K, taken as 3,
was performed.

4.5.3. Integration Module

Next, we proceed on to combine the SVNS, the audio SVNS values are represented by (P4, I4, Na)
and the text SVNS values are represented by (Pr, It, Nr) and the combined SVNS are represented by
(Pc, Ic, Nc), where the component values are calculated as
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(Pr+Pa)
2
(I er L) 1)

Ne = (Nt er Na)

Pc =

Ic =

Combined SVNS values were generated using equations given in Equation (1). The visualization of
combined SVNS is carried out next. Using K-means clustering and hierarchical agglomerative clustering
algorithms, the SVNS of audio, text and combined modules were visualized into 3 clusters.

5. Experimental Results and Data Visualisation

5.1. Speech Module

The elbow method specifies what a good K, the number of clusters would be based on the SSE
between data points and their assigned clusters’ centroids. The elbow chart of the audio were created to
decide the most favourable number of clusters, they are given in Figure 11a,b for the dev-clean folder and
train-clean folder, respectively.

Elbow Method Elbow Method

90 1

80 600

70+

WCSS

60 -

50

40 4

2 a 6 8 10 2 a 3 8 10
Number of clusters Number of clusters
(a) Dev-clean (b) Train-clean
Figure 11. Elbow chart for dataset.

The elbow method generates the optimum number of clusters as three as shown in Figure 11a,b.
Hence, the dataset is clustered into three clusters — positive, indeterminate and negative. The results for
the clustering of the dataset into three is visualised in 2D and 3D in Figures 12a,b and 13a,b. The 2D
visualization of the clusters is given in Figure 12a,b for dev-clean and train-clean respectively. Figure 13a,b
are the K-Means clustering in 3D for dev-clean and train-clean respectively.

Once clusters are formed, we calculate the Euclidean distance of each data point from the centre of
the cluster. Let the cluster centres be Bj, B, and Bs. For every data point P in the dataset distance was
calculated to the centres of each cluster. 1-distance implied the closeness measure to each cluster or class
(positive, neutral or negative). Euclidean distance d can be calculated using the formula given Equation (2).

d= /(2 =¥+ (2 -1 )? @

The sample SVNS values generated from the audio features is given in Figure 14a.
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Figure 12. K-means clustering in 2D for audio dataset.
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Figure 13. K-means clustering in 3D for audio dataset.
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(b) Text SVNS
Figure 14. Sample SVNS values.

5.2. Text Module

The audio to text translations are given in the dataset, a sample from the dataset is given Figure 15.
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Now the text file is processed with the VADER tool for analysis, which generates SVNS values in
form of (N7, I, Pr). For the sake of notational convenience, we created and populated .csv file in the
order of (Pr, It, Nt), where Pr is positive, It is the indeterminate membership and Nr is the negative
membership. A sample of the .csv file that contains the SVNS values is shown in Figure 14b. VADER also
gives a composite score for every line, depending on which the tool also provides a class label, i.e., positive
or neutral or negative. Since we were working with unlabelled data, we did not have a method to validate

| 84-121123.trans - Notepad - O X

File Edit Format View Help

E4—121123—9988 GO DO YOU HEAR ~
84-121123-8801 BUT IN LESS THAN FIVE MINUTES THE STAIRCASE GROANED BEMEATH AN EXTRAORDIMARY
WELGHT

84-121123-8882 AT THIS MOMENT THE WHOLE SOUL OF THE OLD MAN SEEMED CENTRED IN HIS EYES WHICH
BECAME BLOODSHOT THE WEINS OF THE THROAT SWELLED HIS CHEEKS AND TEMPLES BECAME PURPLE AS THOUGH
HE WAS STRUCK WITH EPILEPSY NOTHING WAS WANTING TO COMPLETE THIS BUT THE UTTERANCE OF A CRY
84-121123-8883 AND THE CRY ISSUED FROM HIS PORES IF WE MAY THUS SPEAK A CRY FRIGHTFUL IN ITS
SILENCE

84-121123-8884 D'AVRIGNY RUSHED TOWARDS THE OLD MAN AND MADE HIM INHALE A POWERFUL RESTORATIVE
84-121123-800% D'AVRIGNY UNABLE TO BEAR THE SIGHT OF THIS TOUCHING EMOTION TURNED AWAY AND
VILLEFORT WITHOUT SEEKING ANY FURTHER EXPLAMATION AND ATTRACTED TOWARDS HIM BY THE IRRESISTIBLE
MAGNETISM WHICH DRAWS US TOWARDS THOSE WHO HAVE LOVED THE PEOPLE FOR WHOM WE MOURN EXTENDED HIS
HAND TOWARDS THE YOUNG MAN

Figure 15. Sample audio to translation.

the labels provided by the tool.

In the case of the textual content of a novel, this is a narration, so one cannot get high values for
positivity or negativity only, neutrals takes the maximum value when SVNS value is used; which is
evident from Figure 14b. The obtained SVNS values are clustered using K-means algorithm and visualized
in Figures 16a,b and 17a,b. Figure 16a,b are results of the K-means clustering in 2D on dev-clean and

train-clean datasets respectively.
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Similarly the clustering results are represented in 3D in Figure 17a,b. Dev-clean folder contains 2703
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(a) Dev-clean results (b) Train-clean results

Figure 16. K-means clustering in 2D text SVNS values.

audio files and train-clean folder contains 28,539 audio files.

The clustering visualisation clearly shows the presence of 3 clusters indicating the existence of

neutrality in the data.
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(a) Dev-clean (b) Train-clean
Figure 17. K-means clustering in 3D of text SVNS values.

5.3. Integration Module

The final SVNS are calculated by averaging the audio SVNS and text SVNS. The combined SVNS
values are again clustered and visualized for comparison. We visualize the SVNS values using clustering
algorithms such as K-means and hierarchical agglomerative clustering given in Algorithm 1. The K-means
clustering results of combined SVNS of dev-clean and train-clean are given in Figure 18a,b respectively.

(b) Train-clean

(a) Dev-clean
Figure 18. K-means clustering in 3D of combined SVNS values.

The dendograms generated while clustering the combined SVNS values of dev-clean and train-clean

are given in Figure 19 and Figure 20 respectively.
The clustering results of using agglomerative clustering on the combined SVNS values of dev-clean

and train-clean datasets are given in Figure 21a,b respectively.
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Figure 19. Dendogram of combined SVNS values of Dev-clean.
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Figure 20. Dendogram of combined SVNS values of Train-clean.
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Figure 21. Agglomerative Clustering of combined SVNS values.

6. Result and Discussion

The visualization of clustering results and the dendogram clearly reveal the presence of neutrality
in the data, which is validated by the existence of the third cluster. It is pertinent to note that, in
case of sentiment analysis, data cannot be divided into positive and negative alone, the existence of
neutrality needs to be acknowledged. After analysing the results of all the clustering algorithms, significant
conclusions have been made. The concept of indeterminacy or neutrality has not yet been dealt with in
normal or conventional and fuzzy sentiment analysis. SVNS provides a score for neutral sentiment along
with positive and negative sentiments. Speech sentiment analysis using neutrosophic sets has not been
done to date, whereas it can provide excellent results. The logic behind combining SVNS is to include both
features related to the audio files derived from amplitude and frequency and pairing it with the analysis of
text for better results. This is a much more wholesome approach than just picking either of the two.

In Table 1, the number of audio classified as cluster 1 (C1), cluster 2 (C2) and cluster 3 (C3) are shown
for SVNS from audio features, text SVNS and the combined SVNS for dev-clean LibriSpeech folder which
is 337 MB with 2703 audio. There is a considerable overlap in the values that are present in the cluster C1
and C2 and C3, for the three values from speech module, text module and combined module, respectively.

Table 1. Dev-clean clustering results.

SVNS C1 C2 C3
Audio 1097 1568 38
Text 1431 675 597

Combined 1465 752 486

In Table 2, the number of audio classified as cluster 1 (C1), cluster 2 (C2) and cluster 3 (C3) are shown
for SVNS from audio features, text SVNS and the combined SVNS for train-clean-100 LibriSpeech folder
which is 6.3 GB with 28539 audio. Since the dataset was unlabelled there was no other choice but to cluster
the features, hence the output which was received was clusters without class tags, hence it cannot be
identified with these given results which cluster represents positive class, neutral class or negative class.
Class tags can be obtained from VADER composite score, but since our aim was to show the presence of
neutrality in the data, we did not do the mapping of the clusters to a particular class using the VADER tool
provided labels.
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Table 2. Train-clean-100 clustering results.

SVNS C1 C2 C3
Audio 7830 13,234 7475
Text 9332 15,028 4179

Combined 8389 13,174 6976

Instead, if we used the max of the SVNS values present in the cluster to map the cluster to a class
tag. Accordingly we obtained C1 cluster was positive class, C2 cluster was neutral and C3 cluster was the
negative class. Though it can be inferred from the changing number of data points in the clusters and their
ratios to one another that analysis of audio separately and text separately, and then combining the two
together with neutrosophic sets is effective to address the indeterminacy and uncertainty of data.

7. Conclusions and Further Work

Work on analyzing sentiment of textual data using neutrosophic sets has been sparse and little,
only [13,14] made use of SVNS and refined neutrosophic sets for sentiment analysis. Analysis of audio or
speech sentiment analysis using neutrosophy has not been carried out, until now. To date, there has been
no way to accommodate the neutrosophy in the sentiment analysis of audio. In the first of a kind, we used
the audio features to implement the concept of neutrosophy in speech sentiment analysis. We proposed a
novel framework that combines audio features, sentiment analysis, and neutrosophy to generate SVNS
values. The initial phase of the work included extracting features from audio, clustering them into three
clusters, and generating the SVNS. This was followed by using the VADER tool for text and generating
SVNS. Now there were two SVNS for every audio file; one from the audio files and the other from the text
file. These two were combined by averaging out the SVNS and the newly obtained SVNS were clustered
again for final results. This is an innovative contribution to both sentiment analysis and neutrosophy. For
future work, while combining the SVNS weights can be set according to priority or depending on the
reliability of the data. For example, if the audio to text translations are bad then weights can be set in the
ratio 4:1 for audio SVNS to text SVNS where the resulting SVNS will depend 80% on the audio SVNS and
20% on the text SVNS. Similarly, other similarity measures other than distance measures can be used for
generating SVNS values for audio files.
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Abbreviations

The following abbreviations are used in this manuscript:

NLP Natural Language Processing

SVNS Single-Valued Neutrosophic Sets

MEFCC Mel-Frequency Cepstral Coefficients

RAVDESS  Ryerson Audio-Visual Database of Emotional Speech and Song
VADER Valence Aware Dictionary and Sentiment Reasoner

SVM Support Vector Machine

DVNS Double Valued Neutrosophic Sets

SSE Sum of Squared Distance
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Abstract: In this paper, we advance the study of plithogenic hypersoft set (PHSS). We present four
classifications of PHSS that are based on the number of attributes chosen for application and the nature
of alternatives or that of attribute value degree of appurtenance. These four PHSS classifications
cover most of the fuzzy and neutrosophic cases that can have neutrosophic applications in symmetry.
We also make explanations with an illustrative example for demonstrating these four classifications.
We then propose a novel multi-criteria decision making (MCDM) method that is based on PHSS, as an
extension of the technique for order preference by similarity to an ideal solution (TOPSIS). A number
of real MCDM problems are complicated with uncertainty that require each selection criteria or
attribute to be further subdivided into attribute values and all alternatives to be evaluated separately
against each attribute value. The proposed PHSS-based TOPSIS can be used in order to solve these real
MCDM problems that are precisely modeled by the concept of PHSS, in which each attribute value
has a neutrosophic degree of appurtenance corresponding to each alternative under consideration,
in the light of some given criteria. For a real application, a parking spot choice problem is solved
by the proposed PHSS-based TOPSIS under fuzzy neutrosophic environment and it is validated by
considering two different sets of alternatives along with a comparison with fuzzy TOPSIS in each case.
The results are highly encouraging and a MATLAB code of the algorithm of PHSS-based TOPSIS
is also complied in order to extend the scope of the work to analyze time series and in developing
algorithms for graph theory, machine learning, pattern recognition, and artificial intelligence.

Keywords: Soft set; hypersoft set; plithogenic hypersoft set (PHSS); multi-criteria decision making
(MCDM); PHSS-based TOPSIS

1. Introduction

A strong mathematical tool is always needed in order to combat real world problems involving
uncertainty in the data. This necessity has urged scholars to introduce different mathematical tools
to facilitate the world for solving such problems. In 1965, the concept of fuzzy set was introduced
by Zadeh [1], in which each element is assigned a membership degree in the form of a single crisp
value in the interval [0, 1]. It has been studied extensively by the researchers and a number of real life
problems have been solved by fuzzy sets [2-5]. However, in some practical situations, it is seen that
this membership degree is hard to be defined by a single number. The uncertainty in the membership
degree became the cause to introduce the concept of interval-valued fuzzy set in which the degree
of membership is an interval value in [0, 1]. Later on, the concept of intuitionistic fuzzy set (IFS) was
proposed by Atanassov [6] in 1986, which incorporates the non-membership degree. IFS had many
applications [7-10].
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However, IFS is unable to deal with indeterminate information, which is very common in belief
systems. This inadequacy was addressed by Smarandache [11] in 2000, who introduced the concept of
neutrosophic set in which membership (T), indeterminacy (I) and non-membership (F) degrees were
independently quantified i.e., T, I, F € [0,1] and the sum T + I + F need not to be contained in [0, 1].
All of these mathematical tools have been thoroughly explored and successfully applied to deal
with uncertainties [12-15], yet these tools usually fail to handle uncertainty in a variety of practical
situation, because these tools require all notions to be exact and do not possess a parametrization tool.
Consequently, soft set was introduced by Molodstsov [16] in 1999, which can be regarded as a general
mathematical tool to deal with uncertainty. Molodstsov [16] defined soft set as a parameterized family
of subsets of a universe of discourse. In 2003, Maji et al. [17] introduced aggregation operations on soft
sets. Soft sets and their hybrids have been successfully applied in various areas [18-21]

In a variety of real life MCDM problems, the attributes need to be further sub-divided into
attribute values for a better decision. This need was fulfilled by Smarandache [22], who introduced the
concept of hypersoft set as a generalization of the concept of soft set in 2018. Besides, Smarandache [22]
introduced the concept of plithogenic hypersoft set with crisp, fuzzy, intuitionistic fuzzy, neutrosophic,
and plithogenic sets. In 2020, Saeed et al. [23] presented a study on the fundamentals of hypersoft set
theory. Smarandache [24,25] developed the aggregation operations on plithogenic set and proved that
the plithogenic set is the most generalized structure that can be efficiently applied to a variety of real
life problems [26-29]

A PHSS-based TOPSIS is proposed in the article to deal with MCDM problem, in which attribute
may have attribute values and each attribute value has a neutrosophic degree of appurtenance of
each alternative. The proposed method is authenticated by taking two different sets of alternatives.
A comparison with fuzzy TOPSIS is made in each case. It shows that the results are highly inspiring.
A MATLAB code of the algorithm of PHSS-based TOPSIS is also complied in order to encompass
the scope of the work to analyze time series and in developing algorithms for graph theory, artificial
intelligence, machine learning, pattern recognition, and neutrosophic applications in symmetry.
It appears quite pertinent to point out that the article gives detailed insight on PHSS with related
definitions and its implementation in MCDM process. The scope of the work can be extended in other
mathematics directions as well by introducing important theorems and propositions [24]

The remainder of this article is organized, as follows. In Section 2, we briefly review some
basic notions, leading to the definitions of soft sets, hypersoft sets, plithogenic sets, and plithogenic
hypersoft sets (PHSSs), along with an illustrative example. Section 3 consists of the four proposed
classifications of PHSSs based on different criteria. More explanations with an illustrative example
for the four classifications are also made. In Section 4, the algorithm of the proposed PHSS-based
TOPSIS is given, along with its application to a real life parking spot choice problem under fuzzy
neutrosophic environment and its comparison with fuzzy TOPSIS. Section 5 provides the conclusion
and future directions.

2. Preliminaries

This section comprises of some necessary basic concepts that are related to plithogenic hypersoft
set (PHSS), which is also defined in this section along with an illustrative example for a clear
understanding. Throughout the study, let { be a non-empty universal set, P(/) be the power set of
U, X C U be a finite set of alternatives, and A be a finite set of 1 distinct parameters or attributes,
as given by

A:{ﬂl,ﬂz,"',an}, 7’121

The attribute values of a1, ay, - - - ,a,, belong to the sets A1, Ay, ..., Ay, respectively, where A; N Aj = ¢,
fori #j,and i, j € {1, 2,..., n}. Moreover, we consider a finite number of uni-dimensional attributes
and each attribute has a finite discrete set of attribute values. However, it is worth mentioning that
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the attributes may have an infinite number of attribute values. In such a case, every structure with
non-Archimedean metrics can be dealt in depth [30,31].

2.1. Soft Sets

A soft set over U is a mapping F : B — P(U), B C A with the value Fz(a) € P(U) ata € B and
Fp(a) = ¢ if « & B. Itis denoted by (F, B) and written as follows [16]:

(F,B) ={(a, Fg(a)) : a« € B, Fp(a) € P(U)}.

Moreover, a soft set over U can be regarded as a parameterized family of the subsets of ¢/. For an
attribute « € B, F(«) is considered as the set of a-approximate elements of the soft set (F, B).

2.2. Hypersoft Sets

Let C denote the cartesian product of the sets Ay, Ay, ..., Ay, ie, C=A; x Ay X ... x Ay, n > 1.
Subsequently, a hypersoft set (#,C) over U is a mapping defined by H : C — P(U) [22]. For an
n-tuple (y1,72,...,7n) € C,, where v; € A;, i =1,2,3,...,n, a hypersoft set is written as

(1,C) ={(v, H(7)) : v = (v, 72,---,7n) €C, H(y) € P(U)}.

It may be noted that hypersoft set is a generalization of soft set.

2.3. Plithogenic Sets

A set X is called a plithogenic set if all of its members are characterized by the attributes under
consideration and each attribute may have any number of attribute values [24]. Each attribute value
possesses a corresponding appurtenance degree of the element x, to the set X, with respect to some
given criteria. Moreover, a contradiction degree function is defined between each attribute value and
the dominant attribute value of an attribute in order to obtain accuracy for aggregation operations on
plithogenic sets. These degrees of appurtenance and contradiction may be fuzzy, intuitionistic fuzzy or
neutrosophic degrees.

Remark 1. Plithogenic set is regarded as a generalization of crisp, fuzzy, intuitionistic fuzzy. and neutrosophic
sets, since the elements of later sets are characterized by a combined single attribute value (degree of appurtenance),
which has only one value for crisp and fuzzy sets i.e., membership, two values in case of intuitionistic fuzzy set
i.e., membership and non-membership, and three values for neutrosophic set i.e., membership, indeterminacy,
and non-membership. In the case of plithogenic set, each element is separately characterized by all attribute
values under consideration in terms of degree of appurtenance.

2.4. Plithogenic Hypersoft Set (PHSS)

Let X CUand C = A; X Ay X ... X Ay, where n > 1 and A; is the set of all attribute values
of the attribute 4;, i = 1,2,3, ..., n. Each attribute value  possesses a corresponding appurtenance
degree d(x, ) of the member x € X, in accordance with some given condition or criteria. The attribute
value degree of appurtenance is a function that is defined by

d:XxC—P(0,1)), ¥V x€X,

such that d(x,y) € [0,1]/, and P([0,1}/) is the power set of [0,1]/, where j = 1,2,3 are for fuzzy,
intuitionistic fuzzy, and neutrosophic degree of appurtenance, respectively.

Furthermore, the degree of contradiction (dissimilarity) between any two attribute values of the
same attribute is a function given by

c:A;x Aj— P([0,1)), 1<i<n, j=1,23.
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For any two attribute values 1 and 7, of the same attribute, it is denoted by c(7y1, 72) and satisfies the
following axioms:

c(r,m) =0,
c(71,72) = c(r2,71)-

Subsequently, (X,A,C,d,c) is called a plithogenic hypersoft set (PHSS) [22]. For an n-tuple
(Y1,72,---,7n) €C, 7 € A;, 1 <i < n,aplithogenic hypersoft set F : C — P(U/) is mathematically
written as

F({71/'72/-~-1'Yn}) = {x(dx(')’l)/dx('h)/-~-/dx('>'n))r xe X}

Remark 2. Plithogenic hypersoft set is a generalization of crisp hypersoft set, fuzzy hypersoft set, intuitionistic
fuzzy hypersoft set, and neutrosophic hypersoft set.

2.5. Illustrative Example

LetU = {my,my, ms, ..., my} be a universe containing mobile phones. A person wants to buy
a mobile phone for which the mobile phones under consideration (alternatives) are contained in
X C U, given by

X = {mz, ms, ms, ms}.
The characteristics or attributes of the mobile phones belong to the set A = {a1,a5,a3,44}, such that

a1 = Processor power,

a, = RAM,

a3 = Front camera resolution,
a4 = Screen size in inches.

The attribute values of a1, ay, a3, a4 are contained in the sets A1, Ay, A3, A4 given below.

Ay = {dual-core, quad-core, octa-core},
A, = {2GB, 4GB, 8GB, 16GB},

Az = {2MP, 5MP, 8MP, 16MP},

Ay = {4,45,5,55,6}.

1. Soft set

Consider B = {ay,a3} C A. Afterwards, a soft set (F, B), defined by the mapping F : B — P(U),
is given by
(F, B) = {(az, {ma, ms}), (as, {ma, m3, ms})}

Element-wise, it may be written as

Fplaz) = {my,ms}, Fp(az) = {ma,m3, mg}.

2. Hypersoft set
Let C = A1 X Ay X Az x Ay. Then, a hypersoft set over U is a function f : C — P(U/). For an element
(octa-core, 8GB, 16MP, 5.5) € C, it is given by

f({octa-core, 8GB, 16MP, 5.5} ) = {ms, mg}
3. Plithogenic hypersoft set
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For the same tuple (octa-core, 8GB, 16MP, 5.5) € C, a plithogenic hypersoft set F : C — P(U)
is given by

F({octa-core, 8GB, 16MP, 5.5} ) ={ms5 (d; (octa-core), du; (8GB), dyus (16MP), d,5(5.5) ),
mg (dmg (octa-core), dyy (8GB), dyg (16MP), dyyg (5.5)) },

where d;;(y) stands for the degree of appurtenance of the attribute value ¢ €
(octa-core, 8GB, 16MP, 5.5) to the element m5 € X. A similar meaning applies to dy, (7).

3. The Four Classifications of PHSS

In this section, we propose the four different classifications of PHSS that are based on the number
of attributes chosen for application and the characteristics of alternatives under consideration or that
of the attribute value degree of appurtenance function. The same example from Section 2 is considered
to each classification for a practical understanding. Figure 1 shows a diagram for these classifications.

Classifications of Plithogenic Hypersoft Set (PHSS)

The First The Second The Third The Fourth
Classification |l Classification | Classification @ Classification

Uni-attribute Plithogenic Plithogenic Single-valued
Plithogenic Crisp Refind Plithogenic
Hypersoft Set Hypersoft Set Hypersoft Set Hypersoft Set

. . Plithogenic .
Multi-attribute Plithogenic Hypersoft Hesitant
Plithogenic 217747 Overset Plithogenic
Hypersoft Set Hypersoft Set Hypersoft Set
Plithogenic
Plithogenic Hypersoft Interval-valued
Intuitionistic Underset Plithogenic
Fuzzy Hypersoft Set

Hypersoft Set Plithogenic
Hypersoft

Offset

Plithogenic
Neutrosophic Plithogenic
Hypersoft Set Hypersoft
Multiset

Plithogenic
Bipolar
Hypersoft Set

Plithogenic
L Complex

Hypersoft Set

Figure 1. Flowchart of four classifications of plithogenic hypersoft sets (PHSS).

3.1. The First Classification

This classification is based on the number of attributes that are chosen by the decision makers
for application.

3.1.1. Uni-Attribute Plithogenic Hypersoft Set

Let & € A be an attribute required by the experts for application purpose and the attribute values
of a belong to the finite discrete set Y = {y1,y2,...,ym}, m > 1. Hence, the degree of appurtenance
function is given by

d:XxY—P(0,1)), VxeX,
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such that d(x,y) C [0,1)/, where P([0,1)/) denotes the power set of [0,1])/ and j = 1,2,3 stands for
fuzzy, intuitionistic fuzzy, or neutrosophic degree of appurtenance, respectively.
The contradiction degree function between any two attribute values of «, is given by

c:YxY = P(0,1)), YyeY, j=1,23.
For any two attribute values v,y € Y, itis denoted by ¢(y1, y2) and the following properties hold:

C(]/l/]/l) = 0/
c(y1,¥2) = c(y2,y1)-

Subsequently, (X,a,Y,d,c) is termed as a uni-attribute plithogenic hypersoft set. For an attribute value
y € Y, a uni-attribute plithogenic hypersoft set F : Y — P(U/) is mathematically written as

F(y) = {x(de(y)) : x € X}.
3.1.2. Multi-Attribute Plithogenic Hypersoft Set
Consider a subset B of A, consisting of all attributes that were chosen by the experts, given by
B={by,by,..., by}, m>1.
Let the attribute values of by, by, . .., by, belong to the sets By, By, . .., By, respectively, and
Y = By X By X ... X By,
Afterwards, the appurtenance degree function is
d:XxY, —P(0,1)), V x€X,
such that d(x,y) C [0, 1), j =1,2,3. In this case, the contradiction degree function is given by
c:BixB;— P([0,1})), 1<i<m, j=1,23.

The degree of contradiction between any two attribute values y; and y», is denoted by c¢(y1,y2) and it
satisfies the following axioms:

c(y1,y1) =0,
c(y1,¥2) = c(y2,y1)-

Subsequently, (X, B, Yy, d,c) is called a multi-attribute plithogenic hypersoft set. For an m-tuple
(y1,¥2,---,Ym) € Ym, y;i € B;, 1 <i < m, a multi-attribute plithogenic hypersoft set F : Y;, — P(U) is
mathematically written as

F({yv v, ym}) = {x(dx(y1),dx(y2), - dx(ym)), x € X

Example 1. Consider the previous example in which U = {mq,my, m3,...,myg} and X C U is given by
X = {my, m3, ms, mg}. The attributes belong to the set A = {ay,ay,a3,a4}, such that

a1 = Processor power,

ay = RAM,

az = Front camera resolution,

ay = Screen size in inches.

The attribute values of a1, ay, as, as are contained in the sets A1, A, Az, Ay given below:
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Ay = {dual-core, quad-core, octa-core},
A, = {2GB, 4GB, 8GB, 16GB},

Az = {2MP, 5MP, 8MP, 16 MP},

Ay = {4,45,5,55,6).

1. Uni-attribute plithogenic hypersoft set

Consider the most demanding feature of a mobile phone given by the attribute a3 that stands for
front camera resolution. The set of attribute values of a3 is A3 = {2MP, 5MP, 8MP, 16MP}. Then,
the uni-attribute plithogenic hypersoft set F : A3 — P(U) is given by

F(v) = {x(dx(7)),V v € A3, x € X},

where dy () denotes the degree of appurtenance of x € X, to the set X, w.r.t. the attribute value
v € As. For an attribute value 16MP € A3, we have

F(16MP) = {m(dyy (16MP)), ms (dyny (16MP)) },

2. Multi-attribute plithogenic hypersoft set
Let B = {a3,a4} be the set of attributes required by the customer. Therefore, we need Az and Ay

given by

As = {2MP, 5MP, 8MP, 16MP},
Ay = {4,45,5,55,6}.

Suppose that the customer is interested to buy a mobile phone with specific requirements of 16MP front
camera with 5.5 inch screen size. In this case, we take (16MP,5.5) € A3 x A4 and a multi-attribute
plithogenic hypersoft set F : A3 x Ay — P(U) is given by

F({16MP,5.5}) = {15 (dy; (16MP), dys (5.5)) , g (dpg (16MP), dyug (5.5)) },

where d,,;(y) stands for the degree of appurtenance of ms5 to the set X w.r.t. the attribute value
v € (16MP,5.5).

3.2. The Second Classification

This classification is based on the nature of the attribute value degree of appurtenance that may
be crisp, fuzzy, intuitionistic fuzzy, or neutrosophic degree of appurtenance.

3.2.1. Plithogenic Crisp Hypersoft Set

A plithogenic hypersoft set X is crisp if the appurtenance degree dy () of each member x € X,
w.r.t. each attribute value v, is crisp, i.e., dx(7) is either 0 or 1.

3.2.2. Plithogenic Fuzzy Hypersoft Set

If the appurtenance degree d, () of each member x € X, w.r.t. each attribute value v, is fuzzy,
then it is called the plithogenic fuzzy hypersoft set. Mathematically, d () € P([0,1]).

3.2.3. Plithogenic Intuitionistic Fuzzy Hypersoft Set

If the attribute value appurtenance degree d,(y) of each x € X, w.rt. each attribute value,
is intuitionistic fuzzy degree, then it is called the plithogenic intuitionistic fuzzy hypersoft set.
Mathematically, it is written as dy(7y) € P([0,1]?).
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3.2.4. Plithogenic Neutrosophic Hypersoft Set
A plithogenic hypersoft set X is called plithogenic neutrosophic hypersoft set if dy(7y) € P([0,1]?).
Example 2. For (octa-core, 8GB, 16MP, 5.5) € C, we have the following results:

1. Plithogenic crisp hypersoft set
F({octa-core, 8GB, 16MP, 5.5}) = {ms(1,1,1,1),mg(1,1,1,1)}.
2. Plithogenic fuzzy hypersoft set
F({octa-core, 8GB, 16MP, 5.5}) = {m5(0.9,0.2,1,0.75),mg(0.5,0.5,0.25,0.9) }.
3. Plithogenic intuitionistic fuzzy hypersoft set

F({octa-core, 8GB, 16MP, 5.5}) ={ms ((0.9,0.1), (0.2,0.6), (1,0), (0.75,0.1)),
mg((0.5,0.25), (0.5,0.5), (0.25,0.1), (0.9,0))}.

4. Plithogenic neutrosophic hypersoft set

F({octa-core, 8GB, 16MP, 5.5}) ={ms((0.9,0.7,0.1), (0.2,0.3,0.6), (1,0.25,0), (0.75,0.3,0.1)),
mg((0.5,1,0.25), (0.5,0.9,0.5), (0.25,0.7,0.1), (0.9,0.8,0)) }.

3.3. The Third Classification

This classification is based on the properties of attribute values and degree of appurtenance function.

3.3.1. Plithogenic Refined Hypersoft Set

Let (X, A,C,d,c) be a plithogenic hypersoft set and A denote the set of attribute values of
an attribute 4. If an attribute value v € A of the attribute a is subdivided or split into at least
two or more attribute sub-values 71, v2,73,... € A, such that the attribute sub-value degree of
appurtenance function d(x, ;) € P([0, 1)), for i =1,2,3,... and j =1,2,3 for fuzzy, intuitionistic
fuzzy, neutrosophic degree of appurtenance, respectively, then X is called a refined plithogenic
hypersoft set. It is represented as (X;, A, C,d, c).

3.3.2. Plithogenic Hypersoft Overset

If the degree of appurtenance of any element x € X w.rt. any attribute value v € A of
an attribute a is greater than 1, i.e., d(x,y) > 1, then X is called a plithogenic hypersoft overset.
It is represented as (X,, A, C,d, c).

3.3.3. Plithogenic Hypersoft Underset

If the degree of appurtenance of any element x € X wrt. any attribute value v € A of
an attribute a less than 0, ie., d(x,7) < 0, then X is called a plithogenic hypersoft underset.
It is represented as (X, A,C,d,c).

3.3.4. Plithogenic Hypersoft Offset

A plithogenic hypersoft set (X, A,C,d,c) is called a plithogenic hypersoft offset if it is both
an overset and an underset. Mathematically, if d(x1,71) > 1 and d(x2,72) < O for the same or
different attribute values y1,y2 € A that correspond to the same or different members xq,x; € X,
then (X, A, C,d, c) is a plithogenic hypersoft offset.
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3.3.5. Plithogenic Hypersoft Multiset
If an element x € X repeats itself into the set X with same plithogenic components given by
x(c1,62,.--,6n),x(c1,C2,.-,Cn),

or with different plithogenic components given by

x(c1,¢2,...,¢n),x(dy,do, ..., dy),
then (X,, A, C,d, c) is called a plithogenic hypersoft multiset.

3.3.6. Plithogenic Bipolar Hypersoft Set

If the attribute value appurtenance degree function is given by
d: X xC— P([-1,0//) x P([0,1}})), ¥V x€X,

where j = 1,2,3, then, (X, A, C,d, c) is called plithogenic bipolar hypersoft set. It may be noted that,
for an attribute value vy, d(x,y) allots a negative degree of appurtenance in [—1,0] and a positive
degree of appurtenance in [0, 1] to each element x € X with respect to each attribute value 7.

Remark 3. The concept of plithogenic bipolar hypersoft set can be extended to plithogenic tripolar hypersoft set
and so on up to plithogenic multipolar hypersoft set.

3.3.7. Plithogenic Complex Hypersoft Set

If for any x € X, the attribute value appurtenance degree function, with respect to any attribute
value v, is given by

d: X x C— P([0,1}/) x P([0,1}}), j = 1,2,3,

such that d(x,y) is a complex number of the form c1.6/2, where ¢; (amplitude) and c¢; (phase) are
subsets of [0, 1], then (Xcom, A, C, d, c) is called a plithogenic complex hypersoft set.

Example 3. Consider the same example of choosing a suitable mobile phone from the set X = {my, m3, ms, mg}.
The attributes are aq, a,, az, ay, whose attribute values are contained in the sets Ay, Ay, Az, Ag.

1. Plithogenic refined hypersoft set

Consider an attribute a4 = screensize in inches whose attribute values belong to the set
Ay ={4,45,555,6}. A refinement of Ay is given by

Ay ={4,45,47,5,55,58,6},

such that forall x € X, '
d(x/’Y) € P([Or 1]]),\V/ Y € A4-

Therefore, a plithogenic refined hypersoft set F, : Ay — P(U) is given by

F,({4,45,4.7,5,5.5,5.8,6}) ={n15(dus (4), dus (4.5), dus (4.7), duus (5), dyus (5.5), ds (5.8), dius (6)),
g (g (4), g (4.5), dg (4.7), diig (5), dig (5.5), dg (5.8), dmg (6) ) }.

2. Plithogenic hypersoft overset
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Let each attribute value has a single-valued fuzzy degree of appurtenance to all the elements of X.
Subsequently, for (octa-core, 8GB, 16MP, 5.5) € C, a plithogenic hypersoft overset F, : C — P(U) is
given by

F,({octa-core, 8GB, 16MP, 5.5}) = {m5(0.9,0.2,1.3,0.75), m5(0.5,0.5,0.25,0.9)}.
It may be noted that d,,;; (16MP) > 1.

3. Plithogenic hypersoft underset
A plithogenic hypersoft underset defined by the function F, : C — P(U) is given by

F,({octa-core, 8GB, 16MP, 5.5}) = {ms5(0.9,0.2,—0.3,0.75), m3(0.5,0.5,0.25,0.9) }.

It may be noted that d,,; (16MP) < 0.
4. Plithogenic hypersoft offset

A plithogenic hypersoft offset is a function Fo¢ : C — P(U), as given by
Fogt({octa-core, 8GB, 16MP, 5.5}) = {m5(0.9,0.2, —0.3,0.75),mg(0.5,1.5,0.25,0.9) }.

Note that d,,,; (16MP) < 0 and d,,, (8GB) > 1.
5. Plithogenic hypersoft multiset
A plithogenic hypersoft multiset F,, : C — P(U) is given by

F.u({octa-core, 8GB, 16MP, 5.5} ) = {m5(0.9,0.2,0.3,0.75), m5(0.7,0.1,0.9,1), mg(0.5,0.5,0.25,0.9) }.

It should be noted that the element m5 repeats itself with different plithogenic components.
6. Plithogenic bipolar hypersoft set
A plithogenic bipolar hypersoft set F, : C — P(U{) is given by

F>({octa-core, 8GB, 16MP, 5.5}) ={ms({—0.1,0.9},{—1,0.2},{—0.9,0.3},{—0.5,1}),
mg({—0.5,0},{—09,1},{-02,0.2},{—1,0.8})}.

7. Plithogenic complex hypersoft set
A plithogenic complex hypersoft set Foom : C — P(U) is given by

Feom({octa-core, 8GB, 16MP, 5.5} ) ={ms5(0.9¢"%,0.2¢"%,0.3¢%%,0.75¢"),

mg (0.5e%5%, 93 0.25e075% 0.9¢017) 1

3.4. The Fourth Classification

The attribute value degree of appurtenance may be a single crisp value in [0, 1], a finite discrete
set or an interval value in [0, 1]. Therefore, we have the following classification of PHSS.

3.4.1. Single-Valued Plithogenic Hypersoft Set

A plithogenic hypersoft set is called a single-valued plithogenic hypersoft set if the attribute value
appurtenance degree is a single number in [0, 1].
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3.4.2. Hesitant Plithogenic Hypersoft Set

If the attribute value degree of appurtenance is a finite discrete set of the form {my, my, ..., m;},
1 <i < o0, included in [0,1], then such a plithogenic hypersoft set is called a hesitant plithogenic
hypersoft set.

3.4.3. Interval-Valued Plithogenic Hypersoft Set

A plithogenic hypersoft set is known as an interval-valued plithogenic hypersoft set if the attribute
value appurtenance degree function is an interval value in [0, 1]. The interval value may be an open,
closed, or semi open interval.

Example 4. For (octa-core, 8GB, 16MP, 5.5) € C, with each attribute value having fuzzy degree of
appurtenance, we have the following results:

1. Single-valued plithogenic hypersoft set
F({octa-core, 8GB, 16MP, 5.5}) = {m5(0.9,0.2,1,0.75), mg(0.5,0.5,0.25,0.9) }.

Each attribute value is assigned a single value in [0, 1] as a degree of appurtenance to m5 and .

2. Hesitant plithogenic hypersoft set

F({octa-core, 8GB, 16MP, 5.5}) ={ms5({0.9,0.75},{0.2,0.7}, {1,0.9}, {0.75,0.5}),
mg({0.5,0.1},{0.5,0.9},{0.25,0},{0.9,1})}.

3. Interval-valued plithogenic hypersoft set

F({octa-core, 8GB, 16MP, 5.5}) ={ms5([0.25,0.75],[0.2,0.6],[0.1,0.9], [0.75,1]),
ms([0.5,0.6],[0.3,0.9], [0.25,0.8], [0.9,1])}.

Each attribute value has an interval value degree of appurtenance in [0, 1] to each element m5 and msg.

4. The Proposed PHSS-Based TOPSIS with Application to a Parking Problem

In this section, we use the concept of PHSS in order to construct a novel MCDM method,
called PHSS-based TOPSIS, in which we extend TOPSIS based on PHSS under fuzzy neutrosophic
environment. Moreover, a parking spot choice problem is constructed in order to employ the newly
developed PHSS-based TOPSIS to prove its validity and efficiency. Two different sets of alternatives
are considered for the application and a comparison is performed with fuzzy TOPSIS in both cases.

4.1. Proposed PHSS-Based TOPSIS Algorithm

Let U be a non-empty universal set, and let X C U be the set of alternatives under consideration,
given by X = {x1,x2,...,xn}. Let C = A; X Ay X ... x Ay, where n > 1 and A; is the set of all
attribute values of the attribute a;, i = 1,2,3,...,n. Each attribute value 7y has a corresponding
appurtenance degree d(x, y) of the member x € X, in accordance with some given condition or criteria.
Our aim is to choose the best alternative out of the alternative set X. The construction steps for the
proposed PHSS-based TOPSIS are as follows:

S1: Choose an ordered tuple (71,72, --.,7n) € C and construct a matrix of order n x m, whose entries
are the neutrosophic degree of appurtenance of each attribute value v, with respect to each alternative
x € X under consideration.
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S2: Employ the newly developed plithogenic accuracy function A, to each element of the matrix
obtained in S1, in order to convert each element into a single crisp value, as follows:
Ty + I+ F Ty, + Iy, + Fy,

Ap(Ty, Iy, Fy) = 3 + 3 x cr(7,v4), 1)

where T, 1,,F, represent the membership, indeterminacy, and non-membership degrees of
appurtenance of the attribute value < to the set X, and T,,, I,,, F,, stand for the membership,
indeterminacy, and non-membership degrees of corresponding dominant attribute value, whereas
ce(7, v4) denotes the fuzzy degree of contradiction between an attribute value -y and its corresponding
dominant attribute value -y,4. This gives us the plithogenic accuracy matrix.

S3: Apply the transpose on the plithogenic accuracy matrix to obtain the plithogenic decision matrix
My = [m;j]mxn of alternatives versus criteria.

S4: A plithogenic normalized decision matrix N, = [yi]-]mxn is constructed, which represents the
relative performance of alternatives and whose elements are calculated as follows:

mij .
Vij= —F/—, ] = 1,2,3,...,n.
w2
; ml]
i=1
S5: Construct a plithogenic weighted normalized decision matrix V, = [vij}mxn = NyW,,
where W, = [w; wy ... wy] is a row matrix of allocated weights wy assigned to the criteria

ar, k=1,2,3,...,nand ) wy = 1,k = 1,2,...,n. Moreover, all of the selection criteria are assigned
different weights by the decision maker, depending on their importance in the decision making process.

S6: Determine the plithogenic positive ideal solution Vp+ and plithogenic negative ideal solution V,°
by the following formula:

m
V;r = { mnélx(vi]-) if a; € benefit criteria, mi?(vi]-) if a; € cost criteria, j = 1,2,3, ... ,n},
1= 1=

_ m . el m . c e
v, = { rin:1{1(vi]-) if a; € benefit criteria, r?:alx(vij) if a; € cost criteria,j = 1,2,3, .. .,n}.

S7: Calculate plithogenic positive distance S and plithogenic negative distance S; of each alternative
from Vp+ and V7, respectively, while using the following formulas:

n

Sj_: Z(vljivz—‘r)z’ i:1,2,3,...,m,
i=1
n

S = Z(Uij—U;)Z, i=1,23,...,m.
j=1

S8: Calculate the relative closeness coefficient C; of each alternative by the following expression:

C-—L i=1,23 m
[ + —7 — Aresdreeg .
SH+S;

S9: The highest value from {Cy,Cy,...,Cy} belongs to the most suitable alternative. Similarly,
the lowest value gives us the worst alternative.
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4.2. Parking Spot Choice Problem

Based on the proposed method, a parking spot choice problem is constructed. Parking a vehicle at
some suitable parking spot is an interesting real life MCDM problem. A number of questions arises in
mind, for instance, how much will the parking fee be, how far is it, will it be an open or covered area,
how many traffic signals will be on the way, etc. Thus, it becomes a challenging task in the presence of
so many considerable criteria. This task is formulated in the form of a mathematical model in order
to apply the proposed technique to choose the most suitable parking spot. Consider a person at a
particular location on the road, who wants to park his car at a suitable parking place. Keeping in mind
the person’s various preferences, a few nearby available parking spots are considered, having different
specifications in terms of parking fee, distance between the person’s location and each parking spot,
the number of signals between the car and the parking spot, and traffic density on the way between
the car and the parking spot. Figure 2 shows the location of car to be parked at a suitable parking spot.

Figure 2. A real life parking spot choice problem.

Let U be a plithogenic universe of discourse consisting of all parking spots in the

surrounding area, where
U={P,Py,P5,..., Py}

The attributes of the parking spots, chosen for the decision, are a1, a5, a3, a4 given below:

a1 = Parking fee,

ap = Distance between car and parking spot,

asz = Number of traffic signals between car and parking spot,
ay = Traffic density on the way between car and parking spot.

The attribute values of a1, a3, a3, a4 belong to the sets A1, Ay, Az, A4, respectively.
Ay = {low fee (f1), medium fee (f2), high fee (f3)},

Ay = {very near (r1), almost near (rp), near (r3), almost far (r4), far (rs), very far (r¢) },
Az = {one signal (s1), two signals (s7) },
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Ay = {low (1), high (dy), very high (d3)}.

The dominant attribute values of a1, ay, a3, a4 are chosen to be f1, 71,51 and dy, respectively, and the
single-valued fuzzy degree of contradiction between the dominant attribute value and all other
attribute values is given below.

1 2
celfi fo) = 3, celfufa) =3
1 2 3 4 5
cp(ry,m2) = 5 cp(ry,r3) = 5 cp(r,ra) = % cp(ry,rs) = % cr(r,76) = 6’
1
CP(Sl,Sz) = E,
1 2
cp(dy, dp) = 3 cp(dy, d3) = 3

Two different sets of alternatives are considered for the application of PHSS-based TOPSIS, along with
a comparison with fuzzy TOPSIS in each case.

42.1. Casel

In this case, the parking spots under consideration (alternatives) are contained in the set X C I,
given by
X = {Py, P, P3, Py}.

The neutrosophic degree of appurtenance of each attribute value corresponding to each alternative
Py, P, P5, Py is given in Table 1.

Let C = A; x Ay x A3 x A4 and consider an element (f,71,52,d1) € C for which the
corresponding matrix that was obtained from Table 1 is given below:

(0.7,09,0.1) (0.6,0.5,02) (0.2,0.3,0.6) (0.7,0.9,0.3)
(0.8,0.1,0.7) (0.9,0.4,05) (0.9,0.4,0.0) (0.8,0.4,0.2)
(1.0,0.8,0.6) (0.7,0.5,05) (0.4,0.4,0.7) (0.6,0.5,0.7)
(0.1,02,1.0) (0.3,1.0,0.6) (0.7,0.9,0.2) (0.9,0.7,0.5)

)

Table 1. Degree of appurtenance of each attribute value w.r.t. to each alternative.

Sr. Variables Py P, Ps Py

1 fi (0.5,0.1,0.3) (0.5,0.0,0.7) (0.1,04,05) (0.2,0.1,0.6)
2 £ (0.7,09,0.1) (0.6,0.5,02) (0.2,0.3,0.6) (0.7,0.9,0.3)
3 f (0.5,05,0.1) (0.0,0.1,05) (0.1,0.1,09) (0.5,0.7,0.2)
4 " (0.8,0.1,0.7) (0.9,0.4,05) (0.9,04,00) (0.8, 0.4,0.2)
5 5 (0.9,03,02) (0.6,0.1,0.0) (0.5,02,04) (0.9,0.1,0.4)
6 r3 (0.9,0.1,03) (0.8,03,0.1) (0.6,0.0,0.6) (0.2,0.2,0.5)
7 r4 (0.8,03,0.2) (1.0,0.1,05) (0.8,0.5,0.1) (0.7,0.3,0.6)
8 rs (1.0,03,02) (1.0,0.3,02) (0.8,0.2,0.8) (0.6,0.5,0.6)
9 6 (0.8,0.1,0.0) (0.6,0.8,05) (0.9,0.7,0.1) (0.4,0.8,0.7)
10 s1 (0.0,0.5,05) (0.4,0.1,0.6) (0.2,02,07) (0.8,0.3,0.4)
11 $ (1.0,0.8,0.6) (0.7,0.5,0.5) (0.4,0.4,0.7) (0.6,0.5,0.7)
12 dq (0.1,02,1.0) (0.3,1.0,0.6) (0.7,09,0.2) (0.9,0.7,0.5)
13 dy (0.1,04,08) (0.2,02,08) (0.2,0.6,03) (0.2,0.8,0.5)
14 ds (0.5,0.6,09) (0.9,0.6,03) (0.9,0.7,05) (0.6,0.7,0.6)
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This MCDM problem is solved by the proposed PHSS-based TOPSIS and fuzzy TOPSIS, as follows:
A. Application of PHSS-based TOPSIS for Case 1

Apply the plithogenic accuracy function (1) to the matrix (2) in order to obtain the plithogenic
accuracy matrix given by:

0.6667
0.5333
0.9667
0.4333

0.5667
0.6000
0.7500
0.6333

0.4778
0.4333
0.6833
0.6000

0.7333
0.4667
0.8500
0.7000

The plithogenic decision matrix M, is constructed by taking the transpose of the plithogenic

accuracy matrix. It is a square matrix of order 4, given by

0.6667
0.5667
0.4778
0.7333

My

0.5333
0.6000
0.4333
0.4667

0.9667
0.7500
0.6833
0.8500

0.4333
0.6333
0.6000
0.7000

A corresponding table, as shown in Table 2, of alternatives versus criteria may also be drawn to
see the situation in a clear way.

Table 2. Alternatives versus criteria table.

AllCr

fa

r

S2

dq

Py
P
P
Py

0.6667
0.5667
0.4778
0.7333

0.5333
0.6000
0.4333
0.4667

0.9667
0.7500
0.6833
0.8500

0.4333
0.6333
0.6000
0.7000

A plithogenic normalized decision matrix Np is obtained as:

0.5387
0.4579
0.3861
0.5925

Ny =

0.5205 0.5898
0.5855 0.4576
0.4229 0.4169
0.4555 0.5186

A weighted normalized matrix Wy is constructed as:

W, = [0.4,0.22,0.15,0.23 ],

0.3612
0.5280
0.5002
0.5836

)

whereas the plithogenic weighted normalized decision matrix V,, = [v;]4x4 is given, as follows:

0.2155
0.1832
0.1544
0.2370

Vo

0.1145
0.1288
0.0930
0.1002
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The plithogenic positive ideal solution V; and plithogenic negative ideal solution V" are
determined, as follows:

V; = {0.1544,0.0930, 0.0625,0.0831},
V, = {0.2370,0.1288,0.0885,0.1342}.

The plithogenic distance of each alternative from the V,” and V", respectively, is determined as:

0.0697 0.0573
ot 0.0601 G _ 0.0588
0.0320 |’ 0.0956
0.0986 0.0305

The relative closeness coefficient C;,i = 1,2, 3,4, of each alternative is computed as:

C; = 0.4511,
Cp = 0.4944,
C3 = 0.7494,
Cy = 0.2366.

The highest value corresponds to the most suitable alternative. Since C3 = 0.7494 is the maximum
value and it corresponds to P3, therefore, the most suitable parking spot is P;. The Table 3 is constructed
to rank all alternatives under consideration.

Table 3. PHSS-based TOPSIS ranking table.

S S C;  Ranking
Py 0.0697 00573 0.4511 3
P, 0.0601 0.0588 0.4944 2
P; 0.0320 0.0956 0.7494 1
Py 0.0986 0.0305 0.2366 4

A bar graph presented in Figure 3 is given, in which all alternatives Py, P,, P3, P4 are ranked by
PHSS-based TOPSIS.

PHSS-based TOPSIS Ranking for Case 1
P3

(=] c =
(=31 o

(=]
L

=
w

(=1
=]

Relative Closeness
of Alternatives

Alternatives

Figure 3. Ranking of Parking Spots by PHSS-based TOPSIS for Case 1.
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It is evident that the parking spot P; is the most suitable place to park the car while P, is not a
good choice for parking based on the selection criteria.

B. Application of Fuzzy TOPSIS for Case 1

In order to see the implementation of fuzzy TOPSIS [32-34] for the current scenario of the parking
problem, we apply the average operator [27,35] to each element of the matrix 2 and take the transpose
of the resulting matrix in order to obtain the decision matrix given by:

0.5667 0.5333 0.8000 0.4333
0.4333 0.6000 0.5667 0.6333
0.3667 0.4333 0.5000 0.6000
0.6333 0.4667 0.6000 0.7000

Applying the fuzzy TOPSIS to the decision matrix M, along with the same weights
given in matrix (3), we obtain the values of positive distance ST, negative distance S, relative
closeness C; and ranking of each alternative, as given in Table 4.

Table 4. Fuzzy TOPSIS ranking table.

Sj‘ S; C; Ranking
Py 0.0888 0.0592 0.4000 3
P, 0.0591 0.0841 0.5872 2
P; 0.0320 0.1176 0.7863 1
Py 01170 0.0373 0.2417 4

A bar graph in Figure 4 is given in which all alternatives P, P», P3, P; are ranked by Fuzzy TOPSIS.
A comparison is shown in Table 5, in which it can be seen that the result obtained by the proposed
PHSS-based TOPSIS is aligned with that of fuzzy TOPSIS.

Fuzzy TOPSIS Ranking for Case 1

(=1
r=]
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| — |
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of Alternatives
0
=
b - |
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=
- ]

Alternatives

Figure 4. Ranking of Parking Spots by Fuzzy TOPSIS for Case 1.

Table 5. Comparison analysis for case 1.

Sr. Parkings PHSS-Based TOPSIS Ranking Fuzzy TOPSIS Ranking

1 Py 3rd 3rd
2 P 2nd 2nd
3 P Ist 1st
4 Py 4th 4th
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It is observed in Table 5 that the results obtained by both methods coincide in terms of the ranking
of each alternative, but differ in the values of the relative closeness of each alternative. It is due to
the nature of the MCDM problem in hand in which each alternative needs to be evaluated against
each attribute value possessing a neutrosophic degree of appurtenance w.r.t. each alternative and a
contradiction degree is defined between each attribute value and its corresponding dominant attribute
value to be taken into consideration in the decision process. In such a case, the proposed PHSS-based
TOPSIS produces a more reliable relative closeness of each alternative, as it can been seen in the
parking spot choice problem that was chosen for the study. Therefore, it is worth noting that the
proposed PHSS-based TOPSIS can be regarded as a generalization of fuzzy TOPSIS [32], because
the fuzzy TOPSIS cannot be directly applied to MCDM problems in which the attribute values have
a neutrosophic degree of appurtenance with respect to each alternative. In the case of the parking
problem, fuzzy TOPSIS is applied after applying simple average operator to the neutrosophic elements
of the matrix (2). However, it does not takes into account the degree of contradiction between the
attribute values, which is the limitation of fuzzy TOPSIS. This concern is precisely addressed by the
proposed PHSS-based TOPSIS.

42.2. Case?2

In this case, the set of parking spots under consideration is given by
X = {Py, Ps5, Ps, P}

The neutrosophic degree of appurtenance of each attribute value that corresponds to each alternative
of {Py, Ps5, Ps, P7} is given in Table 6.

Table 6. Degree of appurtenance of each attribute value w.r.t each alternative.

Sr. Variables Py Ps P P,
1 fi (0.5,0.1,0.3) (0.6,0.6,0.8) (0.7,0.2,04) (0.9,0.5,0.2)
2 b (0.7,09,0.1) (0.8,0.8,05) (0.4,0.4,07) (0.7,0.2,0.1)
3 f3 (0.5,05,0.1) (04,0.2,0.5) (1.0,0.5,0.9) (1.0,0.7,0.6)
4 " (0.8,0.1,07) (0.9,05,02) (0.5,0,09) (0.8,0.6,0.1)
5 o) (0.9,03,02) (0.5,04,0.2) (0.7,0.5,0.4) (0.9,60.6,0.8)
6 3 (0.9,0.1,0.3) (0.5,0.7,03) (09,1.0,0.6) (0.2,0,1.0)
7 14 (0.8,03,02) (1.0,02,1.0) (1.0,0.5,07) (0.8,0.8,0.9)
8 15 (0.2,0.3,09) (1.0,0.1,0.8) (0.4,0.6,0.8) (0.8,0.6,0.6)
9 76 (0.5,0.7,0.5) (0.8,0.2,0.0) (0.6,0.3,0.7) (0.0,0.9,0.9)
10 51 (0,05,05) (0.8,04,06) (0.9,02,02) (0.8,0.4,0.7)
11 5 (1.0,0.8,0.6) (0.7,1.0,0.2) (0.2,04,0.7) (0.9,0,1.0)
12 d (0.1,02,1.0) (1.0,04,03) (0.7,0.5,0.6) (0.8,0.5,0.7)
13 d» (0.1,04,0.8) (0.7,1.0,0.8) (0.6,0.6,1.0) (1.0,0.8,0.8)
14 ds (0.5,0.6,09) (1.0,0.6,0.5) (1.0,1.0,0.5) (1.0,0.5,0.8)

Let C = Aj; x Ay x A3 x A4 and consider an element (f,71,52,d1) € C for which the
corresponding matrix obtained from Table 6, is given below:

(0.7,09,0.1) (0.8,0.8,0.5) (0.4,0.4,0.7) (0.7,0.2,0.1)
(0.8,0.1,0.7) (0.9,0.5,02) (0.5,0.0,0.9) (0.8,0.6,0.1) @
(1.0,0.8,0.6) (0.7,1.0,02) (0.2,1.0,0.7) (0.9,0.0,1.0)
(0.1,02,1.0) (1.0,0.4,03) (0.7,0.5,0.6) (0.8,0.5,0.7)

The proposed PHSS-based TOPSIS and fuzzy TOPSIS are employed, as follows:
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A. Application of PHSS-Based TOPSIS for Case 2

The plithogenic accuracy matrix in this case is given by

0.6667
0.5333
0.9667
0.4333

0.9222
0.6000
0.9333
0.6333

0.6444
0.4333
0.6500
0.6000

0.5111
0.4667
0.9500
0.7000

Plithogenic decision matrix M, is given by

My

0.6667
0.9222
0.6444
0.5111

0.5333
0.6000
0.4333
0.4667

0.9667
0.9333
0.6500
0.9500

0.4333
0.6333
0.6000
0.7000

A plithogenic normalized decision matrix N, is then constructed as:

0.4748
0.6568
0.4590
0.3640

Np

The plithogenic weighted normalized decision matrix V), is given, as follows:

0.1899
0.2627
0.1836
0.1456

Vo

0.5205
0.5855
0.4229
0.4555

0.1145
0.1288
0.0930
0.1002

0.5464 0.3612
0.5275 0.5280
0.3674 0.5002
0.5369 0.5836

0.0820 0.0831
0.0791 0.1214
0.0551 0.1150
0.0805 0.1342

The plithogenic positive ideal solution V,
determined, such that

and plithogenic negative ideal solution V), are

VPJr = {0.1456,0.0930, 0.0551,0.0831},
V, = {0.2627,0.1288,0.0820,0.1342}.

The plithogenic positive distance S, plithogenic negative distance S, relative closeness C;, and
ranking of each alternative is shown in Table 7.

Table 7. PHSS-based TOPSIS ranking table.

Sj‘ S; C; Ranking
Py 0.0561 0.0901 0.6163 3
Ps 01306 0.0131 0.0912 4
Py 0.0496 0.0929 0.6518 2
P; 0.0576 0.1206 0.6769 1

A graphical representation of the ranking of all alternatives obtained by PHSS-based TOPSIS,

is shown in Figure 5.
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Figure 5. Ranking of Parking Spots by PHSS-based TOPSIS for Case 2.

It can be seen that the parking spot Py is the most suitable alternative in the light of chosen criteria.
B. Application of Fuzzy TOPSIS for Case 2

In this case, the decision matrix M for the implementation of fuzzy TOPSIS is given by

0.5667 0.5333 0.8000 0.4333
0.7000 0.6000 0.6333 0.6333
0.5000 0.4333 0.6333 0.6000
0.3333 0.4667 0.6333 0.7000

By implementing the fuzzy TOPSIS to the matrix M, with the same weights given in (3), the values
of positive distance S, negative distance S~, relative closeness C;, and ranking of each alternative are
shown in Table 8.

Table 8. Fuzzy TOPSIS ranking table.

Chs S C;  Ranking
Py 0.0908 0.0724 0.4439 3
Ps  0.1453 00224 0.1337 4
Ps 0.0694 0.0863 0.5543 2
P, 00516 01397 0.7301 1

The ranking of all alternatives can also been visualized as a bar graph in Figure 6, in which all
alternatives P;, Ps, Py, P; are ranked by Fuzzy TOPSIS.

The most suitable parking spot obtained by fuzzy TOPSIS is also P;.

A comparison of rankings obtained by PHSS-based TOPSIS and fuzzy TOPSIS is shown in
Table 9 for case 2.

It may be noted that similar results are obtained in case 2, with the help of proposed PHSS-based
TOPSIS and fuzzy TOPSIS with exactly same ranking of each alternative, but with a considerably
different values of the relative closeness of each alternative as shown in Table 9. Therefore, it is
accomplished that the results that were obtained by the PHSS-based TOPSIS are valid and more
reliable and PHSS-based TOPSIS can be regarded as the generalization of fuzzy TOPSIS on the basis of
the study conducted in the article.
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Fuzzy TOPSIS Ranking for Case 2
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Figure 6. Ranking of Parking Spots by Fuzzy TOPSIS for Case 2.

Table 9. Comparison analysis for case 2.

Sr. Parkings  PHSS-Based TOPSIS Ranking Fuzzy TOPSIS Ranking

1 Py 3rd 3rd
2 Ps 4th 4th
3 Pg 2nd 2nd
4 P, 1st 1st

5. Conclusions

It has always been a challenging task to deal with real life MCDM problems, due to the
involvement of many complexities and uncertainties. In particular, some real life MCDM problems
are designed in a way that the given attributes need to be further decomposed into two or more
attribute values such that each alternative is then required to be evaluated against each attribute
value in order to perform a detailed analysis to reach a fair conclusion. To deal with such situations,
a novel PHSS-based TOPSIS is proposed in the present study, and it is applied to a MCDM parking
problem with different choices of the set of alternatives and a comparison with fuzzy TOPSIS is done
to prove the validity and efficiency of the proposed method. All of the results are quite promising and
graphically depicted for a clear understanding. Moreover, the algorithm of the proposed method is
produced in MATLAB in order to broaden the scope of the study to other research areas, including
graph theory, machine learning, pattern recognition, etc.
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Abstract: In this paper, we introduce the new notion of interval-valued neutrosophic crisp sets
providing a tool for approximating undefinable or complex concepts in real world. First, we deal
with some of its algebraic structures. We also define an interval-valued neutrosophic crisp (vanishing)
point and obtain some of its properties. Next, we define an interval-valued neutrosophic crisp
topology, base (subbase), neighborhood, and interior (closure), respectively and investigate some
of each property, and give some examples. Finally, we define an interval-valued neutrosophic crisp
continuity and quotient topology and study some of each property.

Keywords: interval-valued neutrosophic crisp set; interval-valued neutrosophic crisp (vanishing)
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1. Introduction

Numerous mathematicians have been trying to find a mathematical expression of the
complexation and uncertainty in real world for a long time. For example, Zadeh [1] defined a fuzzy set
as a generalization of a classical set in 1965. Zadeh [2] (1975), Pawlak [3] (1982), Atanassov [4] (1983),
Atanassov and Gargov [5] (1989), Gau and Buchrer [6] (1993), Smarandache [7] (1998), Molodtsov [8]
(1999), Lee [9], Torra [10], Jun et al. [11] (2012), and Lee et al. [12] (2020) introduced the concept of
interval-valued fuzzy sets, rough sets, intuitionistic fuzzy sets, interval-valued intuitionistic fuzzy sets,
vague sets, neutrosophic sets, soft sets, bipolar fuzzy sets, hessitant fuzzy sets, cubic sets combined
by interval-valued fuzzy sets and fuzzy sets, and octahedron sets combined by interval-valued fuzzy
sets, intuitionistic fuzzy sets, and fuzzy sets, in turn, in order to solve various complex and uncertain
problems.

In 1996, cCoker [13] proposed the concept of an intuitionistic set as the generalization of a classical
set and the special case of an intuionistic fuzzy set and he studied topological structures based on
intuitionistic sets in [14]. Kim et al. [15] dealt with categorical structures based on intuitionistic
sets. They also obtained further properties of intuionistic topology in [16]. In 2014, Salama et
al. [17] defined neutrosophic crisp sets as the generalization of classical sets and the special case
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of neutrosophic sets proposed by Smarandache [7,18,19], and studied some of its properties. Moreover,
they dealt with topological structures based on the neutrosophic crisp sets in [17]. Hur et al. [20]
investigated categorical structures via neutrosophic crisp sets. Many researchers [21-29] have discussed
topological structures via neutrosophic crisp sets. Recently, Kim et al. [30] introduced the concept of an
interval-valued set as the generalization of a classical set and the specialization of an interval-valued
fuzzy set, and applied it to topological structures.

This paper considers two perspectives. First, we define the interval-valued neutrosophic crisp
set, a new concept that combines the interval-valued set and neutrosophic crisp set. As an example,
suppose a country conducts a poll during an election that determines the highest head of administration.
At this time, the preference for Candidate A is divided into three groups: Favor, neutral, and rejection
among its citizens from the viewpoint of neutrosophic crisp set, but the minimum and maximum for
each of a favor, neutral, and rejection from the viewpoint of interval-valued neutrosophic crisp set.
The group is considered. Then, it is believed that the results of the poll by the new concept are more
accurate than those by the neutrosophic crisp set. Thus, this new concept is needed. Second, since the
topology can be applied to high dimensional data sets, big data, and computational evaluations (see
[31-33], respectively), we study topological structures based on interval-valued neutrosophic crisp
sets. In order to accomplish such research, first, we recall some definitions related to intuitionistic
sets, interval-valued sets, and neutrosophic crisp sets. Secondly, we introduce the new concept of
interval-valued neutrosophic crisp set and obtain some of its algebraic structures, and give some
examples. We also define interval-valued neutrosophic crisp points of two types and discuss the
characterizations of the inclusion, equality, intersection, and union of interval-valued neutrosophic
crisp sets. Thirdly, we define an interval-valued neutrosophic crisp topology, an interval-valued
neutrosophic crisp base and subbase, and study some of their properties. Fourthly, we introduce
the concepts of interval-valued neutrosophic crisp neighborhoods of two types and find some of
their properties. In particular, we prove that there is an IVNCT under the hypothesis satisfying
some properties of interval-valued neutrosophic crisp neighborhoods. Moreover, we define an
interval-valued neutrosophic crisp interior and closure and deal with some of their properties.
In particular, we show that there is a unique IVNCT for interval-valued neutrosophic crisp interior
[resp. closure] operators. Finally, we introduce the concepts of interval-valued neutrosophic crisp
continuous [resp. open and closed] mappings and quotient topologies and obtain some of their
properties.

Throughout this paper, we assume that X, Y are non-empty sets, unless otherwise stated.

2. Preliminaries

In this section, we recall the concept of an intuitionistic set proposed in [13]. We also recall some
concepts and results introduced and studied in [30,34,35], respectively.

Definition 1 ([13]). The form A = (AS, A%) such that AS, A% C X, and A€ N A% = @ is called
an intuitionistic set (briefly, IS) of X, where AS [resp. A¥?] represents the set of memberships [resp.
non-memberships] of elements of X to A. In fact, A< [resp. A%] is a subset of X agreeing or approving
[resp. refusing or opposing] for a certain opinion, suggestion, or policy.

The intuitionistic empty set [resp. the intuitionistic whole set] of X, denoted by @ [resp. X1, is defined
by @ = (@, X) [resp. X = (X,D)]. The set of all ISs of X will be denoted by IS(X). It is also clear that for
each A € IS(X), xa = (Xae, X a¢) is an intuitionistic fuzzy set in X proposed by Atanassov [4]. Thus we can
consider the intuitionistic set A in X as an intuitionistic fuzzy set in X.

Furthermore, we can easily check that for each A € 1S(X), AU A? # X (in fact, ASC N AES # Q)
in general (see Example 1) but if AS U A% = X, then AS° N A% = @. We denote the family {A € IS(X) :
A€ U A% = X} as IS*(X).
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Example 1. Let X = {a,b,c,d, e} be a set and consider the IS A in X given by:
A= ({a,b,c}, {d}).
Then clearly, A€ U A% # X. In fact, AS° N A% # @,

For the inclusion, equality, union, and intersection of intuitionistic sets, and the complement of an
intuitionistic set, the operations [ | and <> on IS(X), refer to [13].

Definition 2 ([34,36]). The form A = (AT, A1, AY) such that AT, A!, AF C X is called a neutrosophic
crisp set (briefly, NCS) in X, where AT, Al, and AT represent the set of memberships, indeterminacies, and
non-memberships respectively of elements of X to A.

We consider neutrosophic crisp empty [resp. whole] sets of two types in X, denoted by D1 N, Do N
[resp. X1 N, Xo N1 and defined by (see Remark 1.1.1 in [34]):

DN =(D,D,X), Don = (D, X,X) [resp.Xin = (X, X, D), Xon = (X,D,D)].
We will denote the set of all NCSs in X denoted by NC(X).

It is obvious that A = (A, D, A°) € NC(X) for each ordinary subset A of X. Then we can consider
an NCS in X as the generalization of an ordinary subset of X. It is also clear that A = (A€, ?, A¢> is
an NCS in X for each A € IS(X). Thus an NCS in X can be considered as the generalization of an
intuitionistic set in X. Furthermore, we can easily see that for each A € N(X),

XA = (XAT/ XAl X 4F)

is a neutrosophic set in X introduced by Salama and Smarandache [7,18,19]. So an NCS is a special
case of a neutrosophic set.

Definition 3 ([34]). Let A € NC(X). Then the complement of A, denoted by A (i = 1, 2) and defined by:
Ale — <AF,AIC,AT>, A2 — <AF, AIIAT>.
Definition 4 ([34]). Let A, B € NC(X). Then A is said to be:

(i) A 1-type subset of B, denoted by A Cq B, if it satisfies the following conditions:
AT c BT, A" c B!, AF 5 BF,
(ii) A 2-type subset of B, denoted by A Co B, if it satisfies the following conditions:
AT c BT, AT 5 B!, AF 5 BF.
Definition 5 ([34]). Let A, B € NC(X).
(i) The i-intersection of A and B, denoted by A N B (i = 1, 2) and defined by:
An'B= <ATmBT,AImBI,AFuBP>, An?B= <ATmBT,AIUBI,AFUBP>.
(ii)  The i-union of A and B, denoted by A U' B (i = 1, 2) and defined by:

AU'B = <ATUBT,AIUB’,AFmBF>, AU2B = <ATUBT,AImB’,AFmBP>.
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(iii) []A = <AT,A1, ATC> , (VA= <AFC,AI, AF> .
The followings are immediate results of Definitions 3, 4, and 5.

Proposition 1 (See Proposition 3.3 in [20] and also compare it with Proposition 3.5in [15]). Let A, B,C €
NC(X) and let i = 1, 2. Then we have:

(1) (See Proposition 1.1.1in [34]) @iy C; A C; XiN,
(2) IfAC;Band B C;C,then A C;C,

(3) ANiBC;Aand AN'BC; B,

(4) AcC;AU'Band BC; AU'B,

(5) AC;Bifandonlyif ANiB = A,

(6) A C;Bifandonlyif AU'B = B.

Proposition 2 (See Proposition 3.4 in [20] and also compare it with Proposition 3.6 in [15]). Let A, B,C &
NC(X) and let i = 1, 2. Then we have:

(1) (Idempotent laws): A Ui A =A A Oi A=A, ’
(2) (Commutative laws): AU'B=BU' A, AN'B=BN"A, , ‘ ‘
(3)  (Associative laws): AU' (BU'C) = (AU'B)U'C,AN'(BN'C) = (AN'B)N'C,
(4) (Distributive laws): AU' (BN'C) = (AU'B)N' (AU C),
AN (BU'C)=(AN'B)U (AN'C),

(5) (Absorption laws): AU (ANiB) = A, ANi (AU'B) = A,
(6) (DeMorgan’s laws): (A U B)1¢ = Alc Nl Bl¢, (AU B)?¢ = A%¢ N2 B2F,
(A U2 B)l,c — Al,c 02 Bl,c/ (A UZ )Z,C AZ,C ﬁl B2,C,
(A ﬁl B)l,c — Al,c Ul Bl,c’ (A ﬂl )Z,C A2,c UZ BZ,C,
o (A mZ B)l,c — Al,c UZ Bl,c, (A 02 )2c A2,c Ul BZ,C,
(7) (Azc)zc _ A,
(8) (8a) AU Din =4, Ani @1N*®i,N/

(8b) AUleNfX,N,Aﬂ XZN —A,

(8c) Xin"" =Din, DinN
(8d) AU Alc ;éX Nlc Aﬂ’ AZC #@lN, in general.

Definition 6 (See [34,37]). Let a € X. Then the form a,, = ({a}, D, {a}¢) [resp. ay, = (D,{a},{a} )] is
called a neutrisophic crisp [resp. vanishing] point in X.
We denote the set of all neutrisophic crisp points and all neutrisophic crisp vanishing points in X by Np(X).

Definition 7 (See [34,37]). Let a € X and let A € NC(X). Then,
(i) a, said to belong to A, denoted by a,, € A, ifa € AT,
(i) a,, said to belong to A, denoted by a,,, € A, ifa & A,
Result 1 ([34], Proposition 1.2.6). Let A € NC(X). Then,
A= AyU' Ay,
where Ay = U} caty, Ay =U}  cqany. Infact, Ay = <AT,®,AT“> and Any = (@, Al, AF).

Definition 8 ([30,35]). The form [A~,AT]={BC X: A~ C BC A"} suchthat A=, AT C X is called
an interval-valued sets (briefly, IVS) in X, where A~ [resp. A™ ] represents the set of minimum [resp. maximum]
memberships of elements of X to A. In fact, A~ [resp. AT ]is a minimum [resp. maximum] subset of X agreeing
or approving for a certain opinion, suggestion, or policy.

(@, @) [resp. [X, X]]is called the interval-valued empty [resp. whole] set in X and denoted by @ [resp. X].
The set of all IVSs in X will be denoted by IVS(X).
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For any classical subset A of X, [A, A] € IVS(X) is obvious. Then we can consider an IVS in X as
the generalization of a classical subset of X. Also, if A = [A™, AT] € IVS(X), then x, = [x,_,x,.] s
an interval-valued fuzzy set in X introduced by Zadeh [2]. Thus an interval-valued fuzzy set can be
considered as the generalization of an IVS.

Furthermore, we can easily check that for each A € IVS(X), A~ # A* (infact, AT N A= £ Q)
in general (see Example 2) but if A~ = A™, then AT N A~" = @. We denote the family {A € IVS(X) :
A™ = AT} as IVS*(X).

Example 2. Let X = {a,b,c,d, e} and consider the IVS A in X given by:

A =[{a,b},{a,,b,c}].
Then we can easily calculate that A~ # At and At N A~ # @.

For the inclusion, equality, union, and intersection of intuionistic sets, and the complement of an
intuitionistic set refer to [30,35].

3. Interval-Valued Neutrosophic Crisp Sets

In this section, we introduce the concept of an interval-valued neutrosophic crisp set combined by
a neutrosophic crisp set and an interval-valued set, and obtain some of its properties.

Definition 9. The form ([AT—, AT+], [AL=, ALT], [AF~, AE*]) is called an interval-valued neutrosophic
crisp set (briefly, IVNCS) in X, where [AT:—, ATH], [AL—, Al+], [AF—, AP+ € IVS(X).

In this case, [AT—,AT*], [AL=,Al*], and [AF—, AF+] represent the IVS of memberships,
indeterminacies, and non-memberships respectively of elements of X to A.

In particular, an IVNCS is defined as three types below.

AnIVNCS A = ([AT—, AT+, [AL=, ALT), [AF =, AF*)) in X is said to be of:

(i)  Type 1, if it satisfies the following conditions:
[AT=, ATFIN[Al=, Al = @, [AT—, ATH]) n[AF-, AR = @,

[Al=, Al n[AF -, AP =,
equivalently, AT+ N Al =@, AT+ N AN =@, Al n AP+ =@,
(ii) Type 2, if it satisfies the following conditions:
[AT=, ATH N (AL, Al = @, [AT—, ATH ] n[AF-, AP = 0,

[Al=, AT 0 (AR AR =@, (AT, ATH U (Al Al U (AP AFF] = X,
equivalently, AT+ N Al+ =@, AT+ n AP+ =@, AlTn AP+ =,

AT=UAlmUAFR- =X,
(iii) Type 3, if it satisfies the following conditions:

[AT =, AT 0 (AL, Al N [AF-, AT = @,
[AT=, ATy (AL, AU (AR, AP = X,
equivalently, AT+ N ALt N AF+ =@, AT-UAl-AF~ =X,

The set of all IVNCSs of Type 1 [resp. Type 2 and Type 3] in X is denoted by IV Ny (X) [resp. IVN,(X)
and IVN3(X)], and IVNCS(X) = IVN;(X) UIVN,(X) UIVN3(X), where IVNCS(X) is the set of all
IVNCSs in X.
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For any classical subset A of X, <[A, Al, @, A, AC]> € IVNCS(X) is clear. Then we can consider
an INCS in X can be considered as the generalization of a classical subset of X. Moreover, if A =
([AT=, AT+ [AL=, ALT), [AF =, AEF]) € IVNCS(X), then:

Xa= X, X b X X b X e X i)

is an interval neutrosophic set in X proposed by Ye [38]. Thus we can consider an IVS as the
generalization of an IVNCS.

Remark 1.

(1) IVNy(X) C IVNy(X), IVN>(X) C IVN5(X),
(2) IVNy(X) ¢ IVNy(X), IVN1(X) ¢ IVN3(X) in general,
(3) IVN3(X) ¢ IVNy(X), IVN3(X) ¢ IVN,(X) in general.

Example 3. Let X = {a,b,c,d,e, f, g, h,i}. Consider two IVNCSs in X given by:
A= {([{ab,c} {ab,cd}] [{e} {e f}],[{g h} {gni}]),
B=([{a,b,c},{ab,c}],[{ae f}{ae f}],[{g h i} {ghi}]).
() AT, ATH [l ALY] = B, [AT-, AT (AR, AR = B,

[Al=, AL+ [AF—, AF+] = @. But
[AT—, AT U AL, AL U [AF—, AF4] = [{a,b,c,d,e, f,g, 1}, X}] # X. Then A € IVN{(X) but
A ¢ IVNy(X). Moreover, we have:
[AT=, AT N [Al=, AL N [AF-, AFF] = @,
Thus A ¢ IVN3(X). So we can confirm that Remark 1 (2) holds.
(i) [BT—,BT*]n[Bl—,BL+]n[BF—,BF] = Q,
[BT—,BT+]uBCl—, B+ U [BF—,BF+] = X. But
(BT, BTN [B", B""] = [{a}, {a}] # @.
Then B € IVN3(X) but B ¢ IVN;(X), B ¢ IVN,(X). Thus we can confirm that Remark 1 (3) holds.

Definition 10. We may define the interval-valued neutrosophic crisp empty sets and the interval-valued
neutrosophic crisp whole sets, denoted by @; jyn and X; ryn (i =1, 2, 3, 4), respectively as follows:
(i) D1vn = <@,@,55> s Do lvN = <@, 5555> ,

Dsivn = (D, X, D), Dsvn = (D,0,D),
(i) Xiiwn = (X, X, D), Xorvn = (X, 0,D),
X3 vN = <)~(,®/)~(>, X4 VN = <?~(, ??,)N(>-

Definition 11. Let A € IVNCS(X). Then the complements of A, denoted by A** (i =1, 2, 3), is an IVNCS
in X, respectively as follows:

Ale — <[AT,—’AT,+]C, [AI,—,AI,-&-]Cl [AF,—’AF,+]C> ,
AZ,C — <[AF’7,AF’+], [Al,f’AI,JrL [AT,flAT,+}> ,

A3,C — <[AF’7,AF'+], [AI,flAI,Jr]C’ [AT,flAT,+]> .
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Example 4. Let A = ([{a,b,c},{a,b,c,d}], [{e},{e f}],[{g h}, {g hi}]) be the IVNCS in X given in
Example 3. Then we can easily check that:
Al =< {e f, g hi},{de f,ghi}],[{ab,cdghi},{abcdf ghi}],
[{a,b,c,dye f},{ab,cde,f,i}] >,
A% = ([{g,h}, {8, hi}], [{e} {e. f}], [{a, b,c} {a,b,c,d}]),
A% =< [{g,h},{g hi}),[{ab,c,d g ni}, {ab,cd f ghi}],
[{a,b,c}, {a,b,cd}] >.

Definition 12. Let A, B € IVNCS(X). Then we may define the inclusions between A and B, denoted by
A C; B(i=1, 2),as follows:
A Cy Biff[AT—,AT+] c [BT—, BT+, [AL—, Al+] C [BL—, BIH],
[AF’_,AF’J'_} D) [BF’_,BF’+],
A Cy Biff [AT—, AT+] c [BT—, BT+, [Al—, AL+] o [BL—, BIH],
[AP,*IAF,*F} D) [BF,leF,Jr]'

Proposition 3. Forany A € IVNCS(X), the followings hold:

(1) D1,1ivn C1 A Cr1 Xq,1vN, Do, ive C2 A Co Xo v,
(2)  Divn Cj Divn, Xiivn G Xivn, (1=1, 2,3, 4,7 =1, 2).

Proof. Straightforward. O

Definition 13. Let A, B € IVNCS(X), (A;);c; C IVNCS(X).

(i)  The intersection of A and B, denoted by AN B (i = 1, 2), is an IVNCS in X defined by:
AN'B =< [AT—, AT+ n[BT—,BT*],[Al—, AL+]n [BL—, Bl ],
[AF,f’AP,Jr] U [BP,f,BF,Jr] >,
AM?B =< [AT—, AT+ n[BT—,BT+],[Al—, AL*] U [Bl—, Bl 7],

[AF=, AET] U B, BET] >
(')  The intersection of (A;) e}, denoted by ey A; (i =1, 2),is an IVNCS in X defined by:

1

i€l

1
(4= { QA AP Al A Ui 47,

j€l j€] j€l j€]

2
NA = <ﬂ[Aij,Aij+], U4~ A7), U[A]Ff,A].Pf+]> .

€] j€J €] i€l
(ii) The union of A and B, denoted by AU B (i = 1, 2), is an IVNCS in X defined by:
AU'B =< [AT—, AT+ u[BT—, BT+, [Al—, AL+ U [BL—, Bl ),
[AF=, AF+]n [BE—,BE ] >,
A2 B =< AT~ AT+ U BT~ BTH], [Al~, Al* ] n[Bl—, Bl T,
[AF—=, AP+ N [BE =, BFH] > .

(ii') The union of (A;);c;, denoted by U;'e] Aj(i=1, 2),isan IVNCS in X defined by:

1

j€] i€l jel j€J

2
U4 = <U[A].T", AL NA], AT, ﬂ[A].Ff—,A]F'+]> :

j€] j€] j€] j€]
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(i) (14 = ([AT~, AT¥), [AL=, ALH], [AT ATH),
() < > A= ([AF~, AP, [Al-, 414 (AP, AF)).

From Definitions 10-13, we get similar results from Propositions 3.5 and 3.6 in [30].

Proposition 4. Let A, B, C € IVNCS(X),i =1, 2. Then,

(1) IfAC;Band B C;C,then A C; C,
2) AC;AU'Band BC; AU'B
(3 AN'BcC;Aand AN'B C; B,
(4 AC;Bifandonlyif AN'B = A,
(5) A C;Bifandonly if AU'B = B.

Proposition 5. Let X A, B, C € IVNCS(X), (A))jej C IVNCS(X), and leti =1, 2,k =1, 2, 3. Then

(1) (Idempotent laws) AU A=A, AN A=A, 4
(2) (Commutative laws) A'U" B = BU'A, AN'B=BnN'A, ' '
(3)  (Associative laws) AU' (BU'C) = (A U’ B) U C A N (BNiC) = (ANiB)NiC,
(4) (Distributive laws) AU (BN C) = (AU B) N (AU C),

AN (BU'C) = (AN'B)U' (AN C),
(4') (Generalized distributive laws) (! icr Aj) U A= ﬂ]ej(A U A),

‘ ( ';‘e]A ) nN'A= U]e](Aj N A)/

(5)  (Absorption laws) AU' (AN'B) = A, A N (AU B) = A, ‘
(6) (DeMorgan’s laws) (A U’ B)ke = Akc Ni Bke, (A Ni B)ke = Ake Ui Bke,
(6') (Generalized DeMorgan’s laws) (Ujc, Aj)ke ﬂje | A;."C,
(7) (Ak c)kc = A,

8) (8a) AU @iy =A, AN Qi yn = Divn,
(8b) AU Xi1vn = Xivn, Ant ZXz IvN = 4,

(8¢) Xl,IVN = Ovn, X1, IVN ‘=D vn, X, IVN = @1,1vN,
Xa, IVN =Dy 1vN, Xo, IVN = O1vNn, Xo, IVN = Dn,1vN,
X3, IVN =D31vN, X3, IVN = X3,1vN, X3, IVN = X4,IVN,
Xy, IVN = Dy vN, X4, IVN = Xy 1vN, X4, IVN = X3,1VN,
@1 IVN = X1,1vN, D1, IVN = Xo1vn, D1ivn>* = X1,1vN,
Dy, IVN = X2,1vN, D2, IVN = X1,1vN, Do, IVN ¥ = X5 1N,
D3, 1vn" = X3,1vN, D5, IVN = D3, ivN, D3 vn>" = DavN,
Dy, VN, Le— X4 N, Daiyn>* = @, VN, DaVN 3 = Q5 1vn

(8d) AU Akc £ X i IVN, A A Akc # QjvN in geneml (see Example 5),
where j =1, 2, 3, 4.

Example 5. Consider the IVNCS A in X given in Example 4. Then,
A ﬁl Al,c
= ({ab,c {ab,c d}], [{e}, {e f}], [{g 1}, {8 h i}])
1 < [{e/f/g/ h/ 1}/ {d/ e/f/g/ h/ 1}]/ [{ﬂ, b/ ¢, d/g/ h/ l}/ {11, b/ c, d/f/g/ h/ Z}]/
[({a,b,c,d,e, f},{a,b,cde,f,i}] >

= ([@2Ad}) [, {f}], {a,bc,dye, f,8,h}, X})

# Dj1vN-
Similarly, we can check that:

AU AY £ X yn, AN AP £ @y, AU AP £ Xy

Additionally, we can easily check the remainders.
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A neighborhood system of a point is very important in a classical topology. Then we propose an
interval-valued neutrosophic crisp point to define the concept of an interval-valued neutrosophic crisp
neighborhood. Moreover, when we deal with separation axioms in an interval-valued neutrosophic
crisp topology, the notion of interval-valued neutrosophic crisp points is used. Then we define it below.

Definition 14. Let a € X, A € IVNCS(X). Then the form <[{a},{u}],@, [{a}e, {a}c]> [resp.

@, [{a},{a}], [{a}", {a}c]>] is called an interval-valued neutrosophic [resp. vanishing] point in X and
denoted by a 1. We will denote the set of all interval-valued neutrosophic points in X as

IVNp(X).

[resp. a

IVN IVNV

(i)  Wesay that a,,, belongs to A, denoted by a,,,, € A, ifa € AT+
(ii) We say that a belongs to A, denoted by a €A, ifag AT

IVNV IVNV

Proposition 6. Let A € IVNCS(X). Then A = Ayn U Ajyny,
where Ajyn = U;IVNEA Ay AIVNY = U;[VNVEA Aynv-

In fact,

AIVN _ <[AT'7,AT'+],@, [AT,flAT,+]C>
and

ANy = <@, (L=, A, [AF'_/AF'+]> :
Proof. Ay =Uj cauy = Ul cx <[{a} {a}], 8, [{a}", {a}])

= (Ua,, yealfad, {a}] Ua,, e @ Ny, ealfals, {a}])
= (IUsear—{a}, Upe ar+{a}), @ mem {0}, Nacar- {a}7)
_ <[AT,—’AT,+] %%  [ATH+S, AT~ C]>
_ <[AT,—lAT,+] @, [AT~ AT+]C>
Awny =UL catiny =UL ca (9, [{a}, {a}), [{a}*, {a}])
= (Un,y oy 4 DU, callad {ad Ny, cal{a} (o))
= (@ [Upear 8}, Uears {a}, Nagars {0}, Nocar {a)°7)
_ <@, [AL-, AL+, [AF,flAF,+]>‘
Then we have,
[AT~, ATH], 0, [AT-, AT,+]C> 1<@, [AI,—,AI,+],[AF,—,AF,+]>

AN Ut Apyny <
<[AT7 AT+ U@ @U [Alf AI +] [AT,flAT,wL]C 8 [AF,flAF,+]>
(

[AT - AT+ AI — AI +] [AT,JrC N AF,flAT,fc N AF,+>
[AT - AT + AI - AI +] [AF,flAF,+>

A.

This completes the proof. [

Example 6. Let X = {a,b,c,d,e, f, g, h,i} and consider the IVNCS in X given by:

= ([{a, 0}, {a,b,c}], [{d}, {d, e}], [{f, g}, {f, g }])-

Then clearly, we have:
AIVN

ea{{ay Aa}), @ [{a}e, {a)e))
- <[{a, b}, {a,b,¢}], @, [{a}* N {b} N {c}*, {a} N {b}<])
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= ([{a,b} {a,0,c}], @, [{d,e.f, 8,1}, {e.d e, f,8,hi}])
_ <[AT,7/ AT,Jr]/@/ [AT,flAT,+]C> ,

Arvnv N

=Ubea (@ Ha} {a}], [{a}e, {a)e))

=< O, [{d}y, {d,e}], [{a} N {b}¢ N {e}* N {d} N {e}e N e N {iYe,
{QN}C Nn{v}n{ctn{dn{ern{i}] >

= (@, 1{d}, {d,e}), [{f, 8} {f &, h}])

— <@, [AI,—,AI,—O-]’ [AF'_,AF’+]>.

Thus Ajyn Ut Aryny = ([{a,b},{a,b,c}], [{d},{d, e}, [{f, g}, {f, & h}]) = A. So we can confirm that
Proposition 6 holds.

Proposition 7. Let (A;j)je; C IVNCS(X) and leta € X.
(Da,,, € ﬂ}e] Ajlresp. a;,y, € ﬂ}ej Ajl < ay,y € Ajlresp. a,,,, € Ajlforeachj € J.
(2)a,, € U}‘e] Ajlresp. a;,y, € U]l'e] Ajl < there exists j € | such that a,, € Aj[resp. a,,,, € Aj.

€]
Then a € A].T’Jr for each j € J. Thus a,, € Aj for each j € J. The converse is proved similarly.
The proof of the second part is omitted.
(2) Suppose 4,y € Ul Ajand let A = Ul Aj. Since AFT = Mgy AT, a ¢ Ny A
Thena ¢ A" for some j € J. Thus a,,yy € Aj for some j € J. The converse is shown similarly.
The proof of the first part is omitted.

O

Proof. (1) Suppose a,,,, € n}'e] Ajand let A = N: Aj. Since AT+ = Nies A].T'+, a € Njgy A]-T’+.

Proposition 8. Let A,B € IVNCS(X). Then,

(1) A CqBifandonlyifa,,, € A= a,, € Blresp.a,,, € A=a
(2) A=Bifandonlyifa,, € A< a, € Blresp.a,,, € A&a

€ Bl foreacha € X.
€ Blforeacha € X.

IVNV

IVN IVNV

Proof. Straightforward. [

When we discuss with continuities in a classical topology, the concepts of the preimage and image
of a classical subset under a mapping are used. Then we define ones of an IVNCS under a mapping as
follows.

Definition 15. Let f : X — Y be a mapping, A € IVNCS(X), B € IVNCS(Y).
(i) The image of A under f, denoted by f(A), isan IVNCS in Y defined as:
£(A) = ([FAT), FATHL A7), f(AT)], (A7), FAF )]

(i) The preimage of B under f, denoted by f~'(B), is an interval set in X defined as:
F7B) = (1 BT, £ BT, LN BE), £ B [ (BR ) £ (BF)))

It is clear that f(a,,\) = f(a),,y and f(a,,ny) = f(a),yny foreacha € X.

From the above definition, we have similar results of the image and the preimage of classical
subsets under a mapping.
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Proposition 9. Let f : X — Y be a mapping, A, Ay, Ay € IVNCS(X), (Aj)jej C IVNCS(X) and let
B, By, By € IVNCS(Y), (Aj)je) C IVNCS(Y). Leti =1, 2,k =1,2, 3;1 =1, 2, 3, 4. Then,

(1) If Ay C; Ay, then f(Al) C; f(Az),

(2) IfB; C; Bz, then f_l(Bl) C; f_l(Bl),

3 AC; f L(f(A)) and if f is injective, then A = f~1(f(A)),

4 f(f~ (B)) C; Band sz is sur]ectzve f(f~Y(B)) = B,

(5) f_l( ]E] ) ]e]f

(6) f_l( ]e] Bj) = Njes f~ ( ) '

7)) f(U s Aj)i Ci U]E]f( )tmd if f is surjective, thenf( ]GI Aj)i = ' ey f(A)),
‘) f( ]e]A ) Ci Njey f(A )and if f is injective, then f((jc; Aj) = Nicy f(A)),
9) Iff is sur]ectwe then f( Yoo c; f(ARS),

(10) f~ (BkC) = f1(B)ke

11) [ Dyvn) = Divw, f_ (Xp1vn) = X1 1N,

(12) f(Dr1vN) = D pvn and if f is sur]ectwe then f(X 1IVN) = X1IVN,

(13) Ifg: Y — Z is a mapping, then (go f)~1(C) = f~1 (g1 (C)), for each C € [Z].

Proof. The proofs are straightforward. [J

4. Interval-Valued Topological Spaces

In this section, we define an interval-valued neutrosophic crisp topology on X and study some
of its properties, and give some examples. We also introduce the concepts of an interval-valued
neutrosophic crisp base and subbase, and a family of IVNCSs gets the necessary and sufficient
conditions to become IVNCB and gives some examples.

From this section to the rest sections, C1, U, N1, 3¢, @1,1vN, and X; jvn are denoted by C, N, U, €,
@rvn, and Xy, respectively.

Definition 16. Let @ # T C IVNCS(X). Then T is called an interval-valued neutrosophic crisp topology
(briefly, IVNCT) on X, if it satisfies the following axioms:

(IVNCO1) Qrvn, XiyN € T,
(IVNCO,) ANBeTtforany A, BeT,
(IVNCO3)  Ujej Aj € T for any family (A;)jey of members of T.

In this case, the pair (X, T) is called an interval-valued neutrosophic crisp topological space (briefly,
IVNCTS) and each member of T is called an interval-valued neutrosophic crisp open set (briefly, IVNCOS) in X.
An IVNCS A is called an interval-valued neutrosophic crisp closed set (briefly, IVNCCS) in X, if A° € 7.

It is obvious that {Dryn, Xjyn} [resp. IVNC(X)] is an IVNCT on X, and called the interval-valued
neutrosophic crisp indiscrete topology (briefly, IVNCIT) [resp. the interval-valued neutrosophic crisp discrete
topology (briefly, IVNCDT)] on X. The pair (X, T,,y,) [resp. (X, Ty, )] is called an interval-valued
neutrosophic crisp indiscrete [resp. discrete] space (briefly, IVNCITS) [resp. (briefly, IVNCDTS)].

IVNCT(X) represents the set of all IVNCTs on X. For an IVNCTS X, the set of all IVNCOs [resp.
IVNCCSs] in X is denoted by IVNCO(X) [resp. IVNCC(X)].

Remark 2. (1) For each T € IVNCT(X), consider three families of IVSs in X:
={[AT7, AT e IVS(X): Act}, ol = {[Al7, AT € IVS(X): Ac T},
= {[AF*, AT e IVS(X) : A e T}
Then we can easily check that T vl and tF are IVTs on X.

In this case, T! [resp. T! and tF] is called the membership [resp. indeterminacy and non-membership]

topology of T and we write T = (t1, 7!, TF). In fact, we can consider (X, t7, t!,TF) as an interval-valued

tri-topological space on X (see the concept of bitopology introduced by Kelly [39]).
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Furthermore, we can consider three intuitionistic topology on X proposed by cCoker [14]:
T, = {(AT, AT e IS(X): Ae ), T, = {(AV7, Al e IS(X) : A e T},

T, = {AFF, AP e IS(X) : A e 1.

Let us also consider six families of ordinary subsets of X:
- ={AT" cX:Act}, tTT={AT" cX:AcT},

= ={Al"cX:Act}, Mt ={AlTcX:AcT},
e ={AT* cXx:Aet}, Tt ={A""cX:Aet)
Then clearly, T0—, T0+, «l+, «b=, 5=, 5+ are ordinary topologies on X.
(2) Let (X, To) be an ordinary topological space. Then there are four IVNCTs on X given by:

a_ { {{16,6),3,(G",G]) € IVNC(X) : G € 1} if G # X
{@1vn, Xivn} ifG=X,

o { {{[G,GL X,[G%,G°]) € IVNC(X) : G € 1} if G # X
{@1vn, Xivn} ifG =X,

5 { {{[©,6.8,[2,69) € IVNC(X) : G € 1} if G £ @
{@n, Xivn} ifG=0,

4 { {<[®, G], X, [®,GC]> € IVNC(X):G e} ifG#@
{@1vn, Xvn'} ifG=0Q.
(3) Let (X, T,,,) be an IVTS introduced by Kim et al. [30]. Then clearly,

v ={([A7,A7],0,[A*,A=]) € IVNC(X) : A € T, } € [VNCT(X).
(4) Let (X, T,) be an ITS introduced by cCoker [14]. Then clearly,
T = {([4%,4%,8,[A%,A]) € IVNC(X) : A € T,} € IVNCT(X).

(5) Let (X, 1) be a neutrosophic crisp topological space introduced by Salama and Smarandache [34].
Then clearly,

v = {([AT, AT], [A], AT, [AF, AT]) € IVN*(X)) : A € 1.} € IVNCT(X),

From Remark 2, we can easily see that an IVNCT is a generalization of a classical topology, an
IVT, an IT, and neutrosophic crisp topology. Then we have the following Figure 1:
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Interval-valued neutrosophic crisp topology

Neutrosophic crisp topology

Interval-valued [ Classical Intuitionistic

topology topology topology

Figure 1. The relationships among five topologies.

Example 7. (1) Let X = {a, b}. Then we can easily check that:
Tvng = {D1vns 1w by Sy browy s <®/ @, [{b}, {b}]> ’

({a}, {a}], [{a}, {a}], [{b}, {0}]), Xivn}.
(2) Let A € IVNCS(X). Then Ais said to be finite, if AT, A", and AT are finite. Consider the family

T={U € IVNCS(X) : U = Qpyn or U is finite}.

Then we can easily prove that T € IVNCT(X).
In this case, T is called an interval-valued neutrosiophic crisp cofinite topology (briefly, IVNCCFT) on X.
(3) Let A € IVNCS(X). Then A is said to be countable, if AT+, Al*, and AP+ are countable.
Consider the family:
T={U € IVNCS(X) : U = Qyyy or U° is countable}.

Then we can easily show that T € IVNCT(X).

In this case, T is called an interval-valued neutrosiophic crisp cocountable topology (briefly, IVNCCCT)
on X.

(4) Let X = {a,b,c,d,e, f,g h,i} and the family T of IVNCSs on X given by:

T ={Qrvn, A1, Az, A3, Ay, X1yn },

where Ay = ([{a,b},{a,b,c}], [{e}, {e, f}], {g} {g i}]),
Ay = ([{a,d},{a,c,d}], [{e}, {e}], {g 1}, {8 i}]),
Az = ([{a}, {a,c}], [{e}, {e}], [{g, h} {8 b 1}]),
Ay = ([{a,b,d},{a,b,c,d}], [{e}, {e fH, [{g} {& }])-

Then we can easily check that T € IVNCT(X).
(5) Let X = {0,1}. Consider the family T of IVNCSs on X given by:

v = {@wn, ([{0}, {0}, 8, 1{1}, {1}])  Xivn}-

Then we can easily prove that T € IVNCT(X). In this case, (X, T) is called the interval-valued neutrosophic
crisp Sierpin/ski space.

From Definition 16, we have the following.

Proposition 10. Let X be an IVNCTS. Then:

(1) DN, XiyN € IVNCC(X),
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(2) AUB € IVNCC(X) forany A, B € IVNCC(X),
3) NjeyAj € IVNCC(X) for any (Aj)je; C IVNCC(X).

To discuss IVNCT(X) with a view-point of lattice theory, we define an order between two IVCTs.

Definition 17. Let 7y, T» € IVNCT(X). Then we say that Ty is contained in T, or Ty is coarser than T, or Tp
is finer than Ty, if 1 C 1o, i.e., A € T foreach A € 7.

For each T € IVNCT(X), Ty, C T C Ty y, is clear.

From Definitions 14 and 16, we get the following.

Proposition 11. Let (7j)jc; C IVNCT(X). Then Njj 7; € IVNCT(X).
In fact, Njej Tj is the coarsest IVNCT on X containing each ;.

Proposition 12. Let T, v € IVNCT(X). We define T A vy and TV 7y as follows:
TAy={W:Wert, We~},

tvy={W:W=UUV,Uer, VEeyg}
Then we have:

(1) T Ayisan IVNCT on X which is the finest IVNCT coarser than both T and -y,
(2) TV yisan IVNCT on X which is the coarsest IVNCT finer than both T and vy,

Proof. (1) Clearly, T Ay € IVNCT(X). Let 57 be any IVNCT on X which is coarser than both 7 and v,
andlet W € 5. Then W € Tand W € . Thus W € T A . So 1 is coarser than T A 7.
(2) The proof is similar to (1). O

From Definition 17, Propositions 11 and 12, we can easily see that (IVNCT(X),C) forms a
complete lattice with the least element 7, , and the greatest element 7, , .

A topology on a set can be a complicated collection of subsets of subsets of a set, and it can be
difficult to describe the entire collection. In most cases, one describes a subcollection (called a base and
a subbase) that “generates” the topology. Then we define a base and a subbase in an IVNCT. Moreover,
we introduce the various intervals via IVNCSs in real line R.

Definition 18. Let (X, T) be an IVNCTS.

(i) A subfamily B of T is called an interval-valued neutrosophic crisp base (briefly, IVNCB) for 7, if for each
A €1, A= QryN orthereis ﬁ/ C Bsuchthat A = Uﬁ/.

(ii) A subfamily o of T is called an interval-valued neutrosophic crisp subbase (briefly, IVNCSB) for T, if
the family p = {N ¢’ : ¢’ is a finite subset of ¢’} is an IVNCB for T.

Remark 3. (1) Let B be an IVNCB for an IVNCT T on a non-empty set X and consider three families of IV Ss
in X:
BT = {[AT~, AT e IVS(X): A€ B}, Bl = {[Al—, A7 € IVS(X) : A € B},

BE = {[AT*, AT e IVS(X) : A € B}.

Then we can easily see that BT, B!, and B are an interval-valued base (see [30]) for T7, T!, and tF, respectively.
Furthermore, we can consider three intuitionistic base on X defined by cCoker [14]:

B, = {(AT,AT*Y e IS(X): Ac B}, B, = {(AV~, Al e IS(X) : A € B},

B, = {AFF, AF7) € IS(X): A € B}
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Let also us consider six families of ordinary subsets of X:
Bl ={AT- cX:Aep}, pit ={AT" cX:AeB}

Bl ={Al"cX:Aep}), Bl ={AlT cX:AecB},
gE— = {AT,+C CX:Aep}, pit = {AI'_C C X:Ae€B}

Then clearly, BT—, pT+, pl+, pl=, Bb—, BE* are ordinary bases for ordinary topologies
tl=, T+, b+, th=, 5=, 5+ on X, respectively.
(2) Let o be an IVNCSB for an IVNCT T on a non-empty set X and consider three families of IV Ss in X:

ol = {[AT7, AT e IVS(X): Ac o}, ol = {[AlT, A7) € IVS(X): A€ o},

of = {[AT*, AP ] e IVS(X) : A € o).

Then we can easily see that T, o, and oF are an interval-valued subbases (see [30]) for wr 7 and ©F,
respectively.
Furthermore, we can consider three intuitionistic base on X defined by cCoker [14]:

or = {(AT7, AT e IS(X): A e o}, oy = {(AV7, AT € IS(X) : A € 0},

o = {AF, AP ) € IS(X) 1 A e o).

Let also us consider six families of ordinary subsets of X:
o= ={AT" cX:Aco}, sl ={ATT CcX:Aco},

clm={Al"cX:Aco}, T ={AlT cX:Aco},

AT ={AT cX:Acq}, Pt ={AF"cX:Acq).

T,— I I,— F,—

Then clearly, o', o, olt o= oF=, obt gre ordinary subbases for ordinary topologies
tl=, 7T+, b+, th=, 5=, 5+ on X, respectively.

Example 8. (1) Let ¢ = {{([(a,b), (a,00)],[D,D], D, (—o0,al]]) : a, b € R} be the family of IVNCs in R.
Then o generates an IVNCT T on R which is called the “usual left interval-valued neutrosophic crisp topology
(briefly, ULIVNCT)” on R. In fact, the IVNCB B for T can be written in the form:

‘B = {RIVN} U {0761‘57 : S'y eo, Iis finite}

and T consists of the following IVNCSs in R:

T = (D, Rivn} U{([U(a;, b)), (c,00)], &, D)}

T= {@IVN, RIVN} U {<[U(ﬂk, bk),R],é, ®>},

where aj, bj,c € R, {a; : j € J} is bounded from below, c < inf{a;:j € J} and a, by € R, {ay : k € K} is
not bounded from below.

Similarly, one can define the “usual right interval-valued neutrosophic crisp topology (briefly, URIVNCT)”
on R using an analogue construction.

(2) Consider the family o of IVNCSs in R:

7= {{1(a,b), (a1,00) N (~o0,b1)], 3, 2, (—o0,m] U [bn, 0] )
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1a, b, ai, blgR, a1 < a, blzb}
Then o generates an IVNCT T on R which is called the “usual interval-valued neutrosophic crisp topology
(briefly, UIVNCT)” on R. In fact, the IVNCB B for T can be written in the form:

B =1{Rwn}U{N,erS, : Sy € 0, I'is finite}

and the elements of T can be easily written down as in (1).
(3) Consider the family ojo 1) of IVNCSs in R:
o1 = {([[a ), [a,00) N1 (~o0, )], D, [@, (—e0,a] U [b,0] )
ca,beRand0<a<b<1}.
Then oyg ) generates an IVNCT 7 1) on R which is called the “usual unit closed interval interval-valued
neutrosophic crisp topology” on R. In fact, the IVNCB Bq 1 for 7| 1) can be written in the form:

,3[0,1] = {Ryn}U{NyerSy : Sy € o), I'is finite}

and the elements of T can be easily written down as in (1).
In this case, ([0,1], 7)o 1)) is called the “interval-valued neutrosophic crisp nusual unit closed interval” and
denoted by [0,1]yncy. In fact,

[0, 1]1vner = <[[O,1], [0,00) U (—00,1]],@,@> )

(4) Let p={a,,y :a € X}U{a,,, :a € X}. Then B is an IVNCB for the interval-valued neutrosophic
crisp discrete topology Ty on X.
(5) Let X = {a,b,c,d,e, f, g, h,i} and consider the family B of IVNCSs in X given by:

B=1{A, B XN},
where A = ([{a,b},{a,b,c}], [{e}, {e f}, [{g} {g i}]),

B = ([{a,d},{a,c d}], [{e} {e}], [{g 1} {g 1 i}]).
Assume that B is an IVNCB for an IVNCT T on X. Then by the definition of base, p C T. Thus A, B € 1. So

ANB = ([{a},{a,c}], [{e}, {e}], [{g h}, {g, h,i}]) € T. However for any B C B, ANB # P . Hence B
is not an IVNCB for an IVNCT on X.

From (1), (2), and (3) in Example 8, we can define interval-valued neutrosophic crisp intervals as
following.

Definition 19. Let a, b € R such that a < b. Then:

(i) (The closed interval) [a,b]jynct = <[[a, b, [a, —oc0) N (—oco, b]],@,@>,
(ii)  (The open interval) (a,b)yncr = <[(a, b),(a, —o0) N (—o0, b)],@,@>,
(iii) (The half open interval or the half closed interval)

(a,blivwer = ([(a,b], (2, —e0) 11 (=2,8]],3,D),

la,0)1vi = ([la,b), [a,—00) N (=0,0)], 5,

(iv) (The half interval-valued real line)
<_OO/ a]IVNCI = <[(—OO, ll], (_OO/ ﬂ”, ér é> 7

(—eo,a)tvner = ([(~0,a), (~e0,0)1,8,0),
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[a,00)vNeT = <[[ﬂ,°°), [11,00)],@@> ,
(a,0)vNner = <[(ﬂ/0°), (0,00)],@@>,
(v) (The interval-valued real line)

(—00,00)vmcr = <[(—°°,0°), (—00,00)],@,@> = Ryyn.

The following provide a necessary and sufficient condition which a collection of IVNCSs in a set
X is an IVNCB for some IVNCT on X.

Theorem 1. Let § C IVNCS(X). Then B is an IVNCB for an IVNCT t on X if and only if it satisfies the
following properties:

1) Xwyn=UB
(2) IfBy,By € Banda,,, € By N By[resp. a

By N By [resp. a,,,,, € B C By N Ba].

wny € B1 N Bal, then there exists B € B such that a,,,, € B C

Proof. The proof is the same as one in classical topological spaces. O
Example 9. Let X = {a,b,c} and consider the family of IVNCSs in X given by:
B ={A1, Ay A3, A3},

where Ay = ([{b}, {a, b}], [{b}, {b}], [{c}, {c}]),

4> = ([{b,c}, {b,c}), [{a}, {a}], @),

As = ([{a}, {a}], [{c}, {c}], [{b}, {b}]),

Ag = ([{8},@, e} {e}]),
Then clearly, B satisfies two conditions of Theorem 1. Thus 3 is an IVNCB for an IVNCT 7 on X. In fact,
we have:

PSS

T= {®IVN/ Alr AZ/ A3/ A4r A5r A6/ A7/ XIVN}/

where As = ([{b,c}, X], [{a,b}, {a,0}].©),
As = ([{a.b}, {a,D}], [{b.c}, {b,}],0),
A7 = (X, [{a,c} {a,c}), D).

The following provide a sufficient condition which a collection of IVNCSs in a set X is an IVNCB
for some IVNCT on X.

Proposition 13. Let ¢ C IVNCS(X) such that X;yny = Uo. Then there exists a uniqgue IVNCT T on X
such that o is an IVNCSB for T.

Proof. Let f = {B € IVNCS(X) : B = (\/_,;S;and S; € o}. Let T = {U € IVNCS(X) : U =

@ or there is a subcollection ' of  such that U = ﬁ/} Then we can show that 7 is the unique
IVNCT on X such that ¢ is an IVNCSB for T. 0O

In Proposition 13, T is called the IVNCT on X generated by o.
Example 10. Let X = {a,b,c,d, e} and consider the family o of IVNCSs in X given by:

g = {Al,Az, A3, A4},
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where Ay = ([{a},{a}], [{b}, {b}], [{c,d}, {c,d}]),

Az = ([{a,b,c}, {a,b,c}], [{b,d}, {b,d}], [{e}, {e}]),
Az = ([{b,c, e}, {b,c e}, [{c e}, {c.d,e}], [{d}, {d}]),
Ay = ([{c,d}, {c,d}], [{a,c}, {a,c}], [{a, b}, {a,b}]).

Then clearly, \Jo = Xiyn. Let B be the collection of all finite intersections of members of . Then we have:

,B = {Alr A2/ A3/ A4/ A5/ A6/ A7/ AS/ A9/ AlO/ All/ AlZ}/

alere 45 — ([{a}, {a}), {0}, {0}], [{e d e}, {e d e})),
s=( Hw{wuﬁdhﬁﬂﬂy
Ay = < @, [{a,b,c, d},{a,b,c,d}]>,
Ag = ([{b,c} {b,c}), [0, {a}), [{d,e}, {d,e}))
A9 = ([{e}, (e}, @ {a b e} {a,be}]),

Aro = ([{c}, {c}], [{c} {c}], [{a,b,d},{a,b,d}]),
Ay = <@, 3, [{c,d,e}, {c, d,e}]> )

A = ({e} A}, @, {a,b,d,e}, {a,b,d,e}])
Thus we have the generated IVNCT T by o

T = {Q1vn, A1, Az, A3, Ay, As, A, A7, As, Ao, Aro, A1, A1z, Ata, A, Ars, Are, Ar7, A1s, Xivn }
where Ay = <[{a b,c}, {a,b,c}], [{b,d}, {b,d}], D

{a,b,c e}, {ab,cel] [{b,c e}, {bc d e}] [{d}, {d}]),
A5 = ([{a,c,d},{a,c,d}], [{ab,c},{ab,c}], D),

=

(I
16 = ({a,b,c,eh {a, bl [{b,c,de}, {b,c,d,e}], D),
Ay = <[{a b,c,d}, {a,b,c,d}], [{ab,c d}, {a,b,c,d}],®>,
Aig = < ,H{a,c e}, {acel], >

Remark 4. By using “Cp, Uy, My, (i =1, 2, 3), Do 1N, Xo,1n, and INC(X), we can have the definitions
corresponding to Definitions 16 and 18, respectively.

5. Interval-Valued Neutrosophic Crisp Neighborhoods
In this section, we introduce the concept of interval-valued neutrosophic crisp neighborhoods of

IVNPDPs of two types, and find their various properties and give some examples.

Definition 20. Let X be an IVNCTS, a € X, N € IVNCS(X). Then:
(i) N is called an interval-valued neutrosophic crisp neighborhood (briefly, IVNCN) of a,,,, if there exists
a U € IVNCO(X) such that:

T~ T~
a,y EUCN,ie,aclU"~ CN"7,

(ii) N is called an interval-valued neutrosophic crisp vanishing neighborhood (briefly, IVNCVN) of a
if there exists a U € IVNCO(X) such that:

IVNV/

. F+ F+
Ay EUCN, ie,ag NV CU ™.

The set of all IVNCN s [resp. IVNCVNs] of a,,, [resp. a1 is denoted by N(a,, ) [resp. N ()] and
will be called an IVNC neighborhood system of a,,, [resp. a,, ., I.
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Example 11. Let X = {a,b,c,d,e, f, g h,i} and let T be the IVNCT on X given in Example 7 (4). Consider
the IVNCS N = ([{a,b,d},{a,b,c,d}], [{e}, {e}], [{g}, {g}]) in X. Then we can easily check that:

N € N(alVN) m N(alVNV)’ N € N(blVN) r\l N(bIVNV)’

N € N(dIVN) N N(dIVNV)’ N € N(CIVNV)‘

An IVNC neighborhood system of a,,,, has a similar property for a neighborhood system of a
point in a classical topological space.

Proposition 14. Let X be an IVNCTS, a € X.

[ITVNCN1] IfN € N(a,,,,), then a,,, € N.

[IVNCN2] IfN € N(a,,, ) and N C M, then M € N(a,,,,).

[IVNCN3] IfN,M € N(a,,y), then NN M € N(a,,,).

[IVNCN4] IfN € N(a,,,, ), then there exists M € N(a,, ) such that N € N(byyn) for each bryn € M.

Proof. The proofs of [[IVNCN1], [[IVNCN2], and [IVNCN4] are easy.

[IVNCNB3] Suppose N, M € N(a,,, ). Then there are U, V € IVNCO(X) such thata,,, € U C
Nanda,,, € VC M.Let W=UNV. Then clearly, W € IVNCO(X) and a,,,, € W C NN M. Thus
NNMe N(a,,,). O

IVN

In addition, an IVNC neighborhood system of 4,,,,,, has the similar property.

Proposition 15. Let X be an IVNCTS, a € X.

[TVNCVN1] IfN € N(a,,yy), thenag,,, € N.
[TVNCVN2] IfN € N(a,,yy) and N C M, then M € N(a, ;. )-
[IVNCVN3] IfN,M € N(a,,), then NN\ M € N(a,,, ).

[IVNCVN4] If N € N(a then there exists M € N(a

by € M.

IVNV

such that N € N(b for each

IVNV)’ IVNV) IVNV)

Proof. The proof is similar to one of Proposition 15. [

From Definition 20, we have two IVNCTs containing a given IVNCT.
Proposition 16. Let (X, T) be an IVNCTS and let us define two families:
T,y =1U € IVNCS(X) : U € N(a,,, ) foreacha,,, € U}

and

Ty = U € IVNCS(X) : U € N(a,,,, ) foreacha,,,, € U}.

Then we have:
1) Tvns Tvwy € IVNCT(X)/
Q)T C Ty and T C Ty

Proof. (1) We only prove that 7,,, € IVNCT(X).
(IVNCOy) From the definition of 7,,,,,, we have O1yn, Xivn € Tyny-
(IVNCO;) Let U, V € IVN*(X) such that U ,V € 7,,,, and leta,,,
U, V € N(a,,,,). Thus by [[IVNCVNB3], UNV € N(a,,,,).So UNV € T, .
(IVNCO3) Let (Uj) jej be any family of IVNCSs in 7, let U = Uje;Uj and let a,,,, € U.
Then by Proposition 7 (2), there is jo € ] such thata,,,, € Uj,. Since U} € 7, U}, € N(a,,, ) by
the definition of 7. Since U;; C U, U € N(a,,, ) by [[VNCVN2]. So by the definition of 7.,
u € TIVNV'

(2) Let U € 7. Then clearly, U € N(a,,) and U € N(a,,yy)
respectively. Thus U € 7, and U € T, . So the results hold. [

€ U N V. Then clearly,

foreacha,,, € Ganda,,, €G,
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Remark 5. (1) From the definitions of Tryn and Try Ny, we can easily have:
T,y =TU{U € IVNCS(X): VI~ c U, Ver}

and
Tyny = TU{U € IVNCS(X) : UF+ c VBT, v e 7).

(2) For any IVNCT T on a set X, we can have six IVTs on X given by:

b o ={[Ul, U € IVS(X) 1 U € 1, },

o ={[Uul- Ut evs(X):u e,

o = {uPt ub e IVS(X) s U e T, 0,

IVN
Tl ={Uul T, Ut e IVS(X) 1 U € 1y,
TIVNV = {[ul_ UI+] € IVS( ) u € TIVNV}/
T = (U, ub*] € IVS(X) - U € T,y )

Furthermore, we have 12 ordinary topologies on X:

o ={ul" cX:Uer,}, i i={U""cXx:Uet,]},

IVN

o ={U" cX:Uem,}, th={u"cx:Uer,},

v

Cc
WN_{UF+ CX:U€ET,}, T f;;f{up CX:U€ET,,}

={U"" cX:Uet,,} it ={U" cX:Uet,,}

IVNV
o ={U" cX:Uert,,}, tht ={u"*tcXx:uer,,}
F, F
TIVNV—{U t“cX:Uuer Tony b WNV_{u T CX:UE Ty}

Example 12. Let X = {a,b,c,d,e, f,g,h,i} and consider IVNCT T on X given in Example 7 (4). Then from
Remark 5 ((1), we have:

wy = TU {A5,A6, A7}r

T
where As = ([{a,b,c},{a,b,c}], [{e}, {e f}], [{g} {8 1}]),
Ae = ([{a,c,d}, {a,c d}], [{e} {e}], [{g, h}, {g 1 i}]),
A7 = ([{a,b,c,d}, {a,bc,d}], [{e} {e f}], [{s} {8 i}])-
Additionally, we have:
wny = TU{Ag, Ag, Ao, A1},

where Ag = ([{a,b},{a,b,c}], [{e}, {e, f}], [{g},{8}]),
Ag = ([{a,d},{a,c,d}], [{e}, {e}], [{g 11}, {8, 1}]),
A = ({a},{a,c}], [{e}, {e}], [{&} {8, 1}])
An = ([{a,b,d},{a,b,c,d}], [{e}, {e f 1], [{g} {g}])-

So we can confirm that Proposition 16 holds.
Furthermore, we can obtain six IVTs on X for T:

T I F T I F
TIVN’ TIVN’ TIVN’ TIVNV’ TIVNV’ TIVNV'

Additionally, we have 12 ordinary topologies on X:

T~ T+ oL— oL+ F— _F+

T IVN’ “IVN’ "IVN’ "IVN’ "IVN’

IVN/

346



Symmetry 2020, 12, 2050

TT,+

I+
IVNV’ T

F+
IVNV/ T

F,—
T IVNV"®

I,—
T IVNV’

T,—
T IVNV/

IVNV/

The following is the immediate result of Proposition 16 (2).

Corollary 1. Let (X, T) be an IVNCTS and let IVNCCr [resp. IVNCCy,, and IVNCCy,, ]be the set of
all IVNCCSs w.r.t. T [resp. and T,y 1. Then,

TIVN IVNV

IVNCC: C IVNCC, , and I[VNCC; C IVNCC

IVNV

Example 13. Let (X, T) be the IVNCTS given in Example 12. Then we have:
IVNCCT = {@IVNI XIVN/ Ai, AE/ Ag/ Ai}/
IVNCC:, = IVNCC: U{Ag, A, A},

IVCy = IVCr U{Ag, A5, AS), AS ),

where A = ([{g},{g,1}], [{a,b,c,d,h}, {a,b,c,d, £, h}), [{a, b}, {a,b,c}]},
A5 = ([{g,hy g, b i}, [{a,b,c,d, £}, {a,b,c,d, f}], [{a,d},{a,c,d}]),
A = ([{g, 1}, Ag b i}), Ha,b,e,d, £}, {a,b e d, £}, [{a}, {a,c})),
A = (g} {8, 1}], {a,b,c,d, b}, {a,b,c,d, £, Y], [{a,b,d}, {a,b,c,d}]),
A = ({8}, {8}, {a,b,c,d, b}, {a,b,c,d, £, h}], [{a,b,c} {a,b,c}]),
AS = ({8, hy g, b i}, [{a,b,c,d, £}, {a,b,c,d, F}), [{a,c,d}, {a,c,d}]),
A5 = ({8}, {8}, {a,b,c,d, b}, {a,b,c,d, £,h}], [{a,b,c,d}, {a,b,c,d}]),
A5 = (g} g, [{a b,c,d, Y, {a,b,c,d, £,1}], [{,b), {a,b,c}]),
A5 = ([{g,hy {g, M), [{a,b.c,d, £} {a,b,c,d, £}, [{a,d}, {a,c,d}]),
A5 = ({8} g}, [{a,b e d, £}, {a,b,c,d, £}], [{a}, {a,c}),

Afy = ([{g} {&}], [{a,b,c,d,n}, {a,b,c.d, f, 1], [{a, b, d}, {a,b,c, d}]) .
Thus we can confirm that Corollary 1 holds.

Now let us consider the converses of Propositions 14 and 15.

Proposition 17. Suppose to each a € X, there corresponds a set N*(a,,y, ) of IVNCSs in X satisfying the
conditions [[VNCVN1], [[VNCVN2], [[VNCVN3], and [[VNCVN4] in Proposition 15. Then there is an
IVNCT on X such that N*(a,,, ) is the set of all IVNCVNS of a,,,,, in this IVNCT for each a € X.

Proof. Let,
Ty = U € IVNCS(X) : U € N(a,,,, ) foreacha,,,, € U},

where N(a,,,, ) denotes the set of all IVNCVNs in 7.
Then clearly, 7,,,, € IVNCT(X) by Proposition 16. We will prove that N*(a,,,, ) is the set of all
IVNCVNsof a,,,, in T, foreacha € X.

Let V € IVN*(X) such that V € N*(a,,,)
such that U € N*(a,,,, ). If we can prove that:

and let U be the union of all the IVNCVPs b,,,, in X

a,yy EUCVand U € 7,

then the proof will be complete.

Since V' € Ny (a,,\y ), 4,yny € U by the definition of U. Moreover, U C V. Suppose b,,,,,, € U.
Then by [IVNCVN4], there is an IVNCS W € N*(b,, ) such that V € N* (CWNV)) foreach c,,,, € W.
Thus c,,, € U. By Proposition 9, W C U. So by [IVNCVN2], U € N*(b,,, ) for each b,,,,, € U.

Hence by the definition of U € T,y This completes the proof. [

TIVNV’

Proposition 18. Suppose to each a € X, there corresponds a set N*(a,,,) of IVNCSs in X satisfying the
conditions [[VNCN1], [[VNCN2], [IVNCN3], and [[VNCN4] in Proposition 14. Then there is an IVNCT on
X such that N*(a is the set of all IVNCNs of a,, in this IVNCT for each a € X.

IVN) IVN
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Proof. The proof is similar to Proposition 17. O

The following provide a necessary and sufficient condition which an IVNCSs is an IVNCOS in an
IVNCTS.

Theorem 2. Let (X, T) be an IVNCTS, A € IVNCS(X). Then A € T ifand only if A € N(a,,,) and

A € N(ay,yy) foreacha,,,, a,,, € A.
Proof. Suppose A € N(a,,) and A € N(a,,,,) for each a,,,, a,,,, € A. Then there are
U, Va,,, €Tsuchthata,, el, ~CAanda,,, €V,  CA Thus,
A= ( U aIVN) U( U IVNV U uaWN) U( U V”IVNV) C A
ayn €A yny €A Tryn € yny €A

So A= (U, eala,, )U(Us, eaVay,,,) Sincels ., Vo €T,A€ET
The proof of the necessary condition is easy. [

Now we will give the relation among three IVNCTs, T, T,,,, and 7, -

nt

Proposition19. 7 = Ny

IVN

Proof. From Proposition 16 (2), it is clear that T C T,y N T,y -
Conversely, let U € 7,,, N T,;,,- Then clearly, U € 7,,,, and U € T,,,,,. Thus U is an IVNCN of
each of its IVNCPs a,,,,; and an IVNCVN of each of its IVNCVPs a,,,,,,. Thus, thereare U, , U, €
IVN IVNV
Tsuchthata,, € U, CUanday,, € Uy, C U. Sowehave:

Uyn = U a,n C U llaWN cu

cu cu

%N ayN

and

Uryny = U Ayny C U quVNV c u.
TNy €U ANy €U

By Proposition 5, we get:

U= UwynyUUyny C U LIHWN) U ( U uaIVNV) cu,ie,

ayN €U 2Ny €U
- U u”IVN U U u”WNV )
N 2Ny €U

It is obvious that (UaIVNE Ua,,,) Y (U,
This completes the proof. [

7. Hence U € t. Therefore T

IVN n TIVNV cT

IVNVEU N ) €

From Proposition 19, we get the following.
Corollary 2. Let (X, T) be an IVNCTS. Then,

IVNCC; = IVNCCy,, NIVNCCy

IVNV®
Example 14. In Example 12, we can easily check that Corollary 2 holds.

6. Interiors and Closures of IVNCSs

In this section, we define interval-valued neutrosophic crisp interiors and closures, and
investigate some of their properties and give some examples. In particular, we will show that there is

348



Symmetry 2020, 12, 2050

a unique IVNCT on a set X from the interval-valued neutrosophic crisp closure [resp. interior] operator.

In an IVNCTS, we can define a closure and an interior as well as two other types of closures and

interiors by Proposition 16.

Definition 21. Let (X, T) be an IVNCTS, A € IVNCS(X).

(i)

(ii)

(ii)

(iv)

(v)

(vi)

The interval-valued neutrosophic crisp closure of A w.r.t. T, denoted by IVNcl(A), is an IVNCS in X
defined as:
IVNcl(A) =({K: K € Tand A C K}.

The interval-valued neutrosophic crisp interior of A w.r.t. T, denoted by IVNint(A), is an IVS in X
defined as:
IVNint(A) = J{G: G € Tand G C A}.

The interval-valued neutrosophic crisp closure of A w.r.t. T, is an IVNCS in X

defined as:

denoted by cl

IVN’ IVN( )

clyyy(A) =({K: K" €1, and A C K}.

The interval-valued neutrosophic crisp interior of A w.r.t.
defined as:

denoted by int ., (A), isan IVS in X

IVN’

int,(A) = {G: G e 1, and G C A}.

The interval-valued neutrosophic crisp closure of A w.r.t. T, denoted by cl ., (A), is an IVNCS in X
defined as:
cliyyy (A) = ﬂ{K :K° €1,y and A C K}.

The interval-valued neutrosophic crisp interior of A w.r.t. T, , denoted by int . (A), is an IVNCS in
X defined as:
nt (A=J{G:G e 1y, and G C A}

Remark 6. From the above definition, it is obvious that the followings hold:

and

IVNint(A) C int,,(A), IVNint(A) C int ., (A)

clyn(A) C IVNCl(A), ¢l (A) C IVNCl(A).

Example 15. Let (X, T) be the IVNCTS given in Examples 12 and 13. Consider two IVNCSs in X:

= ({a,b,c}, {a,b,c,d}], {a e} {ae 1], [{g} {8}]),
= ({g g i}l {ab,c.d f},{a,bc de f}] [{a},{a c}]).

Then,
IVNint(A) = U{G € 7: G C A} = A U A3 = ([{a, b}, {a,b,c}], [{e}, {e, f}], [{&} {8, i}])
int (A) =U{G e, :GC A} =A1UA3UAs
= ([{a,b,c},{a,b,c}], [{e}. {e, f}]. {8}, {& 1}]).
intlvwv( ) U{G € Tynw G C A} =A1UA3UAgU Ay
= ([{a,b},{a,b,c}], [{e}, {e, f}]. {8}, {g}])
and

IVNcI(B) = N{F:F € 1, BC F} = AjN Aj

= ({g n}.{g hi}],[{a,b,c,d, f},{a,bcd, f}],[{a,d},{a,cd}]),
clyy(B)=M{F:F €1,,, BCF} = A5 N A§N Ag N AS,

= ({g g h i}l {a b d f1 {abcd f}], {acd} {acd}]),
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CZIVNV(B) = ﬂ{F : F° € yny, B C F} = AE ﬂAg QAS ﬂAiO

= ({g} {&n},{a,b,c.d, f},{a,b,c d, f}], [{a,d},{a,c,d}]).

Thus we can confirm that Remark 6 holds.
Proposition 20. Let (X, T) be an IVNCTS, A € IVNCS(X). Then,
IVNint(A°) = (IVNcl(A)) and IVNcl(A®) = (IVNint(A))°.

Proof. [VNint(A¢) = U{U € T:U C A} = U{U € T: U C (AF, A1, AT)}
=U{uet:UT c AF, Ul c A, uf 5 AT}
=U{U et:UT c AF, U c Al, UF 5 AT}
=(MN{uc:uet,AcCU})F
= (IVNCcI(A))-.

Similarly, we can show that IVNcl(A) = (IVNint(A))°. O

Proposition 21. Let (X, 7T) be an IVNCTS, A € IVNCS(X). Then,
IVNint(A) = int, (A) Nint,,, (A).
Proof. The proof is straightforward from Proposition 19 and Definition 21. O
The following is the immediate result of Definition 21, and Propositions 20 and 21.
Corollary 3. Let (X, T) be an IVNCTS and let A € IVNCS(X). Then,
IVNcl(A) =cl,,y(A)Ucl,,\, (A).
Example 16. Let A and B be two IVNCSs in X given in Example 15. Then we can easily check that:
intryn(A) Nintyny (A) = IVNint(A), cliyn(B) Ucliyny(B) = IVNcl(B).

Theorem 3. Let X be an IVNCTS, A € IVNCS(X). Then:

(1) A€ IVNCC(X) < if A= IVNcI(A),
() A€IVNCO(X)< A= IVNint(A).

Proof. Straightforward. [

Proposition 22 (Kuratowski Closure Axioms). Let X be an IVNCTS, A,B € IVNCS(X). Then,

[IVNCKO] If A C B, then IVNcI(A) C IVNcI(B),
[IVNCKI] IVNCZ(@[VN) = ®IVN/

[IVNCK2] A C IVNcl(A),

[IVNCK3] IVNcl(IVNcl(A)) = IVNcl(A),
[IVNCK4] IVcl(AUB) = IVNcl(A) UIVNcl(A).

Proof. Straightforward. 0O

Let IVNcl* : IVNCS(X) — IVNCS(X) be the mapping satisfying the properties [[VNCK1],
[IVNCK2], [IVNCK3], and [IVNCK4]. Then the mapping IVcl* is called the interval-valued
neutrosophic crisp closure operator (briefly, IVNCCO) on X.
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Proposition 23. Let IVNcl* be the IVNCCO on X. Then there exists a unique IVNCT T on X such
that IVNcl*(A) = IVNCcl(A), for each A € IVNCS(X), where IVNcl(A) denotes the interval-valued
neutrosophic crisp closure of A in the IVNCTS (X, T). In fact,

T={A° € IVNCS(X) : IVNcl*(A) = A}.
Proof. The proof is almost similar to the case of classical topological spaces. [

Proposition 24. < Let X be an IVNCTS, A, B € IVNCS(X). Then,

[IVNCIO] If A C B, then IVNint(A) C IVNint(B),
[IVNCI1] IVNint(XIVN) XN,

[IVNCI2]  IVNint(A) C

[IVNCI3] IVNint(IVNmt( )) = IVNint(A),
[IVNCI4] IVNint(AN B) = IVNint(A) N IVNint(A).

Proof. Straightforward. [

Let IVNint* : IVNCS(X) — IVNCS(X) be the mapping satisfying the properties [[VNCI1],
[IVNCI2], [IVNCI3], and [IVNCI4]. Then the mapping [V Nint* is called the interval-valued
neutrosophic crisp interior operator (briefly, IVNCIO) on X.

Proposition 25. Let IV Nint* be the IVNCIO on X. Then there exists a unique IVNCT T on X such that
IVNint*(A) = IVNint(A) for each A € IVNCS(X), where IVNint(A) denotes the interval-valued
neutrosophic crisp interior of A in the IVNCTS (X, T). In fact,

T={A € IVNCS(X) : IVNint*(A) = A}.
Proof. The proof is similar to one of Proposition 23. [

7. Interval-Valued Neutrosophic Crisp Continuous Mappings

In this section, we define an interval-valued neutrosophic crisp continuity and quotient topology,
and study some of their properties.

Definition 22. Let X, T), (Y, ) be two IVTSs proposed in [30]. Then a mapping f : X — Y is said to be
interval-valued continuous, if f~1(V) € T for each V € 4.

Definition 23. Let X, ), (Y,0) be two IVNCTSs. Then a mapping f : X — Y is said to be interval-valued
neutrosophic crisp continuous, if f~1(V) € T for each V € 6.

From Remark 2 (1), and Definitions 22 and 23, we can easily have the following.
Theorem 4. Let (X, 7), (Y,0) be two IVNCTSs and let f : X — Y be a mapping. Then f is interval-valued
neutrosophic crisp continuous if and only if f : (X, t7) — (Y,87), f: (X, 7!) — (Y, 6"), and f : (X, tF) —
(Y, 6% are interval-valued continuous, respectively.

The followings are immediate results of Proposition 9 (13) and Definition 23.

Proposition 26. Let X, Y, Z be IVNCTSs.

(1)  The identity mapping id : X — X is continuous.
2 Iff:X—=Yand g:Y — Z are continuous, then g o f : X — Z is continuous.
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Remark 7. From Proposition 26, we can easily see that the class of all IVNCTSs and continuous mappings,
denoted by IVNCTop, forms a concrete category.

The followings are immediate results of Definition 23.

Proposition 27. Let X, Y be INCTSs.

(1) IfXisan IVNCDTS, the f : X — Y is continuous,
(2)  IfYisan IVNCITS, then f : X — Y is continuous.

Theorem 5. Let X, Y be IVNCTSs and let f : X — Y be a mapping. Then the followings are equivalent:

(1)  f is continuous,

(2)  f1(C) € IVNCC(X) for each C € IVNCC(Y),

(3)  f~1(S) € IVNCO(X) for each member S of the subbase for the IV'NCT on Y,
(4)  IVNcl(f~1(B)) C f~Y(IVNcl(B)) for each B € IVNC(Y),

(5)  f(IVNcl(A)) C IVNcl(f(A)) for each A € IVNC(X).

Proof. The proofs of (1)=-(2)=-(3)=(1) are obvious.
(2)=-(4): Suppose the condition (2) holds and let B € INC(Y). By Proposition 22 [IVNCK2],
B C IVNCcl(B). Then by Proposition 9 (2), f~1(B) C f~'(IVNcl(B)). Thus by Proposition 22 [INCK0],

IVNcl(f~1(B)) C IVNcl(f~Y(IVNcl(B))).

Since IVNcl(B) € IVNCC(Y), f~1(IVNcl(B)) € IVNCC(X) by the condition (2). So by Theorem 3
(1), IVNcl(f~1(IVNcl(B))) = f~'(IVNcl(B)). Hence IVNcl(f~1(B)) C f~1(IVNcl(B)).

(4)=(5): Suppose the condition (4) holds and let B = f(A) for each A € IVNC(X). Then we have
IVNcI(f~Y(f(A))) C f Y (IVNcl(f(A))). Thus by Proposition 9 (3), [IVNcl(A) C f~Y(IVNcl(f(A))).
So by Proposition 9 (1) and (4), f(IVNcl(A)) C IVNcl(f(A)).

(5)=(4): The proof is similar to (4)=(5). O

Theorem 6. Let X, Y be IVNCTSs and let f : X — Y be a mapping. Then f is continuous if and only if
f~Y(IVNint(B)) C IVNint(f1(B)) for each B € INC(Y).

Proof. The proof is straightforward. [J

Definition 24. Let (X, T), (Y,6) be two IVNCTSs. Then a mapping f : X — Y is said to be:

(i) Interval-valued neutrosophic crisp open, if f(U) € 6 foreach U € T,
(ii)  Interval-valued neutrosophic crisp closed, if f(C) € IVNCC(Y) for each C € IVNCC(X).

Proposition 28. Let X, Y, Z be IVNCTSs, let f : X — Yand g: Y — Z be mappings. If f, g are open [resp.
closed], then g o g is open [resp. closed].

Proof. The proof is straightforward. [J

Theorem 7. Let X, Y be IVNCTSs and let f : X — Y be a mapping. Then f is open if and only if
IVNint(f(A)) C f(IVNint(A)) for each A € IVNC(X).

Proof. The proof is straightforward. [

Proposition 29. Let X, Y be IVNCTSs and let f : X — Y be injective. If f is continuous, then
f(IVNint(A)) C IVNint(f(A)) foreach A € IVNC(X).
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Proof. The proof is straightforward. O

The following is the immediate result of Theorem 7 and Proposition 29.

Corollary 4. Let X, Y be IVNCTSs and let f : X — Y be continuous, open, and injective. Then
f(IVNint(A)) = IVNint(f(A)) for each A € IVNC(X).

Theorem 8. Let X, Y be IVNCTSs and let f : X — Y be a mapping. Then f is close if and only if
IVNcI(f(A)) C f(IVNcl(A)) for each A € IVNC(X).

Proof. The proof is straightforward. [J

The following is the immediate result of Theorems 5 and 8.

Corollary 5. Let X, Y be IVNCTSs and let f : X — Y be a mapping. Then f is continuous and closed if and
only if f(VINcI(A)) = IVNcl(f(A)) for each A € IVNC(X).

Definition 25. Let (X, T), (Y,0) be two IVNCTSs. Then a mapping f : X — Y is called an interval-valued
neutrosophic crisp homeomorphism, if f is bijective, continuous, and open.

Theorem 9. Let X, Y be IVNCDTSs and let f : X — Y be a mapping. Then f is a homeomorphism if and
only if f is bijective.

Proof. The proof is straightforward. [

Definition 26. Let (X, T) be an IVNCTS, let Y be a set and let f : X — Y be a surjective mapping. Let J be
the family of IVNCSs in Y given by:

§={BeIVNC(Y): f1(B) € 1}.

Then ¢ is called the interval-valued neutrosophic crisp quotient topology (briefly, IVNCQT) on Y.
It can easily be seen that § € IVNCT(Y). It is also obvious that for each B € IVNC(Y), B is closed in &
if and only if f~1(B) is closed in X.

Proposition 30. Let (X, 7), (Y,0) be two IVNCTSs, where 6 is the IVNCQT on Y. Then a surjection
f+ X = Y is continuous and open. Moreover, ¢ is the finest topology on Y which f is continuous.

Proof. The proof is similar to the classical case. [

The following is the immediate result of Proposition 30.

Corollary 6. Let (X, T), (Y,0) be two IVNCTSs. If a mapping f : X — Y is continuous, open, and sujective,
then 6 is the IVNCQT on Y. But the converse does not hold in general (See Example 17).

1
Example 17. Let ([0,1],7) be an IVNCTS and let A = [E, 1]. Consider the characteristic function x, :
[0,1] — {0,1}, where {0,1} is the interval-valued neutrosophic crisp Sierpin ski space (see Example 7 (5)).
Then we can easily see that the topology on {0,1} is the IVNCQT. On the other hand, (%, 1)vncr € T but

1 ) . )
Xa ((E' 1)1vncr) is not open in {0,1}. Thus x , is not an open mapping.

Theorem 10. Let (X, 1), (Y,6), (Z,0) be IVNCTSs, where 6 is the IVNCQT on Y. Let f : X — Y and
8 : Y — Z be mappings. Then g is continuous if and only if g o f is continuous.

353



Symmetry 2020, 12, 2050

Proof. The proof is similar to the classical case. O

8. Conclusions

We obtained various properties of IVNCSs and discussed with IVNCTSs which can be considered
as an interval-valued tri-opological space. Moreover, we defined an interval-valued neutrosophic
crisp base and subbase and proved the characterization of an interval-valued neutrosophic crisp
base. Next, we introduced the concept of interval-valued neutrosophic crisp neighborhoods and
obtained some similar properties to classical neighborhoods. Furthermore, we defined interval-valued
neutrosophic crisp closures and interiors, and found some properties. We also introduced the concept
of interval-valued neutrosophic crisp continuities and obtained its various properties.

In future, we expect that one can apply the concept of IVNCSs to group and ring theory,
BCK-algebra, and category theory, etc. We also expect that one can define the notions of interval-valued
soft sets and interval-valued neutrosophic crisp soft sets. Besides, the theorems developed in this
manuscript will promote future studies on the geometry calibration for multi-cameras.
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Abstract: This paper aims to mark out new concepts of r-single valued neutrosophic sets, called
r-single valued neutrosophic £-closed and £-open sets. The definition of £-single valued neutrosophic
irresolute mapping is provided and its characteristic properties are discussed. Moreover, the concepts
of £-single valued neutrosophic extremally disconnected and £-single valued neutrosophic normal
spaces are established. As a result, a useful implication diagram between the r-single valued
neutrosophic ideal open sets is obtained. Finally, some kinds of separation axioms, namely r-single
valued neutrosophic ideal-R; (r-SVNIR;, for short), where i = {0,1,2,3}, and r-single valued
neutrosophic ideal—Tj (r-SVNI T;, for short), where j = {1,2, 2%, 3,4}, are introduced. Some of their
characterizations, fundamental properties, and the relations between these notions have been studied.

Keywords: r-single valued neutrosophic £-closed; £-single valued neutrosophic irresolute map-
ping; £-single valued neutrosophic extremally disconnected; £-single valued neutrosophic normal;
r-SVNIR;; r-SVNIT;

1. Introduction

In 1999, Smarandache introduced the concept of a neutrosophy [1]. It has been used
at various axes of mathematical theories and applications. In recent decades, the theory
made an outstanding advancement in the field of topological spaces. Salama et al. and Hur
etal. [2-6], for example, among many others, wrote their works in fuzzy neutrosophic
topological spaces (FNTS), following Chang [7]’s discoveries in the way of fuzzy topological
spaces (FTS).

éostak, in 1985 [8], marked out a new definition of fuzzy topology as a crisp subfamily
of family of fuzzy sets, which seems to be a drawback in the process of fuzzification of
the concept of topological spaces. Yan, Wang, Nanjing, Liang, and Yan [9,10] developed a
parallel theory in the context of intuitionistic I-fuzzy topological spaces.

The idea of “single-valued neutrosophic set” [11] was set out by Wang in 2010. Gay-
yar [12], in his 2016 paper, foregrounded the concept of a “smooth neutrosophic topological
spaces”. The ordinary single-valued neutrosophic topology was presented by Kim [13].
Recently, Saber et al. [14,15] familiarized the concepts of single-valued neutrosophic ideal
open local function, single-valued neutrosophic topological space, and the connectedness
and stratification of single-valued neutrosophic topological spaces.

Neutrosophy, and especially neutrosophic sets, are powerful, general, and formal
frameworks that generalize the concept of the ordinary sets, fuzzy sets, and intiuitionistic
fuzzy sets from philosophical point of view. This paper sets out to introduce and examine
a new class of sets called r-single valued £-closed in the single valued neutrosophic topo-
logical spaces in Sostak’s sense. More precisely, different attributes, like £-single valued
neutrosophic irresolute mapping, £-single valued neutrosophic extremally disconnected,
£-single valued neutrosophic normal spaces, and some kinds of separation axioms, were
developed. It can be fairly claimed that we have achieved expressive definitions, distin-
guished theorems, important lemmas, and counterexamples to investigate, in-depth, our
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consequences and to find out the best results. It is notable to say that different crucial
notions in single valued neutrosophic topology were generalized in this article. Different
attributes, like extremally disconnected and some kinds of separation axioms, which have
a significant impact on the overall topology’s notions, were also studied.

It is notable to say that the application aspects to this area of research can be further
pointed to. There are many applications of neutrosophic theories in many branches of
sciences. Possible applications are to control engineering and to Geographical Information
Systems, and so forth, and could be secured, as mentioned by many authors, such as
Reference [16-20].

In this study, X is assumed to be a nonempty set, & = [0,1] and &y = (0,1]. Fora € ¢,
&(v) = a for all v € X. The family of all single-valued neutrosophic sets on X is denoted

by &X.
2. Preliminaries

This section is devoted to provide a complete survey and trace previous studies related
to the idea of this research article.

Definition 1 ([21]). Let X be a non-empty set. A neutrosophic set (briefly, NS) in X is an object
having the form

ou = {{V,P0, (v), 80, (v), Tl (v)) 1 v € X},

where
p:X—|7017,6:X—] 017, 7:X—]01F]
and
-0 S ﬁUn (V) + égn (V) + 770’;7 (V) S 3+

represent the degree of membership (namely py, (v)), the degree of indeterminacy (namely 04, (v)),
and the degree of non-membership (namely fj, (v)), respectively, of any v € X to the set o,.

Definition 2 ([11]). Let X be a space of points (objects), with a generic element in X denoted
by v. Then, o, is called a single valued neutrosophic set (briefly, SVNS) in X, if o, has the

form 0y = {ps,,0c,, fic,), Where po,, 80,70, : X — [0,1). In this case, py,, Oc,, fic, are
called truth membership function, indeterminancy membership function, and falsity membership
function, respectively.

Let X be a nonempty set and & = [0,1] and &y = (0,1]. A single-valued neutrosophic set
o on X is a mapping defined as 0, = {py,, 0c,, o) : X — € such that 0 < pg, (V) + 0, (v) +
o (V) < 3. _ B

We denote the single-valued neutrosophic sets ( 0,1,1) and (1,0,0) by 0 and 1, respectively.

Definition 3 ([11]). Let 0, = (py,, Oc,, fisr, ) be an SVNS on X. The complement of the set oy,
(briefly oy,) is defined as follows:

Oos (V) = 11, (V). 8o (V) = [0, ]°(vV), T (V) = P, (V).

Definition 4 ([22,23]). Let X be a non-empty set and let oy, vn € & be given by
On = <ﬁm1’ éan’ ﬁ0'n> and Tn = <p~'7n’ é')/n’ ﬁ')’n > Then:
(1) We say that on & Tn ifPNVn < p"Yn’ @Un > Q'Yn/ 17‘7;1 > ﬁ'Yn'

(2)  The intersection of oy, and 7y, denoted by oy, N 7y, is an SVNS and is given by
On N Yn = <ﬁ0’n ﬂﬁ’)’n’ éUn U é'Yn’ ;70';1 U ﬁ')/n>'
(3)  The union of o, and vy, denoted by 0, U 7y, is an SVNS and is given by

On U’Y” = <p‘7n Uﬁ')’n’ @Un ﬁé’)/n’ ;7f7n mﬁ’}’n>‘
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For any arbitrary family {oy }ic; C X of SVNS, the union and intersection are given by
@ Nigjlonli = (Niejfie,)r Viejlar Yiejio)
(5)  Uigjlonli = (ViejPlo,1;r NicjOlo,)r Nieilion;)-

Definition 5 ([12]). A single-valued neutrosophic topological space is an ordered quadruple
(X, 1P, 29, 27) where 0,72, 1 : ¢X — & are mappings satisfying the following axioms:

(SUNT1) #(0) = 20(1) = 1 and 7 (0) = #7(1) = ¥1(0) = #7(1) = 0,
(SVNT2) ﬁ(a Nyn) > T (0n) N (74), oy Nyn) < (0y) U (1),
(0 Nyn) < T1(00) U (7). for all o,y € TX,
(SVNT3) T (Ujer|oul;) > Njer([oul;), T (Uierlonl;) < Ujert?([oul;),
#1(U ]er[O'n] ) < Ujert([ou])) for all {[ou];, j € T} € X

The quadruple (X, T, %2, #7) is called a single-valued neutrosophic topological space (SVNTS,
for short). We will occasionally write 027 for (T, ¢, T) and it will cause no ambiguity

Definition 6 ([14]). Let (X,%?,%9,%7) be an SVNTS. Then, for every o, € Xand r € &,
the single valued neutrosophic closure and the single valued neutrosophic interior of o, are
defined by:

Coon (0,8) = (W € 850w <y, Pl =7, T2([al) <11, T([m]) <1-1},
intzg0n (0,8) = | {vn € €500 > 1, P(ya) =7, (1) <T—7r, Tl(y) <1-r}

Definition 7 ([24]). Let (X, %) bean SVNTS and r € &y, 0 € ffX Then,
(1) oy is r-single valued neutrosophic semiopen (r-SVNSO, for short) iff o, < Capoq (intzpe

On,1),1),
(2) Ern is 1)’-si31gle valued neutrosophic B-open (r-SVNPO, for short) iff 0 < Capaq (intz07 (Crpaq
(on,1),1),7).
The complement of r — SVNSO (resp. r-SVNPBO) is said to be an r — SVNSC (resp. 1-
SVNBC), respectively.

Definition 8 ([14]). Let X be a nonempty set and v € X. Ifs € (0,1],t € [0,1) and p € [0, 1).
Then, the single-valued neutrosophic point X, in X is given by

_ (S/ 7 )/ l,f X=v
Xs,tp(K) = { (0,1,1), otherwise.

We say xs1p € 0 iff s < po, (v), t > 00, (v) and p > 7, (v). To avoid the ambiguity, we
denote the set of all neutrosophic points by pt(&X).

A single-valued neutrosophic set 0y, is said to be quasi-coincident with another single-valued
neutrosophic set vy, denoted by 7,7y, if there exists an element v € X such that

ﬁUn (V) + ﬁ’)‘n (V) > 1/ éUn (V) + é’)/n (U) S 1’ ’7(771 (V) + ﬁ’)‘n (V) S 1.

Definition 9 ([14]). A mapping TP% = TP, 70,7 : ¢X — & is called single-valued neutrosophic
ideal (SVNI) on X if it satisfies the following conditions:
(L) ZP(0) = 1 and T2(5) = Z7(0) = 0.
(L) If 0y < yn,, then I (vy,) < IP(0y), Z9(vn) > Z%ow), and I7(y,) > Z7(0y), for
Tuow€ZE ] ) ) )
(I3) ZP(0n Uyn) > ZP(00) NZP(yn), I%(0n Uyn) < IQ(UZH) UZ®(yn) and
T (0w Uyn) < I1(0w) UL (7yy), for each oy, vy € EX.

The triple (X, T, ZP0T) is called a single valued neutrosophic ideal topological space in
Sostak’s sense (SVNITS, for short).
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Definition 10 ([14]). Let (X, T2, Z027T) be an SVNITS for each 0, € CX Then, the single valued
neutrosophic ideal open local function [0y]5 (TP, IPT) of 0y, is the union of all single-valued
neutrosophic points xg ;i such that, if yn € Qo (Xstx, 1) and ZP(¢u) > r, I9%cn) < 1-—7,
Z7(gn) < 1—r, then there is at least one v € X for which P, (V) + py,(v) =1 > pe, (v),

0o, (V) + 84, (v) =1 < &, (v), and o, (v) + 7, (v) = 1 < 7, (v).

Occasionally, we will write [0 ]% for [oy,]%(TP27, ZP2T), and it will cause no ambiguity.

Remark 1 ([14]). Let (X, tP97, 7097 be an SVNITS and o, € EX. Then,
Cliﬁ@ﬁ (o, 1) =0y U [Un]‘f, mtﬁm (On,7) =0y N [(U,i)f]c

It is clear that CIEM is a single-valued neutrosophic closure operator and (TPZ(IP, 76t (79, Tt
(Z) is the single-valued neutrosophic topology generated by CITPQ,,,

Tt = {7l CITPQ,, (05,7) = 0}

Theorem 1 ([14]). Let {[0y];}ic; C &X pe a family of single-valued neutrosophic sets on X and
(X, P21, 7PN be an r-SVNITS. Then,

@ (Uouli)y = i€ ) < (Ulouli = i € )7,

@ (Nlouli) = i € )7 = (N(louli)r = i € ).

Theorem 2 ([14]). Let (X, 7097, ZP27) be an SVNITS and oy, vu € X, 1 € &. Then,

(1) 1ntqu,/ (00 V yn, 1) < mtﬁm (On, 1)V in’r‘[:p(),7 (Yn,1),

(2) ity (0, 1) < inthyy (0, 7) < 0w < Clggy (0, 7) < Cagor (0, 1),

(3) Cpre»z([ %, 1) = [intes; (0, 7)1, and [Clzgy (00, 7)]° = intesg ([04]6,7),
(

(4) intt, On N\ Yn, )—lnt£ (Unz )/\lntf—pov(lynr )

7007 7007

3. £-Single Valued Neutrosophic Ideal Irresolute Mapping

This section provides the definitions of the r-single-valued neutrosophic £-open set
(SVN£O, for short), the r-single-valued neutrosophic £-closed set (SVN£C, for short) and
the £-single valued neutrosophic ideal irresolute mapping (£-SVNI-irresolute, for short), in
the sense of Sostak. To understand the aim of this section, it is essential to clarify its content
and elucidate the context in which the definitions, theorems, and examples are performed.
Some results follow.

Definition 11. Let (X, #0%7, 70%7) be an r-SVNITS for every oy, € X and r € &. Then, oy, is
called r-SVNEC iff CIipgﬁ (0w, 1) = 0y. The complement of the r-SVNEC is called r-SVNEO.

Proposition 1. Let (X, t°%7, P27 be an r-SVNITS and o, € &X. Then,

(1) oy is r-SVNEC iff [o4]E < oy,

(2) 0y is -SVNEO iff ([04]5)¢ > [0n]°,

(3) IftP([on]¢) > 1, T%([on]°) < 1—r, T1([0n]¢) <1 —r, then 0y, is -SVNEC,

(4) IftP(oy) >r,t%0n) <1—r,T1(0n) <1—r, then 0y, is -SVNEO,

(5) If(r,1 is r-SVNSC (resp. r-SVNBC), then int_sq7 ([0u], 1) < 0 (resp.int g ([int, a7 (0, 7)]
Er) <o)

Proof. The proof of (1) and (2) are straightforward from Definition 11.
(3) Let t([04]) > r, T%([¢n]¢) < 1 —r, T1([0]) < 1 —r. Then,

0 = Cepar (0w, 7) = CIiﬁéﬁ (0n,7) = 0w Ulouls > [ouly.
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Hence, 0, is an r-SVN£C.
(4) The proof is direct consequence of (1).
(5) Let 0y, be an r-SVNSC. Then,

0 > integor (Cepor (0, 7),7) > intgper (CLpgy (0, 1), 7) = intepoy ([0 U [0]5], 7)
> int e ([ou]F, 7)-
The another case is similarly proved. [
Example 1. Suppose that X = {a,b}. Define ¢y, yn,Gn € §X as follows:

7n = ((0.3,0.3),(0.3,0.3),(0.3,0.3)); &, = ((0.7,0.7),(0.7,0.7), (0.7,0.7));

¢n = ((0.2,0.2),(0.2,0.2),(0.2,0.2)).

Define TP, 7097 : X & gs follows:

]_, 1‘f(Tn=Q, 1, ifa'n: (0/111)/
1, if op =1, L if oy =

Plow)=q 3 if on =110 o) =4 3 Sgo
3 0f 0w =en; 30 0 <on <cu
3r n — <ns ) ise;
5 ¥ otors 0, if otherwise;
0, 1f Op = 9/ 0, lf oy = (0, 1, 1)/
0, if on =1, 2 if on=c¢

(o) =S 2 ifon=qm  Low)=3 ¥ 2" "

(o) y Fon=m (on) 1 if0<on<cw
5, if on =ey; 1, if otherwise;
1, if otherwise; ’ '
0, if on =0, 0, if ou=1(0,1,1),
) 0, 1f o =1, _ 2 if oy =

’T’W(U'n) = %r lf On = Yns IW(U”) = :15, e o ;
3 . 3 f 0<ou <
5, 0if on = ¢y; 1, if otherwise
1, if otherwise; ' '

) Gn = ((06,06),(06,06), (06,06)) s 3-SVNEC but 7 ([Gal°) 2 3, T%([Gu]°) £ 3, and
([ n°) £ 3, A
2) = ((0.6,0.6),(0.6,0.6), (0.6,0.6)) > intzey ([Gal5, 5) = O but Gy is not is 3-SVNSC.
3

Lemma 1. Let (X, #°%7, 7PT) be an SVNITS. Then, we have the following.

(1)  Every intersection of r-SVNEC’s is -SVNEC.
(2)  Every union of r-SVN£O's is r-SVN£O.

Proof. (1) Let {[ou]i}ic; be a family of -SVN£C’s. Then, for every i € j, we obtain
[0n)i = Clip@ﬁ ([ouli, r), and, by Theorem 1(2), we have

Niejlonli = M Chigr ([oulir 7)) = (Vlouli U (euli)7) = Nleuli U N ([ouli)7

i€j i€j i€j i€j
> ﬂ Onl; ﬂ BE CIEPQ,?(ﬂ[Jn}i,r).
icj icj icj

Therefore, N;cr[0w]; is -SVNEC.
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(2) From Theorem 1(1). O

Lemma 2. Let (X, %797, Z0%T) be an SVNITS for each r € &y. Then,
(1) For each r-SVN£O o, € § , OndYn lfonqCIfﬁg,—, (Yn,7),
(2) x5 tkqCLp(),7 (Yn, 1) iff ugyn for every r-SVNEO oy, € EX with x5 € 0y

Proof. (1) Let 0, be an -SVN£O and 0,,G7y,,. Then, for any v € X, we obtain

pgn (V) + ﬁ’Yn (V) > 1/ QUn (V) + é'}’n (U) S 1/ 17(711 (V) + ﬁ'Yn (V) S 1.

This implies that g, < pjg, ]c, 0y, 2 O,)c and iy, > fg,|c; hence, v, < [0y]°. Since
w is r-SVNE£O, CILZ

Tpg,,('yn, )<CIT,,Q,,([ oul€, 1) = [0n]°, it follows that UnqCLpg,,('yn,r).

(2) Let xstkqCI 2501 (Yn, 7). Then, anqCI-pgq(%, r) with x.;, € 0. By (1), we have

Ynqon for each -SVN£O o, € CX. On the other hand, let 0;,§7,. Then, v, < [0]¢. Since oy,
is r-SVN£O,

CIfﬁM(’an r) < CITPQ’?([ onl, 1) = [ou]  and UﬂqCIf%ﬁﬁﬁ (Yn, 7).

Since x4 x € 0, we obtain xs,t/kﬁCI‘gﬁgﬁ (yn,r) O

Definition 12. Suppose that f : (X, ff W,If oy (Y, % Q”,Izgﬁ) is a mapping. Then,

(1) fis called £-SVNI-irresolute iff f ~(cy) is -SVNEO in X for any r-SVNEO oy, in Y,
(2)  f is called £-SVNI-irresolute open iff f(0y,) is -SVNEO in Y for any r-SVNEO ¢y, in X,
(3)  f is called £-SVNI-irresolute closed iff f(cy,) is -SVNEC in Y for any r-SVNEC oy, in X.

Theorem 3. Let f : (X, % M,I{éﬁ) — (Y, féﬁ 5@'7) be a mapping. Then, the following
conditions are equivalent:

(1)  fis £-SVNI-irresolute,

(2)  f~Y(on) is -SVNEC, for each r-SVN£C 0, € Y,

(3) f(CI’{ﬁ@ﬁ(crn, ) < CI‘%Q,7 (f(on),r) for each oy, € &, re g,
@ CI“:’M (1 (1)) < f- (CLy (vuy 7)) for each vy € §¥, 1 € Go.
2
Proof. (1)=(2): Let ¢, be an r- SVNEC in Y. Then, [0,]¢ is -SVNZ£O in Y by (1), we obtain

F([on]¢) is r-SVNE£O. But, f~1([04]¢) = [f~*(u)]. Then, f~1(0y,) is r-SVNLC in X.
(2)=(3): For each 0, € X and r € &, since CI* 00 (CIﬂ,W (f(ow),r) = CI‘[%M (f(on),1).

From Definition 11, CIW,] (f(ow),r) is -SVNEC in Y. By @), f~ (CI’[jpg” (f(on),r)) is r-

SVN£C in X. Since
on < fH(flow) < f~ (leipm, (flow), 7)),

by Definition 11, we get,
CI‘%ﬁéﬁ (o, 1) < CI£PQ’7 (f~ (Clﬁpen (flou),1)),r) = f~ (CIEPQ’Z (f(ou),7)).
Hence,

f(CIilpéﬁ (ou, 1)) < f(f~ ( ~pw/ (f(on),1))) < CIEPQ’? (f(on), 7).

(3)=>(4): For each 7, € ¥ and r € &, put o, = f~1(vn). By (3),

f(CI‘fij (fil(')’n)/r» < CI%@? (f(fil(%d))rr) < Clizﬁéﬁ (vn, 1)
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It implies that CIEPM (f_1 (yn),7) < f_1 (CI‘%W (Yn,7))-

(4)=(1): Let v, be an 7-SVN£O in Y. Then, [y,]¢ is an -SVN£C in Y. Hence,
Cliﬁ@ﬁ ([vn]S, 1) = [1n]¢, and, by (4), we have,
2

fFHwml) = £~ (CItEPev([ n]% 1)) = Cl pg»z(f’l([’rnlc),r)-

On the other hand, £~ ([74]°) < Ly (£~ (171), 7). Thus, £~ (7)) = Loy (7

([vu]€), 7), thatis f~1([v,]¢) is an r-SVNEC setin X. Hence, f ! (7,) is an r—SVN£O setin
X. O

Theorem 4. Let f : (X, &%, 70y — (V,#0%, 70%T) be a mapping. Then, the following
conditions are equivalent:
(1)  fis £-SVNI-irresolute open,

(2) f(mtﬁpw (on, 1)) < 1nt£p0,7 (f(on),r) for each oy, € &, r e,

(3) mtfpw((f (7)< - Lty (v, 7)) for each v € &, 7 € Go,

(4) Foranyy, € CY and any r-SVNEC oy, € CX with f~1() < oy, there exists an r-SVNEC
¢n € & with v, < ¢y such that f~1(gn) < oy

Proof. (1)=-(2): For every o, € §X r € ¢y and mt’spg,7 (0w, 1) < 0y from Theorem 2(2),
we have f(mt’fpgn((fn,r)) < f(on). By (1),f(1nt‘quq((7n, )) is r-SVN£O in Y. Hence,

f(intiﬁéﬁ (0w, 7)) = int: 20 (f(intiﬁ@ﬁ (o, 7))) < int: 00 (f(on), 7).
(2)=-(3): For each 7, € CY and r € &, put o, = f~(y,) from (2),
£ty (7 (rn), 7)) < gy (£ Crm) ) < ity (n,7):

It implies that

mt’gpoq(f (7u),7) < f7H(f(int] 207 (F o)) < f‘l(int’%ﬁm(%r))-

(3)=(4): Obvious.
(4)=(1): Let ¢, be an r-SVN£O in X. Put 7, = [f(ex)]¢ and ¢, = [e,]® such that oy, is
r-SVNZ£C in X. We obtain

FHm) = FHfen))) = [F T (f(en)])° < [en]” = 0w

From (4), there exists -SVN£O ¢, € &' with 7, < ¢, such that FYgn) < on = [en]"

It implies e, < [f7'(¢)]° = f~'([gn]°). Thus, f(en) < f(f'([g]°) < [gn]° On the
other hand, since v, < ¢,;, we have

flen) = [7v]° = [gn]"
Hence, f(e,) = [cn]¢, thatis, f(e,) is -SVN£O in Y. O

Theorem 5. Let f : (X, ”ﬁ en Iféﬁ) — (Y, ”féﬁ 5 T\ be a mapping. Then, the following
conditions are equivalent:
(1) fis £ SVNlI-irresolute closed.

(2) f(CI mn, r)) <CL g17<f(w),r>foreach Tn € &, 1 € .
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Proof. Obvious. O

Theorem 6. Let f : (X, T{éﬁ I{éﬁ) — (Y, fféﬁ g T be a bijective mapping. Then, the following
conditions are equivalent:
(1)  f is £-SVNlI-irresolute closed,

(2) CI’[jPQ,7 (f’l(an),r) < f’l(CI‘[jﬁa,7 (on, 1)) for each oy, € CY, r € &o.
T2 N

Proof. (1) = (2) : Suppose that f is an £-SVNI-irresolute closed. From Theorem 5(2),
we claim that, for each 7, € X and r € &,

f(CIiféﬁ('Yn/r)) < CI: 2007 (f(yn), 7).

Now, for all 0, € (;"Y r € o, puty, = f~ Y(oy), since f is onto, it implies that
f(f~Y(ou)) = 0. Thus,

F(Clgey (£ (0),1)) < Clég (F(F (@), 1) = Cliey (0, 1).

Again, since f is onto, it follows:
Cly (@), ) = £ (F(Clego (7 (0), 1)) < £ (Clegy (0,7))

(2) = (1) : Put oy = f(7a). By the injection of f, we get

Clyuy(10,7) = Clepy (F (£ (), 1) < fH(Cly (F0),7)

for the reason that f is onto, which implies that
FCEpn (7,)) < £ (Cgay (), 1) = Choer (7). 7).
O

4. £-Single Valued Neutrosophic Extremally Disconnected and £-Single Valued
Neutrosophic Normal

This section is devoted to introducing £-single valued neutrosophic extremally dis-
connected (£-SVNE-disconnected, for short) and £-single valued neutrosophic normal
(£-SVN-normal, for short), in the sense of Sostak. These definitions and their components,
together with a set of criteria for identifying the spaces, are provided to illustrate how the
ideas are applied.

Definition 13. An SVNITS (X, P27, 707) is called £-SVNE-disconnected if # (CI; (o, 7)) >
r, T(CLsy (0w, 1)) < 1 =7, #1(CLy(0n, 7)) < 1—7 for each ¥ (c) > 1, (o) < 1—71,
(0y) <1—r.

Definition 14. Let (X, ©°21,7097) be an SVNITS and r € &. Then, o, € &X is said to be:
(1)  r-single valued neutrosophic semi-ideal open set (r-SVNSIO) iff 0, < CI’{%W (intzpa (0, 1), 1),
(2)  r-single valued neutrosophic pre-ideal open set (r-SVNPIO) iff 7, < intzpop (CprQW (on,1),7),

(3)  r-single valued neutrosophic a-ideal open set (r-SVNaIO) iff 0, < int=pg; (lepw (intzpo700, 1),

r),7), B
(4)  r-single valued neutrosophic B-ideal open set (r-SVNPBIO) iff 0, < Capoi (intzpe (lemn

(Un/r)/r)/ r)/
(5)  r-single valued neutrosophic B-ideal open (r-SVNSBIO) iff 0, < CITM (intpa7 (CI-I—PQW

(@0, 1),7),7),
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(6) r-single valued neutrosophic regular ideal open set (r-SVNRIO) iff 0, = intpg (Cl’gﬁ@ﬁ
(On,1),7).

The complement of r-SVNSIO (resp. r-SVNPIO, r-SVNalO, r-SVNBIO, r-SVNSBIO, r-
SVNRIO) are called r-SVNSIC (resp. r-SVNPIC, r-SVN«IC, r-SVNBIC, r-SVNSBIC, r-SVNRIC).

Remark 2. The following diagram can be easily obtained from the above definition:

r—SVNwalO = r—SVNSIO = r— SVNSO

¥ ¢ 4
r—SVNRIO = r—SVNPIO = r—SVNBIO = r—SVNBO
¢

r—SVNSIO = r—SVNSBIO = r— SVNBIO.

Theorem 7. Let (X, ©°%,7P0T) be an SVNITS and r € &y. Then, the following properties

are equivalent:

(1) (X,%P91,7PAT) is £-SVNE-disconnected,

(2) ff([int{%ﬁ (Un,r)]i) >, 7:—@([intf:~,g~ (‘Tnﬂ’)]c) <1-r7, f’7([int‘§,7 (0,7)]¢) < 1 — 7 for each
#([0a]0) > 7, 7([u]) < 1—7, F([]) <17, ~

(3) Clép@ﬁ (intgpoq (00.7),7) < intypoq (Cl‘gﬁ@ﬁ (0w, 7),7), for each oy € &%,

(4)  Every r-SVNSIO set is r-SVNPIO,

(5) T (Cly(ow, 1)) = 1, TClzy(0u, 1)) < 1—r, T1(Cly; (0u, 7)) < 1—r for each r-SVNSBIO
UH S gxr

(6) Every r-SVNSPBIO set is r-SVNPIO,

(7)  For each o, € &, oy, is r-SVNaIO set iff it is -SVNSIO.

Proof. (1) = (2):The proof is direct consequence of Definition 14.
(2)=(3): For each o, € &%, #(inty(onr)) > 1, T(inty(on,7))
<1-—r %1(inty;(0n, 7)) <1—r,and, by (2), we have

¥ ([ints; ([intys (0, 7)],1)]) 2 7, 20([intgy ([inte (0, 1)]%, 7)) <17,

9 (fint (finte (0, I, )]) <17
Thus,
Tp(Cléﬁ(intfﬁ (O, 1),1)) >71, f@([CI'gg- (intzo (o, 7),7)) <1-—7, 'f'7([CI’§,7 (intz; (00, 7),7)) <1—1;
hence,

CI‘;@7 (intzpo (0n.1),7) = intypgq (Cliﬁgﬁ (intzpa (00, 1), 1), 7) < intzs; (Cliﬁgﬁ (on,7),7).

(3)=(4): Let 0;; be an r-SVNSIO set. Then, by (4), we have

o, < CIE

e (intfpgﬁ (U’n, 1’), I’) < int:peq (Cléﬁ@ﬁ (O'n, 7’), 7‘).

T

Thus, ¢, is an r-SVNPIO set.

(4)=(5): Since 0y, is an r-SVNSPIO set, 0, < CI%—,@,? (intp07 (C Iiﬁéﬁ (0,7),7),7). Then,
CI’;-@,7 (0w, 1) is r-SVNSIO, and, by (4), Clﬁfﬁ@ﬁ (on,7) < intfﬁ@ﬁ(CIfo‘—,g,7 (0n,7),7); hence,
fﬁCI’gﬁ (on,7)) >, %@Cléé(an,r)) <1-—rv, TﬁCI’gf,(an,r)) <1l-—r.

(5)=(6): Let 0;; be an r-SVNPBIO set, then, by (5), CI‘gﬁ@ﬁ (on, 1) < intepes (CI* (0, 7), 7).
Thus,

op < CI‘;,-@,7 (on,7) < intzp (CItf:pé,7 (o, 7),7).
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Therefore, 0, is an r~-SVNPIO set.

(6)=(7): Let 05, be an r-SVNSIO. Then, oy, is r-SVNSBIO, by (6), 0, is an r-SVNPIO set.
Since 0y, is r-SVNSIO and -SVNPIO, oy, is -SVNaIO. i

(7) = (1): Suppose that T (0,) > r, T%(0y) <1—r, T1(0,) < 1—r, then CI‘;W (o, 1)
is r-SVNSIO, and, by (7), lem (0, 1) is -SVNaIO. Hence,

CITV@ ((Tn, ) < intf—pgq (Cli—pwl (lnt"poq (Cl (Un, r), r), r), 7’) = intf—ﬁav (CI‘Z'PM ((Tn, ), ) < CI-]‘PQ'I ((Tn, 1’).
Hence,
(lepqn (o, 1)) =71, (Cpran (o, 1)) <1-—r, (Cpran (on, 7)) <1—r.

Thus, (X, 007, 727T) is £-SVNE-disconnected. [

Theorem 8. Let (X, 7097, 7097 be an SVNITS r € & and 0, € &X. Then, the following
are equivalent:

(1) (X, &P21,IPA7) is £-SVNE-disconnected,
(2) Cliy (02, 7)GC 01 (yn, 7), for every W (oy) > 1, T(0y) < 1—71, Tl(0y) < 1—7rand
every r-SVNEO v, € &X with 0,Gyn, ) i
(3)  Clapgy (intzpor (Clangy (0, 7),7),7)GCp07 (Y, ¥), for every o € &X and r-SVNEO vy, € &%
with 0,4vn.
Proof. (1)=-(2): Let ¥ (0,) > r, T%(0y) < 1—7r,%1(0y) <1 —r. Then, by (1),
fﬁ(CIiﬁ (o, 1)) >, f@(CIET@((Tn,r)) <1l-v, fﬁ(Cliﬁ(cTn,r)) <1l-r.
Since [Cl‘gﬁ@ﬁ (0, 7)]¢ is an r-SVN£O and CI‘gﬁ@q (0, r)ﬁ[CI’%;@ﬁ (0w, 7)], it implies that
CIfPUW (Uflr r)qc'?ﬁﬁﬂ ([CIfPQW (aﬂl r)]cl 1’).

5\/1(\?23(1}3: Le};c T(ﬁz()an) > 1, t(0y) < 1—7, T(0y) < 1—r. Since [Cly; (0, 7)]¢ is an
r- , then, by (2),

CI55 (00, 7)7C 2007 ([Cle gy (0, 7)1, 7).
This implies that Clépéﬁ (o, 7) < intzpe (Clﬂ,g,i (o, 1),1) < Clﬂ,w (0n,7),80
fp(CIiﬁ (on, 1)) >, f@(CIfo@(Un,r)) <1-rv, f'ﬁ(CIiﬁ(Un,r)) <1-r.
(2)=(3): Suppose that 7, € §X and vy, is an r-SVN£O with 0,4, Since
2P (intsp (CI o(on,1),1)) >, (mtTU(CI 2 (00,7),7)) <1—r, T(inty (CI i(on,7),7)) <1-—r.
By (2), we have CIfM (intzpaq (CIim (0, 7),7),7)GC 2007 (Y, 7).

(3)=(2): Let ¥ (o) > 1, T@(Un) <1l-r, 7’7((7,1) <1 -rand 7, be an -SVN£O with
0wq4vn- Then, by (3), we obtain CprQ,, (intzpa7 (lepov (ou,7),7),7)GC 007 (yn, 7). Since

C% 5 (0, 1) < Clgy (iny pos (Clogy (0, 7),7),7),

then, we have Cprev (00, 7)GC 2007 (Yn, 7). O
P01 is called £-SVN-normal if, for every [on]1G[0n]2

Definition 15. An SVNITS (X, %@ I a
<1—r #1([oy]1) < 1—rand 043 is -SVNEO, there exists

with T ([o4]1) > 1, T([on]1)
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[yalj € &%, for j = {1, 2} with T ([yn]§) > 7, 2([val]) <1 =7, T1([a]]) <171, [yul2is
- SVNEC such that [oy]2 < [vul1, [on]1 < [Yn]2 and [vn]1G[vn)2-

Theorem 9. Let (X, 2797, ZP%T) be an SVNITS; then, the following are equivalent:
po

1) ( ,fﬁ@ﬁ TP is an £-SVN-normal.
(2) (X,%P91, 7P is an £-SVNE-disconnected.

Proof. (1)=(2): Let ¥ (0) > 1, T%(0w) < 17, T(0w) < 1—rand [CI? o7 (0, 7)]¢ be an
1-SVNEO. Then, Unﬁ[CIl[%ﬁ@ﬁ (0, 7)]¢. By the £-SVN-normality of (X, 097, ZP0T), there exist
[yu); € &%, fori = {1,2} with

P([valf) =7 P(vl) <1-r F(lml) <1-7,

and [7y,]5 r-SVNEC such that [CI’?W (0, 1)] < [Yn)1, o0 < [vn]2 and [yn]1q[7Yn]2- Since

CI%,

00T

(on,7) < CIfPQ’i(['Y”]Z/ ) = [ynl2 < [mlf < CLpov (0u, 1),

we have CITPQ,7 (0w, 1) = [Yn]2- Since [Clﬂ,w (00, 1)) < [vah < [1l§ = [Cprq,,(Un,r)]C, SO
[CI‘?L—PQV (0n,7)]° = [7a)1. Hence, Cprev (ou,7) = [u]{ and

(CLE (0, 7)) > 1, T2(CLE,(00,7)) <1—7, CL, on, 7)) <1—r.
TP T0 /

Thus, (X, 797, 7P27) is an £-SVNE-disconnected.
(2)=(1): Suppose that T (0y,) > r, T¥(cy) < 1—r, ¥1(0y) < 1—r and 7, is an
r-SVN£O with 0,47y By the £-SVNE-disconnected of (X, #797, 7P%7), we have

fﬁ(CIiﬁ (on, 7)) >71, f@(CIég((Tn,r)) <1l-r, 7~.”7(CI§,7 (o, 7)) <1-—r,

r)|° is r-SVNEO. Since 047vn, 0n < Cliggy (0, 7) and 7y < [Clggy (0, 7).

and [CLPOW( ns
P21, 7PA7T) is an £-SVN-normal. [J

Thus, (X,

Theorem 10. Let (X, 7097, 7P%T) be an SVNITS, O, 0nEX and r € &. Then, the following
properties are equivalent:

(1) (X, 0o, TP0T) is £-SVNE-disconnected.

(2)  Ifoy is r-SVNRIO, then oy, is -SVNEC.

(3) Ifoy is -SVNRIC, then oy, is -SVNEO.

Proof. (1)=(2): Let 0y, be an r-SVNRIO. Then, 05, = int.za (CIfM (on,7),r) and T (o) > 7,
(0y) <1—r,%1(0y) <1—r.By (1),
0 (CLE, (0, 7)) > 7, f@(CIég(Un,r)) <1l-r, fﬁ(CI'f._;](U'n,I’)) <l-r.

Hence 0, = int. (CI%pQ,,(Un,r),r) CI’épgﬁ((fn,r).
(2)=(1): Suppose that 0, = intzpa1 (Cles5 (0, 7), 7), then 0 (cy,) > 1, T8(0y) < 17,

0077

#1(0y) < 1—r,by (2), 0y is r-SVNEC. This implies that
CIi:_ﬁ@,7 (on, 1) < CI‘?_M (intzpa7 (CI‘%}@,7 (ow,7),7),1) = intypeq (Cliﬁ@ﬁ(an,r),r) < CI‘g_ﬁ@ﬁ(Un,r).
Thus,
fp(CI%—, (on, 7)) >, i’@(CI‘g@(an,r)) <1-rv, fﬁ(CIéﬁ(o’n,I’)) <1l-rv,

then (X, #°27, ZP27T) is an £-SVNE-disconnected.
(2) & (3): Obvious. [
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Remark 3. The union of two r-SVNRIO sets need not to be an r-SVNRIO.

Theorem 11. If (X, 7797, 7027) is £-SVNE-disconnected and oy, v, € &X, r € &. Then, the
following properties hold:

(1) Ifoy, and oy, are r-SVNRIC, then 0y, A vy is r-SVNRIC.
(2)  Ifoy and 7y, are r-SVNRIO, then o, V 7y, is r-SVNRIO.

Proof. Let 0, and 7y, be r-SVNRIC. Then, T ([0,,]¢) > 7, T%([04]) < 1—7,%1([0]¢) <1 -7
and T ([,]¢) > 1, 22([yn]°) <1 —1,71([yn]°) < 1 —r, by Theorem 7, we have

Tﬁ([int‘;p(an,r)]c) >, Té([intié (o, 1)) <1-r, f’7([in’t§,7 (o, 1)) <1-r,
and

P ([ints; (7n, 1)) =7, T([intsy (70, 1)]) <1 =7, T1([ints; (ya,1)]9) <1-7.

This implies that

Tu ANy = Capar (intpe (0, 7),7) A Coroon (intpgy (Y, 7),7)

< Copar (intsag7 (00 Ay, ), 7).

o

On the other hand,

Coeoor (it (00 Ay, 1), 1) = Copay (Nt g (0, ) ANy (Y0, 7),7)
< Csoa (intff—ﬁ@ﬁ (on,1),7) A Cipon (intf%porﬁ (Yn,1),7)
== Un /\ r)/n.

Thus, C a1 (intﬁsﬁj@ﬁ (00 Ayn,1),7) = 0y A yn. Therefore, o, A 7y, is an r-SVNRIC.
(2) The proof is similar to that of (1). O

Theorem 12. Let (X, %1, 7P0) be an SVNITS and r € &y. Then, the following properties
are equivalent:

(1) (X, %P1, 7P is £-SVNE-disconnected,
(2) fﬁ(CI‘g_p (on,7)) >1, f@(CI‘gg(Un,r)) <1-—rv, fﬁ(CI‘gﬁ(Un,r)) < 1—r, for every -SVNSIO

U'n S Cf{/

(3) fﬁ(CI’;fé(an,r)) > 1, T(CLsy (0, 7)) < 1—1,%71(CL; (0w, 7)) < 11, for every r-SVNPIO
On € CX,

4) 'I'f’(CIf%,z(an, r)) > 1, T8(Cls (0w, 7)) < 1— 1, T1(CI; (0, 7)) < 1—, for every r-SVNRIO
o € &X.

Proof. (1) = (2) and (1) = (3). Let 0, be an r-SVNSIO (r-SVNPIO). Then, oy, is -
SVNSBIO, and, by Theorem 7, we have,

i’ﬁ(CI’[%p (o, 1)) > 1, fé(CI‘g@(an,r)) <1l-v, 1”"7(CI‘§,7 (on, 1)) <1—r.
(2)=(4) and (3)=(4). Let 0;; be an r-SVNRIO. Then, 03, is -SVNPIO and r-SVNSIO. Thus,
Tﬁ(CI‘gﬁ (on, 7)) >, ‘f@(CIETQ-(Un,r)) <1l-r, ’fﬁ(CIf._;]((Tn,r)) <1l-r.
(4)=(1). Suppose that

fﬁ(intfp (Cl’gﬁ (on,1),7)) =1, ’T’é(intf,g(CIi@ (on,1),7)) >, %ﬁ(intfq (Cl’gﬁ(an,r),r)) > 7.
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Then, by (4), we have

Tﬁ(CI‘gp (intyp (CI‘gp (on,1),7),1)) > 1, "fé(CI‘g@(int%g (CI{:;@ (on,1),7),1)) =1,
%ﬁ(CI‘;-,(intfﬁ (Cléﬁ(an,r),r),r)) >r.

Hence,
CL oy (0, 1) < Cleggy (intgpon (Clggy (00, 7),7),7)
- 11’1tfpa;7 (Clé—ﬁ@ﬁ (U'n, 1’), 1’) S Cléﬁéﬁ (U'n, 1’) .
Thus ?ﬁ(CI’gﬁ (ow,7)) > 1,79(Cly(0n, 7))
Ul

, < 1- r,fﬁ(CI’f%,7 (04,7)) < 1—1r; hence,
(X, #P91,7PA7T) is an £-SVNE-disconnected. [J

Definition 16. Let (X, ©P%1,ZPT) be an SVNITS. Then, oy, is said to be an r-SVNESO if 0, <
Cpo1 (intéﬁ@ﬁ (o, 7),7).

Definition 17. Let (X, 7727, ZPT) be an SVNITS for each r € &y, 0 € EX and xs 1 € PHEX).
Then, xs,p is called an r-SVNOZL-cluster point of oy, if, for every vy € Qzpan (Xst,p, 1), We have

Onqintzsor (CI‘:LE,F,(,,7 (Yn,1),7).

Definition 18. Let (X, 7727, ZPT) be an SVNITS for each r € &y, 0 € EX and X € PHEX).
Then, the single-valued neutrosophic 6Z-closure operator is a mapping Cypzoan = &~ x & — &X
that is defined as: Cspzpor (0n,7) = \V{xstp € PH(EX) is r-SVNSI-cluster point of 0y, }.

Lemma 3. Let (X, T2, Z0%T) be an SVNITS. Then, oy, is r-SVNESO iff Czpoi (0n, 1) = Crpan
(int‘gﬁé77 (On,1),7).

Proof. Obvious. O

Lemma 4. Let (X, TP%7,7PT) be an SVNITS for each o, € ¢* and r € &o. Then, Czpoi (00, 7) <
Csrzoan (On, 7).

Proof. Obvious. [

Lemma 5. Let (X, P97, ZP0T) be an SVNITS and oy, be an r-SVNESO. Then, Cxop1 (00, 7) =
Cspzpan (on, 7).

Proof. We show that C.pa7 (071, 7) < Cgyzoar (0, 7). Suppose that Copop (07, 7) 2 Copepan (On, 1),
then, there exist v € X and s, t, p € o such that

PC%p~ (ow,7) (V) <s < fpc 5 (0n,1) (V)r Oc o (o) (V) >t> @cm@ (on,7) (V)r 1)

) kel T

ﬁCfﬁ (on,7) (V) > p> ﬁCJHﬁ (on,7) (V)

By the definition of Cs7, there exists T ([v,]¢) > 7, T9([v4]¢) < 1 —r, T1([74]¢) <
1 — r with 0, < 7, such that
ﬁCfp((Tn,r)(V) < pN’)’n (V) <s< ﬁCJITﬁ((Tn,r) (V>/ @Cf@((f,,,,r) (V) > @'Yn (V) >t > QNCpr (o) (1/)/

fic rj(o'nrr) (U) > ﬁ7n (U) >p> ’7(: i (On,1) (U)

i o1E'l
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Then, [v1] € Qo (Xs,t,p,7) and

[00]¢ > [ya]® = Claagg ([00],7) > Clasgy ([7al7)
= CI%PQ’I([U”] r) > intzger ([va], 1)
[lntfPQﬂ (o, 1)1 > [7n]

Thus, 1ntﬂ,0,7 (0w, 7)q[vn]¢. Hence, intzpa (Cprm, ([ynl€ 1), 7)GC a1 (mt‘im (on,1),1),7).
Since 0y, is an -SVN£SO, we have int.sg; (Clﬂ,g,, (Yn,1),7)Gon. So, Xs,t,p is not an r-SVNJSZ-
cluster point of ¢;,. It is a contradiction for equation 3. Thus, Cs47 (03, 7) > Cgyzoair (00, 7).
By Lemma 4, we have Cpq7 (03, 1) = Cypzp7 (0, 7). O

Theorem 13. Let (X, T2, 7P0T) be an SVNITS. Then, the following properties are equivalent:
(1) (X, P21, IP07) is £-SVNE-disconnected,
(2) If 0y is -SVNSBIO and vy, is r-SVNESO, then CI‘E:F,C,,7 (0, 7) A Cipan(vn, 1) < Capai

(O'n A ')’n)
(3) If 0y is r-SVNSIO and vy, is r-SVNESO, then CIW,7 (0, 7) N Crpai (Yn, 1) < Copan
(‘Tn AYn), . .
(4) Cprev (0w, 7)GCxs0i (7n, 1), for every -SVNSIO set o, € &X and every r-SVNESO v, € X
with 0,qn,

(5) If 0y, is an r-SVNPIO and vy, is an r-SVNESO, then Cl’gpé,7 (0, 1) A\ Capai (Y, 1) < Crpa
(00 A vn).

Proof. (1)=(2): Let 0, be an r-SVNSBIO and <, be an r-SVN£SO, by Theorem 7, t#
(CLzs (0, 7))
>, T@(CI‘;@ (on,7)) <1—71, (CL,] (0n,7)) <1—r. Then,

CIf—paﬂ (on, 1) Caaoi (Yn, 1) < Caaon (mtfwv (Yn,7),7) < Can [CI'H@‘? (Y, 7) A mtfﬂw (Yn,7),7]
< Conan [Clga [1n A intyay (v, 7), 7], 7] < Copon [Copon [ A ity (70, 7), 71, 7]
S Cfﬁ@ﬁ [’)/Vl lntf—pgﬂ (’)/71/ )/ ] S Cfﬁ(’ﬁ [’Yn A Yns 1"}.

Hence, CI%;5 (0, 7) A Croar (Y, 1) < Crpon (0 A ).

(2)=(3): It follows from the fact that every ~-SVNSIO set is an r-SVNSBIO.

(3)=-(4): Clear.

(49)=(1): Let 0, be an r-SVNSIO. Since [Cl%yy; (0, 7)]° < Crpon (inthsg; (Cl55 (0],
r),r),t) we have, [lepm (0w, 1)]¢ is an r-SVNE£SO. Then, by (4), Cpren (0, 7)GC 27 ([lepm
(on, 1)), 7). ~Thus, CI-?PQ'/ (on, 1) _S [Coan (CI-FPM (ou,1)]°, 7’)]6 = intzpm (Cpr@'/ (ou,1),7).
Therefore, T’P(Cl’ép (o, 1)) > 1, T’Q(CI’[%@ (on, 1) < 1-—r, 1”"7(CI§,7 (0u,7)) < 1—r. Thus,
by Theorem 12, (X, 097, 7PT) is £-SVNE-disconnected.

(2)=(5): It follows from the fact that every »-SVNPIO is an -SVNSBIO. [

Corollary 1. Let (X, 7797, 7PT) be an SVNITS. Then, the following properties are equivalent:

(1) (X,%°01, 700 is £-SVNE-disconnected.

(2) If 0, is an r-SVNSBIO and vy, is an r-SVNESO, then CI‘gﬁ@ﬁ (0, 7) A Cypzon (yn, 1) <
Czoan (o0 N vn).

(3) If 0y is an r-SVNSIO and vy, is an r-SVNESO, then Clﬁ,g,7 (n, 1) A Cypzpai (Yn, 1) <
Caoa7 (00 A Yn).

(4) If oy is an r-SVNPIO and vy, is an r-SVN£SO, then CIW,7 (on,7) A Cypzpon (Yn, )
Czoan (o0 A Yn).

IN

Proof. It follows directly from Lemma 3 and 5. [
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5. Some Types of Separation Axioms

In this section, some kinds of separation axioms, namely r-single valued neutrosophic
ideal-R; (r-SVNIR;, for short), where i = {0,1,2,3}, and r-single valued neutrosophic
ideal—Tj (r-SVNI T;, for short), where j = {1, 2, 2%, 3,4}, in the sense of Sostak are defined.
Some of their characterizations, fundamental properties, and the relations between these
notions have been studied.

Definition 19. Let (X, 097, 702T) be an SVNITS and r € &. Then, X is called:

(1) r-SVNIR iff xs,t,pﬁCIﬁpéﬁ (Ysy ty,p1, ) implies ysl,tl,plﬁCIﬁﬁéﬁ (Xs,t,p,7) for any xsip # Ys,,
tl/ Pl-

(2) r-SVNIR;, iff xs,t,pﬁCI’iﬁ@ﬁ (Ysy,ty,p1, 1) implies that there exist -SVNEO sets on, 7, € X
such that Xstp € On, Ys; ty,p; € Yn and 0uqyn. )

(3) r-SVNIRy iff x5t pGGn = CI‘;—,@7 (¢n,7) implies there exist r-SVNEQO sets on, vy € & such
that xstp € On, Gn < yn and ouqyn.

(4) r-SVNIR;3 iff [cn]1 = ({Iiﬁ@ﬁ([gn]l,r)q[gnh = CIﬁﬁ@q([gn]z, r) implies that there exist
r-SVNEO sets 0y, vy € &X such that [c,]1 < 0w, [Gnl2 < n and TnlYn-

(6)  r-SVNITy iff X5 t,pqYs, t,,p, implies that there exists r-SVNEO on € &X such that Xstp € On
and Ysy,b,p1 G- ;

(6)  r-SVNIT, iff Xs 4 pYs, t1,p, implies that there exist r-SVNEO sets on, vy, € &X such that
Xstp € Ons Ysy,ty,pr € T and OndYn- i

(7) r-SVNIT, 1 iff Xs,t,pqYsy 1y, p, implies that there exist r-SVNEO sets on, vy, € {fX such that
Xstp € On, Ysy by, p1 € Y and CIfr“[ﬁ@ﬁ(17,1,1*)ECI‘$_‘7@,7 (Yn, 7).

(8) r-SVNITsiffitisr-SVNITRy and r-SVNIT;.

(9) r-SVNITy iff it is -SVNITRs and r-SVNIT,.

Theorem 14. Let (X, t%1,70%T) be an SVNITS and r € &y. Then, the following statements

are equivalent:

(1) (X, TP, 7PeT) is r-SVNIR,.

(2) If xsppqon = CIfﬁ@ﬁ(Un,r), then there exists r-SVNEO v, € CX such that xspqyn and
On < Y-

(3)  Ifxstpqon = CI‘;-,W (0, 7), then Clﬁpéﬁ (%Xs,t,p,7)GO0 = Clﬁpéﬁ (o, 7).

4 If xs,t,pﬁCI‘ip@ﬁ (Ysy ty,pr1, 1), then Cl’iﬁ@ﬁ (%s,t,ps r)ﬁCIﬁm (Ysy by, T)-

Proof. (1)=(2): Let x5 pqo, = CI’i‘wp@,7 (04, 7). Then,
S+ﬁ7n(v)<1/ t+éan<v)21/ p+77(7n(v)21’

for every ys, t,p, € 0n, we have sy < pg,(v), t1 > 00, (v) and p1 > 7y, (v). Thus,
X5, pTCL pgy (Ysy o1, 7)- - Since (X, P27, ZP27) is an r-SVNIRy, we obtain ys, , », 7CI 4
(%s,tp,7). By Lemma 2(2), there exists an r-SVN£O ¢, € &X such that Xs,t,pqGn and
Ys1,t1,m < gy. Let

Yn = \/ {Qn : xs,t,pﬁ@n: Ysitp € Qn}-

Ysq.b,p1 €0

From Lemma 1(1), v, is an r-SVNE£O. Then, x5 ¢ p§vn, 0n < Yn.
(2)=(3): Let xst,pq0 = Clﬁpéﬁ(an,r). Then, there exists an r-SVN£O 7, € &X such
that x5+ ,§vn and o, < 7. Since for every v € X,

s<1=py,(v), t>1-0y,), p>1-1, W),

we obtain

Cliﬁ@ﬁ(x&t,prr) < Cliﬁ@ﬁ(hn]crr) = [a]" < [ou]".
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Theref()re, Cliﬁéﬁ (xslt,p, T)qan = Cliﬁ@ﬁ (O-n, 7’).

(3):>(4): Let xslt’quIgﬁg,i (yslltllpl’ 1’) . Then, Xs,t,quIiﬁgﬁ (yslrtlrpl ’ 7’) = Cli:_péﬁ (le__péﬁ

(ys1,t1,p] ’ 1’), 7)' By (3)/ s1,t1, p1 (xsrtfpf r)qCIi—ﬁéﬁ (]/Sl;tlxpl ’ 1’).
4)=(1): Clear. O

Theorem 15. Let (X, 2797, ZPT) be an SVNITS and r € &. Then, if X is

(1) [r-SVNIRz and r-SVNIRy] =@ r-SVNIR, =¥ r-SVNIR; =(©) r-SVNIR,.
(2) r-SVNIT;, = r-SVNIR,.

(3) r-SVNIT; = r-SVNIR,.

(4) r-SVNITy = r-SVNIRs.

(5) r-SVNITy =@ r-SYNIT; =) r-SVNITy =() r-SYNIT, =@ r-SVNIT;.

Proof. (1,). Let x5:p4Gn = CIﬁﬁéﬁ(gn,r), by Theorem 14(3), CIﬁﬁ@ﬁ(xs/t,p,r)ﬁgn = CI¢

007
(n, 7). Since (X, %1, I%7) is r-SVNIR3 and Clysgy (¥s,p,7) = Clisgy (Cliger (Xstp, 7),7),
there exist r—SV1>I£O~~s~etsg,z,'yn € X such that Xstp € Clﬁp@ﬁ(xs,t,p,r) < 0y, 6n < vpand
0uqyn. Hence, (X, TP, ZPCT) is r-SVNIR;.

(1;). For each xs,,g/pﬁCI’ip@,7 (Ysy,top1,7), by -SVNIR; of X, there exist r-SVNZ£O sets
On,Yn € X such that Xsrp € On, Yoy ty,p1,7 € Clﬁﬁ@ﬁ (Ysptipi,707) < vn and 0,Gyn. Thus,
(X, T001, 7007 is r-SVNIR;.

(1¢). Let (X, #P97,7P0T) be r-SVNIR;. Then, for every X 4, pACL 5y (Ysy 1,pr, 7, 7) and
Xstp 7 Ysy t1,p1, there exist r-SVNEO sets 0y, v € th such that x5ty € 0y, Ys, t;,p; € Yn and
0nqyn- Hence, x5 € 0y < [7]°. Since 7y, is an r-SVN£O set, we obtain CI‘gp-gﬁ (Xst,p,7) <
CI‘;-@,7 ([vnlS,7) = [vnl® < Wsptp)S- Thus, ysl,t],pﬁCI’ip@ﬁ (xstp,7) and (X, 70T, TPOT) is
-SVNIRy.

(2). Let xslt,pﬁCIi@ﬁ (Ysptaprs7)- Then, Xg 1 pGys, 41,01~ By r-SVNIT, of X, there exist r-
SVNZ£O sets 0, 7 € ¢X such that xst,p € Oy, Vs, t1,p, € Yn and 0,77y, Hence, (X, 097, 7007)
is r-SVNIR;.

(3) and (4) The proofs are direct consequence of (2) .

(54). The proof is direct consequence of (1).

(5p). For each xs4,,qVs, t,,p,, sSince X is both r-SVNIR, and r-SVNIT;, then, there
exists an r-SVN£O set ¢, € ¢X such that Xs,tp € Gn and Ys, t; p,G6n- Then,

Xt € Gn = it (Gn, 1) < intpg ([ 1,7) = [CI 0 ( e
t € Gn e \Gn, ) = oo \[Ysitp1] s e \Ysy,t1,p1 .

] Hence, Jcs,,g,pﬁCIfT:p@,7 (]/51/151,;11/ r). By --SVNIR; of X, there exist --SVN£O sets 0y, 7, €
&X such that Xstp € On, CIﬁﬁ@ﬁ (Ysy,t,p1,7) < vn and 0,,Gyn. Thus, 0 < [74]5, so

Cliﬁéﬁ (0n, 1) < CIﬁﬁ@ﬁ([’Yn]C/ r) =[] < [Cliﬁ@ﬁ (Ys1,tp1 7))
It ilflpI{%%CIiééﬁ (Un, V)ﬁCIiﬁ@ﬁ (yslltllpl’ 1’) With xS/t/p E Un al’ld ysl/tl/pl E lejf_’@f/ (yslltllpl’ 1’).
Thus, (X, fPQ”,IPQ”) is r—SVNITzl.
2 ~
c). Let Xs t pGVs: t1 1+ en, r- 10 ~,t ere exist - sets 0y, Yn €
5¢). Let Xs ¢ pYsy typr - Then, by r-SVNIT,, of X, th SVN£O X

such thzit Xstp € On, Ysy bipy € T and CIfT:ﬁ@,7 (O, r)ﬁCIﬁ,;@,7 (7n, ), which implies that ¢,,47y.
Thus, (X, 0, Z°) is r-SVNIT5.
(54). Similar to the proof of (5.). O

Theorem 16. Let (X, T%1,7P2T) be an SVNITS and r € &y. Then, the following statements
are equivalent:

(1) (X, TP, 7PeT) is r-SVNIR,.
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(2) If xstp € 0y and oy is -SVNEO set, then there exists r-SVNLO set 7y, € §X such that
Xstp € Tn < CI]-EL—ﬁ@ﬁ (’)’n/ r) < oy. i

(3) If xs,pqGon = CI‘;,Q,/((T,I, r), then there exists r-SVNEO set [y,]; € &%, j = {1,2} such that
Xstp € [Yn]1, On < [Yn]2 and CITW/([%]L )qCITpQ,Z(['yn]z,r).

Proof. Similar to the proof of Theorem 14. [

Theorem 17. Let (X, T%1,Z0%1) be an SVNITS and r € &y. Then, the following statements
are equivalent:

(1) (X, 0o, Z0eT) is r-SVNIR3.

(2)  If [ou]1q]ou]2 and [0]1, [(Tn]z are r-SVNEC sets, then there exists r-SVNEO set 7, € ¢X
such that [oy)1 < v, and CITW (Yn,7) < [0n]2-

(3)  Forany (041 < [0n]2, where [0y]1 is an r-SVNEO set, and [0y, ]5 is an r-SVNEC set, then,
there exists an r-SVNEO set 7y, € §X such that [0y]1 < vy < CIﬁf—,@ﬁ('yn, r) < [ou]2.

Proof. Similar to the proof of Theorem 15. [

Theorem 18. Let f : (X, T rI1 ’7) — (Y, Tzﬁéﬁ zp ) be a £-SVNlI-irresolute, bijective,
£-SVNlI-irresolute open mappzng and (X, %", I¢%") is r-SVNIRy. Then, (Y, pQ" IPQ”)
r-SVNIR,.

Proof. Let ys,q6n = CI*(gn, 7). Then, by Definition 11, g, is an r-SVN£C set in Y. By The-
orem 3(2), f'(gy) is an r-SVNEC setin X. Put ysr,p = f(xs1,p). Then, xs 1 pGf ' (gn). By -
SVNIR, of X, there exist -SVN£O sets 0y, 7, € CX such that x5 € oy, f “(¢n) < 9nand
0ugyn- Since f is bijective and £-SVNI-irresolute open, ystp € f(0u), ¢n < f(f 1(gn)) <
f(vn) and f(04)qf (7x). Thus, (Y, pQ” IPQ”) isr-SVNIR,. O

Theorem 19. Let f : (X, @7 I
an

£-SVNI-irresolute open mappmg
r-SVNIRs.

@'7) (Y, féﬁ 5@7) be an £-SVNI-irresolute, bijective,
nd (X, %, I0%") be an r-SVNIR3. Then, (Y, pQ” IPQ”)

Proof. Similar to the proof of Theorem 18. [

6. Conclusions

In summary, we have introduced the definition of the r-single valued neutrosophic £-
closed and r-single valued neutrosophic £-open sets over single valued neutrosophic ideal
topology space in Sostak’s sense. Many consequences have been arisen up to show that
how far topological structures are preserved by these r-single valued neutrosophic £-closed.
We also have provided some counterexamples where such properties fail to be preserved.
The most important contribution to this area of research is that we have introduced the
notion of £-single valued neutrosophic irresolute mapping, £-single valued neutrosophic
extremally disconnected spaces, £-single valued neutrosophic normal spaces and that we
defined some kinds of separation axioms, namely r-SVNIR;, where i = {0,1,2,3}, and
r-SVNIT;, where j = {1,2, 213 4}, in the sense of Sostak. Some of their characterizations,
fundamental properties, and the relations between these notions have been studied.
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Abstract: In this paper, we studied some properties of the neutrosophic multi topological group. For
this, we introduced the definition of semi-open neutrosophic multiset, semi-closed neutrosophic
multiset, neutrosophic multi regularly open set, neutrosophic multi regularly closed set, neutrosophic
multi continuous mapping, and then studied the definition of a neutrosophic multi topological group
and some of their properties. Moreover, since the concept of the almost topological group is very
new, we introduced the definition of neutrosophic multi almost topological group. Finally, for the
purpose of symmetry, we used the definition of neutrosophic multi almost continuous mapping to
define neutrosophic multi almost topological group and study some of its properties.

Keywords: neutrosophic multi continuous mapping; neutrosophic multi topological group;
neutrosophic multi almost continuous mapping; neutrosophic multi almost topological group

1. Introduction

Following the introduction of the fuzzy set (FS) [1], a variety of studies on generali-
sations of FS concepts were performed. In the sense that the theory of sets should have
been a particular case of the theory of FSs, the theory of FSs is a generalisation of the
classical theory of sets. Following the generalisation of FSs, many scholars used the theory
of generalised FSs in a variety of fields in science and technology. Fuzzy topology (FT) was
first introduced by Chang [2], and Intuitionistic fuzzy topological space (FITS) was defined
by Coker [3]. Many researchers studied topology based on neutrosophic sets (NS), such as
Lupianez [4-7] and Salama et al. [8]. Kelly [9] defined the concept of bitopological space
(BTS) in 1963. Kandil et al. [10] studied the topic of fuzzy bitopological space (FBTS). Some
characteristics of Intuitionistic Fuzzy Bitopological Space (IFBTS) were addressed by Lee
et al. [11]. Garg [12] investigated how to rank interval-valued Pythagorean FSs using a
modified score function. A Pythagorean fuzzy method for order of preference by similarity
to ideal solution (TOPSIS) method based on Pythagorean FSs was discussed, which took
the experts’ preferences in the form of interval-valued Pythagorean fuzzy decision matrices.
Moreover, different explorations of the theory of Pythagorean FSs can be seen in [13-19].
Yager [20] proposed the g-rung orthopair FSs, in which the sum of the qth powers of the
membership (MS) and non-MS degrees is restricted to one [21]. Peng and Liu [22] studied
the systematic transformation for information measures for gq-rung orthopair FSs. Pinar
and Boran [23] applied a g-rung orthopair fuzzy multi-criteria group decision-making
method for supplier selection based on a novel distance measure.

Cuong et al. [24] proposed a picture FS as an extension of FS and Intuitionistic fuzzy
set (IFS) that contains the concept of an element’s positive, negative, and neutral MS de-
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gree. Cuong [25] investigated several picture FS characteristics and proposed distance
measurements between picture FS. Phong et al. [26] investigated some picture fuzzy rela-
tion compositions. Cuong et al. [27] examined the basic fuzzy logic operators: negations,
conjunctions, and disjunctions, as well as their implications on picture FSs, and also devel-
oped main operations for fuzzy inference processes in picture fuzzy systems. For picture
FSs, Cuong et al. [28] demonstrated properties of an involutive picture negator and some
related De Morgan fuzzy triples. Viet et al. [29] presented a picture fuzzy inference system
based on MS graph, and Singh [30] studied correlation coefficients of picture FS. Garg [31]
studied some picture fuzzy aggregation operations and their applications to multi-criteria
decision-making. Quek et al. [32] used T-spherical fuzzy weighted aggregation operators
to investigate the MADM problem. Garg [33] suggested interactive aggregation operators
for T-spherical FSs and used the proposed operators to solve the MADM problem. Zeng
et al. [34] studied on multi-attribute decision-making process with immediate probabilistic
interactive averaging aggregation operators of T-spherical FSs and its application in the
selection of solar cells. Munir et al. [35] investigated T-spherical fuzzy Einstein hybrid
aggregation operators and how they could be applied in multi-attribute decision-making
issues. Mahmood et al. [36] proposed the idea of a spherical FS and consequently a
T-spherical FS.

Many researchers also studied FT and then generalised it in the IFS and then to the
neutrosophic topology. Warren [37] studied the boundary of an FS in FT. Warren [37]
studied some properties of the boundary of an FS and found that some properties are not
the same as the properties of the crisp boundary of a set. Later, many authors studied
the properties of the boundary of an FS. Tang [38] made heavy use of the notion of fuzzy
boundary. Kharal [39] studied Frontier and Semifrontier in IFTSs. Salama et al. [40]
studied generalised neutrosophic topological space (NTS), where they have discussed
on properties of generalised closed sets. Azad [41] introduced the concepts of fuzzy
semi-continuity (FSC), fuzzy almost continuity (FAC), and fuzzy weakly continuity (FWC)
(FWC). Smarandache [42,43] suggested neutrosophic set (NS) theory, which generalised
FST and IFST and incorporated a degree of indeterminacy as an independent component.
Mwchahary et al. [44] studied on properties of the boundary of neutrosophic bitopological
space (NBTS). Many authors studied the properties of the boundary of an FS by several
methods (FS, IFS, and NS), but some of its properties are not the same as the properties of
the crisp boundary of a set.

Blizard [45] traced multisets back to the very origin of numbers, arguing that in
ancient times, the number was often represented by a collection of n strokes, tally marks,
or units. The idea of fuzzy multiset (FMS) was introduced by Yager [46] as fuzzy bags.
In the interest of brevity, we consider our attention to the basic concepts such as an open
FMS, closed FMS, interior, closure, and continuity of FMSs. Yager, in [46], generalised
the FS by introducing the concept of FMS (fuzzy bag), and he discussed a calculus for
them in [47]. An element of an FMS can occur more than once with possibly the same
or different MS values. If every element of an FMS can occur at most once, we go back
to FSs [48]. In [49], Onasanya et al. defined the multi-fuzzy group (FMG), and in [50,51],
the authors defined fuzzy multi-polygroups and fuzzy multi-Hv-ideals and studied their
properties. In [52], Neutrosophic Multigroup (NMG) and their applications are observed.
A new type of FS (FMS) was studied by Sebastian et al. [53]. This set makes use of ordered
sequences of MS functions to express problems that are not covered by other extensions
of FS theory, such as pixel colour. Dey et al. [54] were the first to establish the concept of
multi-fuzzy complex numbers and multi-fuzzy complex sets. Over a distributive lattice,
the authors [54] proposed multi fuzzy complex nilpotent matrices. Yong et al. [55] recently
proposed the notion of the multi-fuzzy soft set, which is a more general fuzzy soft set, for
its application to decision making.
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Motivation

There is a lot of ambiguity information in the real world that crisp values cannot
manage. The FS theory [1], proposed by Zadeh, is an age-old and excellent tool for dealing
with uncertain information; however, it can only be used on random processes. As a
result, Sebastian et al. [56] introduced FMSs, Atanassov [57] suggested the IFS theory,
and Shinoj et al. [58] launched intuitionistic FMSs, all based on FS theory. The theories
mentioned above have expanded in a variety of ways and have applications in a variety of
fields, including algebraic structures. Some of the selected papers are those on FSs [59-61],
FMSs [62-64], TIFSs [65-72], and intuitionistic FMSs [73]. However, these theories are
incapable of dealing with all forms of uncertainty, such as indeterminate and inconsistent
data in various decision-making situations. To address this shortfall, Smarandache [74]
proposed the NS theory, which makes Atanassov’s [57] theory very practical and easy to
apply. In this current decade, neutrosophic environments are mainly interested by different
fields of researchers. In Mathematics, much theoretical research has also been observed
in the sense of neutrosophic environment. A more theoretical study will be required to
build a broad framework for decision-making and to define patterns for the conception
and implementation of complex networks. Deli et al. [75] and Ye [76,77] proposed the
notion of neutrosophic multiset (NMS) for modelling vagueness and uncertainty in order
to improve the NS theory further. From the literature survey, it was noticed that precisely
the properties of the neutrosophic multi topological group (NMTG) are not performed.
Now, as an update for the research in NMS, we introduced the definition of a neutrosophic
semi-open set, neutrosophic semi-closed set, neutrosophic regularly open set, neutrosophic
regularly closed set, neutrosophic continuous mapping, neutrosophic open mapping,
neutrosophic closed mapping, neutrosophic semi-continuous mapping, neutrosophic semi-
open mapping, neutrosophic semi-closed mapping. Moreover, we tried to prove some
of their properties and also cited some examples. We defined the neutrosophic multi
almost topological group by using the definition of neutrosophic multi almost continuous
mapping and investigate some properties and theorems of a neutrosophic multi almost
topological group.

2. Materials and Methods

Definition 1 ([42]). Let X be a non-empty fixed set. A neutrosophic set (NS) A is an object
with the form A = {< x, pa,04, y4 > :x € X}, where T,I,F : X — [0, 1] and 0 < py +
Oa+va < 3and py (x), ca(x), and y4(x) represents the degree of MS function, the degree
indeterminacy, and the degree of non-MS function, respectively, of each element x € X to set A.

Definition 2 ([78]). A neutrosophic multiset (NMS) is a type of neutrosophic set (NS) in which
one or more elements are repeated with the same or different neutrosophic components.

Example 1. Let X = {a, b, c} then

<4,06,01,02>,<4,05,01,03 >,<4,04,0.2,04 >,
A=< <b5,03,05,04 >,<b,02,05,0.6 >,<b,0.1,05,0.7 >,
<¢04,05,06 >,<0.3,05,0.7 >,<¢02,0.6,08 >

is an NMS, as the elementsa , b, care repeated.
However,B = {< 4,0.8,0.3,0.1 >, < b,0.5,0.3,0.4 >, < ¢,0.4,0.4,0.6 >}is an NS and
not an NMS.

Definition 3 ([52]). The Empty NMS is defined as Ony = {m eX;< me1,1) > }, where m
can be repeated.
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Definition 4 ([52]). The Whole NMS is defined as Inv = {m €X; <m0 > } where m can
be repeated.

Definition 5 ([52]). Let X # ¢, and a neutrosophic multiset (NMS) A on X can be expressed
as A = {m €X; (m<gA(m>,gA(m),gA(m)>> }, then the complement of A is defined as A© =

me X; <m<3A<nl>,1,c\\,A(m)5A(m)>) } where m can be repeated depending on its multiplicity, and
the ¥,3, § values may or may not be equal.

Definition 6 ([52]). Let X # ¢and A = {me X;(mez, o, 5. )} and B =
{m €X; (m<gB(m),gB(m),gB(m)>> } are NMSs. Then

i) AMB= {m € X?m<min(zA(m),sB(m)),max(sA(m),s«B(m)),max(gA(m),gg(m))>};

(i) AUB= {m €X; M <max(T 4 (m),Tp(m)),min(S 4 (m),Sp(m)),min(F 4 (m),3p(m))> }

Definition 7 ([78]). Let X # ¢, and a neutrosophic multiset topology (NMT) on X is a family tx
of neutrosophic multi subsets of X if the following conditions hold:
(i) Onm, Inm € X
(ii) G1MGy € tx for G1, Gy € Tx;
(iii) WVG; € tx, V {GNI' RS I} < Tx.

Then (X, Tx) is known as a neutrosophic multi topological space (NMTS), and any NMS in
Tx 1s called a neutrosophic multi-open set (NMOS). The element of Tx are said to be NMOSs, an
NMS F is neutrosophic multi closed set (NMCoS) if F¢ is NMOS.

Definition 8 ([52]). Let X be a classical group and A be a neutrosophic multiset (NMS) on X.
Then A is said to be neutrosophic multi groupoid over X if
(i) TC(mn) > T8 (m) — T,9(n);
(i) LC(mn) < ILS(m) — LC(n);
(iii) FC(mn) < F%(m) — ES(n), YVmn € Xandi=1,2,...,P.
Moreover, A is said to be neutrosophic multi-group (NMG) over X if the neutrosophic multi
groupoid satisfies the following:
(i) TiG (Wlil) > TiG(H’l),‘
(i) LC(m~1) < ;S (m);
(iii) FS(m™1) < FS(m),Yme Xandi=1,2,...,P.

Definition 9 ([52]). Let G be an NMG in a group X, and e be the identity of X. We define the
NMS G, by

Ge = {m € X: Tg(m) = Tg(e), e (m) = J¢(e), Fa(m) =Jc(e)}
We note for an NMG G in a group X, for everym € X : Tg(m™!) = Tg(m), Sg(m™?!) =
S (m) and Fg (m™1) = Fg (m). Moreover, for the identity e € X : Tg(e) = Ta(m), Sg(e) =
Sg(m) and Fg(e) < Fg(m).

3. Results

Definition 10. Let (X, Tx) be NMTS. Then for an NMS A = {< x, un,, on,, On, > :x € X},
the neutrosophic interior of A can be defined as NM  «~  Int (A) =
{< x, Uun;, me’Nl.,ﬂ_ﬂ5Ni > x € X}

Definition 11. Let (X, Tx) be NMTS. Then for an NMS A = {< x,un;, 0N, 0N, > : x € X},
the neutrosophic closure of A can be defined as NM  «~  Cl (A) =
{< x,Mun, Uoy, Wy, >: x € X}.
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Definition 12. Let G be an NMG on a group X. Let Tx be a NMT on G, then (G , tx) is known

as a neutrosophic multi topological group (NMTG) if it satisfies the given conditions:

(i) a:(G,tx) x(G,tx) — (G, 1x) defined by a(m,n) = mn, ¥ m,n € X, is relatively
neutrosophic multi continuous;

(i) B:(G,tx) — (G,1x) defined by B(m) = m~', ¥ m € X, is relatively neutrosophic
multi continuous.

Definition 13. Let A be an NMS of an NMTS (X, tx), then A is called a neutrosophic multi
semi-open set (NMSOS) of X if 3a B € tx, such that A < MN « Int( MN ~ CI(B)).

Example 2. Let X = {a,b}:

- { <0,0801,02>,<4,07,01,03>,<4,0602,04>,
~ 1 <b,07,02,03>,<b,06,03,04 >,< b,04,02,05> [’

B— <4a,09,01,01>,<4,08,01,02 >,<4,07,02,0.3 >,
| <0b,08,0202>,<b,0.7,0.2,03 >,<b,05,02,0.4 >

Then 7 = {0x, 1x, B} is neutrosophic multi topological space.
Then CI(B) = 1x, Int(CI(B)) = 1x.
Hence, B is NMSOS.

Definition 14. Let A be an NMS of an NMTS (X, tx), then A is called a neutrosophic multi
semi-closed set (NMSCoS) of X if 3a B¢ € tx, such that MN « CI(MN ~ Int(B)) < A.

Lemma 1. Let ¢: X — Y be a mapping and { A} be a family of NMSs of Y, then (1)
P HUAL) = U ¢ (Ay) and (ii) ¢~ (MAL) = AP~ (Ay).

Proof. Proof is straightforward. [J
Lemma 2. Let A, B be NMSs of X and Y, then 1x — A x B = (A° x 1x) U (1x x B°).

Proof. Let (p,q) be any elementof X x Y, (1x — A x B)(p,q)= max(1x — A(p),1x — B(q)) =

max{(A° x 1x)(p,q), (B x 1x)(p,q)} = {(A°x1x) U (Ix x B)}(p,q), for each
(pq) e XxY.O

Lemma 3. Let ¢; : X; — Y; and A; be NMSs of Y;, i = 1,2; we have (¢p1 x qbz)_l(Al x Ap) =
¢17 1 (A1) x 27 (Ap).

Proof. For each (p1, p2) € X1 X Xa, we have

(A1 x A2) ((¢1(p1), $2(p2))

= min{A1¢1(p1), A2p2(p2) }
min{(,bl*l(.Al)(Pl)/ 47271(/12)(?2)}
= (171 (A1) x ¢271(A2)) (p1, p2)-

(@1 % ¢2) " (A1 x A2) (p1, p2)

O

Lemma 4. Let ¢ : X — X X Y be the graph of a mapping ¢ : X — Y. Then, if A, B is NMSs
of Xand Y, 9L (A x B) = Am¢~1(B).

Proof. For each p € X, we have

P (AXB)(p) = (Ax B)p(p) = (AxB)(p,9(
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O

Lemma 5. For a family { A}, of NMSs of NMTS (X,tx), Y NM « Cl(Ay) < NM «
Cl(U(Ay)). In the case that B is a finite set, UNM «~ CI(Ay) < NM v CI(U(Ay)). Moreover,
UNM « Int(Ay) < NM « Int(U(Ay)), where a subfamily B of (X, tx) is said to be subbase
for (X, tx) if the collection of all intersections of members of B forms a base for (X, tx).

Lemma 6. For an NMS A of an NMTS (X,tx), (a) 1Ny — NM « Int(A) = NM «
Cl(1np — A), and (b) 1yy — NM  CI(A) = NM « Int(1yy — A).

Proof. Proof is straightforward. [J

Theorem 1. The statements below are equivalent:

(i)  Aisan NMCoS;

(i)  ACisan NMOS;

(ii) NM « Int(NM « CI(A)) < A;
(iv) NM « CI(NM « Int(A)) = A“.

Proof. (i) and (ii) are equivalent follows from Lemma 6, since for an NMS A of an
NMTS (X, tx) such that Iy — NM « Int(A) = NM « Cl(1ym — A) and Iy — NM
CI(A) = NM - Int(Iyp — A).

(i)=-(iii). By definition, 3 an NMCoS B such that NM « Int(B) < A < B; hence,
NM « Int(B) < A < NM « CI(A) < B. Since NM « Int(B) is the largest NMOS
contained in B, we have NM « Int(NM « CI(B)) < NM « Int(B) < A;

(iii)=(i) follows by taking B = NM « CI(A);

(if)<(iv) can similarly be proved. O

Theorem 2. (i) Arbitrary union of NMSOSs is an NMSOS;
(ii) Arbitrary intersection of NMSCoSs is an NMSCoS.

Proof. (i) Let {.A,} be a collection of NMSOSs of an NMTS (X, tx). Then 3 a B, € tx such
that B, < Ay < NM « CI(B,) for each «. Thus, M B, < UA, < UNM « CI(B,) <
NM « Cl(U(By)) (Lemma 5), and UB,, € Tx, this shows that UB, is an NMSOS;

(ii) Let {A4} be a collection of NMSCoSs of an NMTS (X, tx). Then 3 a B, € tx
such that NM « Int(B,) < Ax < By for each «. Thus, NM « Int(M(By)) < ANM
Int(By) < MAy < MBy (Lemma 5), and UB, € Ty, this shows that MB, is an NMSCoS. [J

Remark 1. It is clear that every NMOS (NMCoS) is an NMSOS (NMSCoS). The converse is not trie.

Example 3. From Example 2, it is clear that B is a neutrosophic multi semi-open set, but I3 is
not NMOS.

Theorem 3. If (X, tx) and (Y, ty) are NMTSs, and X is a product related to Y. Then the
product A x B of an NMSOS A of X and an NMSOS B of Y is an NMSOS of the neutrosophic
multi-product space X X Y.

Proof. Let P x A < NM « CI(P) and Q < B < NM « CI(Q), where P € tx and
Qety. ThenP x Q x Ax B < NM « CI(P) x NM « CI(Q). For NMSs P’s of X and
Q’s of Y, we have:

(@) inf{P,Q} = min{inf P, inf Q};

(b) inf {P X 1NM} = (inf P) X Inmy

(C) inf {1NM X Q} = 1NM X (1nf Q)
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It is sufficient to prove Nm « CI(A x B) = NM « CI(A) x NM « CI(B). Let P € tx and
Q € ty. Then

NM « Cl(Ax B) =inf{(Px Q) |(Px Q)" = Ax B
inf {(PC X 1NM) y (1NM X Qc)|(7)c X 1NM) U (1NM X Qc)
A x B}
inf{(P° x Inm) U (Inm X QF)| PC = Aor Q° = B}
inf {(P°xInm) U (Inm x Q)P = A},
inf {(P°x 1Inm) U (Inm x Q)| Q° = B }

Since, mf{(PC X 1NM) y (1NM X QC) |7)C = A} = ll’lf{(PC X 1NM) |PC = .A}

Ny

=inf{P°| P = A} x Iny= NM «~ CI(A) x Inm
and inf{(P° x Inm) U (Inm X Q°) | Q° = B } = inf{(Inm x Q°) | Q° = B }
= 1nm X inf{QC|QC =B }=1nm X NM « CI(B)

we have, NM « CI(A X B) = min{NM « CI(A) x Inm, Inpy X NM ~ CI(B)} =
NM « CI(A) x NM « CI(B), hence the result. O

Definition 15. An NMS A of an NMTS (X, tx) is called a neutrosophic multi regularly open set
(NMROS) of (X, Tx) if NM «~ Int(NM « CI(A)) = A.

Example 4. Let X = {a,b} and

A= <4a,04,05,05 >,<4,0.3,05,06 >,<a,02,06,0.7 >,
| <b,050.7,0.6>,<b,04,05,0.7 >,<b,03,05,08 > °

Then 7 = {0x, 1x, A} is neutrosophic multi topological space.

Clearly, CI(A) = A, Int(CI(A)) = A.
Hence, A is NMROS.

Definition 16. An NMS A of an NMTS (X, tx) is called a neutrosophic multi regularly closed
set (NMRCoS) of (X, tx) if NM «~ CI(NM « Int(A)) = A.

Theorem 4. An NMS A of NMTS (X, tx) is an NMRO if A° is NMRCo.
Proof. It follows from Lemma 3. [

Remark 2. It is obvious that every NMROS (NMRCoS) is an NMOS (NMCoS). The converse
need not be true.

Example 5. Let X = {a,b} and

4] <a0801,02><4,07,01,03><2,060204>, |
~\ <b,070203>,<b,06,03,04>,<b,04,02,05> [’

B— <a,0901,01>,<4,08,01,02 >,<4a,07,02,03 >,
| <b5,08,02,02>,<b,07,0.2,03>,<b,05,02,04 >

Then T = {0x, 1x, B} is a neutrosophic multi topological space.
Then CI(B) = 1x, Int(CI(B)) = 1x, which is not NMROS.

Remark 3. The union (intersection) of any two NMROSs (NMRCoS) need not be an
NMROS (NMRCoS).
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Example 6. Let X = {a,b} and
T = {0x, 1x, A, B, A — B} is a neutrosophic multi topological space, where

A= <a,04,05,0.6 >,<4,03,05,0.7 >,<4,02,06,08 >, |
| <b,07,05,03>,<b,06,05,04>,<b,04,05,06 > [’

5| <2060504>,<0,07,0503> <1,080402>, |
~\ <b,03,05,07 >,< b,04,05,06 >,< b,06,05,04 > [’

AU B— <4a,06,05,04>,<4,07,05,03 >,<4a,08,04,0.2 >,
| <b,07,05,03>,<b,06,05,04>,<b,04,05,0.6 >

Here, CI(A) = B, Int(CI(A)) = A, and CI(B) = A, Int(CI(B)) = B.
Then CI(AU B) = 1x.

Thus, Int(CI(AUB)) = 1x.

Hence, A and B is NROS, but A |J B is not NROS.

Theorem 5. (i) The intersection of any two NMROSs is an NMROS;
(ii) The union of any two NMRCoSs is an NMRCoS.

Proof. (i) Let A; and A; be any two NMROSs of an NMTS (X, tx). Since A; M A
is NMOS (from Remark 3), we have A1 mA; < NM « Int(NM - Cl(A;mAp)).
Now, NM « Int(NM «~ Cl(A1mA)) < NM « Int(NM <« CI(A;)) = A; and
NM « Int(NM - Cl(A;mAy)) < NM « Int(NM « Cl(Ay)) = A implies that
NM « Int(NM « CI(A; M Ay)) < A M Ay, hence the theorem;

(ii) Let A; and A; be any two NMROSs of an NMTS (X, tx). Since Aj U A is
NMOS (from Remark 3), we have A U A, = NM «~ CI(NM « Int(A1U A;)). Now,
NM « CI(NM « Int(A; U Ay)) = NM « CI(NM « Int(A;)) = A, and NM
CI(NM « Int(A1 U Ay)) = NM «~ CI(NM « Int(Ay)) = A, implies that 4, U Ay <
NM « CI(NM « Int(A; U A)), hence the theorem. [

Theorem 6. (i) The closure of an NMOS is an NMRCoS;
(ii) The interior of an NMCoS is an NMROS.

Proof. (i) Let A be an NMOS of an NMTS (X, tx), clearly, NM « Int(NM « CI(A))=
NM « CI(A) = NM « CI(NM « Int(NM « CI(A))) < NM ~ CI(A). Now, A is
NMOS implies that A < NM « Int(NM « CI(A)), and hence, NM - CI(A) < NM
CI(NM - Int(NM « CI(A))). Thus, NM « CI(A) is NMRCoS;

(ii) Let A be an NMCoS of an NMTS (X, tx), clearly, NM « CI(NM « Int(A))=
NM « Int(A) = NM « Int(NM « CI(NM « Int(A))) = NM — Int(A). Now, A is
NMCoS implies that A = NM « CI(NM « Int(A)), and hence, NM « Int(A) = NM
Int(NM « CI(NM « Int(A))). Thus, NM « Int(A) is NMROS. O]

Definition 17. Let ¢ : (X, tx) — (Y, Ty) be a mapping from an NMTS (X, tx) to another
NMTS (Y, ty), then ¢ is known as a neutrosophic multi continuous mapping (NMCM), if
¢~ 1(A) € tx for each A € Ty, or equivalently ¢~ (B) is an NMCoS of X for each CONMS B
of Y.

Example 7. Let X =Y = {a,b,c} and

< b,03,05,04 >,<b,0.2,05,0.6 >,< b,0.1,05,0.7 >,

<4a,04,05,06 >,<4,03,05,0.7 >,<4,0.2,0.6,0.8 >,
./4 = s
<¢04,05,0.6 >,<0.3,0.5,0.7 >,<0.2,06,0.8 >
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<b,03,05,04 >,<5,02,05,0.6 >,<5,0.1,05,0.7 >,

<4a,06,01,02 >,<4,05,01,03 >,<a,04,02,04 >,
B =
<04,05,0.6 >,<¢0.3,05,0.7 >,<,02,0.6,0.8 >

Then tx = {0x,1x, A} and 7y = {0y, 1y, B} are neutrosophic multi topological spaces.
Now, define a mapping f : (X, tx) — (Y, 7y) by f(a) = f(c) = cand f(b) = b.
Thus, f is NMCM.

Definition 18. Let ¢ : (X, 7x) — (Y, Ty) be a mapping from an NMTS (X, tx) to another
NMTS (Y, ty), then ¢ is called a neutrosophic multi open mapping (NMOM) if $(A) € Ty for
each A € tx.

Definition 19. Let ¢ : (X, tx) — (Y, 7v) be a mapping from an NMTS (X, tx) to another
NMTS (Y, ty), then ¢ is said to be a neutrosophic multi-closed mapping (NMCoM) if ¢(B) is an
NMCoS of Y for each NMCoS B of X.

Definition 20. Let ¢ : (X, tx) — (Y, 7v) be a mapping from an NMTS (X, tx) to another
NMTS (Y, vy), then ¢ is called a neutrosophic multi semi-continuous mapping (NMSCM), if
¢~ 1(A) is the NMSOS of X, for each A € Ty.

Definition 21. Let ¢ : (X, tx) — (Y, 7v) be a mapping from an NMTS (X, tx) to another
NMTS (Y, ty), then ¢ is called a neutrosophic multi semi-open mapping (NMSOM) if ¢(.A) is a
SONMS for each A € tx.

Example 8. Let X =Y = {a,b,c} and

A=¢ <b,03,0504>,<b,02,05,06 >,<b,0.1,05,0.7 >,

<4a,06,0.1,02 >,<4,05,01,03 >,<a,04,02,04 >,
<¢04,05,06 >,<c03,05,0.7 >,<¢02,06,08 >

<b,06,0.1,02>,<b,05,01,03 >,<b,04,02,04 >,

<4a,03,05,04>,<4,02,05,06 >,<4a,01,05,07 >,
B =
<¢04,05,0.6 >,<03,05,0.7 >,<¢,0.2,06,0.8 >

Then tx = {0x,1x, A} and 7y = {0y, 1y, B} are neutrosophic multi topological spaces.
Clearly, A is a semi-open set.

Then a mapping f : (X, tx) — (Y, 7y) defined by f(a) = b, f(b) =aand f(c) =c.
Hence, f is NMSOM.

Definition 22. Let ¢ : (X, 1x) — (Y, 7y) be a mapping from an NMTS (X, tx) to another
NMTS (Y, ty), then ¢ is called a neutrosophic multi semi-closed mapping (NMSCoM) if ¢(B) is
an NMSCoS for each NMCoS B of X.

Remark 4. From Remark 1, an NMCM (NMOM, NMCoM) is also an NMSCM (NMSOM,
NMSCoM).

Example 9. Let X =Y = {a,b,c} and

<a,04,05,06 >,<a,0.3,05,07 >,<a,02,06,0.8 >,
A= <b,03,05,04 >,<b,02,05,0.6 >,<b,0.1,05,07 >, »;
<04,05,0.6 >,<¢0.3,05,07 >,<¢02,06,0.8 >
<a,04,05,06 >,<4a,03,05,0.7>,<4a,02,06,0.8 >,
B = <b,04,06,04 >,<b,03,05,05>,<5,02,05,0.6 >,

< 0.6,05,05>,<¢04,05,06 >,<¢02,0.6,09 >
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Then tx = {0x,1x, A} and 1y = {0y, 1y, B} are neutrosophic multi topological spaces.
Let us define a mapping f : (X, tx) — (Y, ty) by f(a) = f(c) = cand f(b) = b.
Thus, f is NMSCM, which is not an NMCM.

Theorem 7. Let X1, Xp, Y1 and Yo be NMTSs such that X; is product related to Xp. Then,
the product ¢1 X ¢ : X1 X Xog —> Y1 X Yo of NMSCMs ¢ : X1 — Yy and ¢p : Xo — Yo
is NMISCM.

Proof. Let A = U (A,x X Bﬁ), where A,’s and Bﬁ’s are NMOSs of Y7 and Y, respectively,
be an NMOS of Y7 x Y5. By using Lemma 1(i) and Lemma 3, we have

(91 % ¢2) 7 (A) = W[ (Au) x 92 (Ap)]
where (¢1 X ¢n) " (A) is an NMSOS follows from Theorem 3 and Theorem 2 (i). [J

Theorem 8. Let X, Xy and X, be NMTSs and p; : X1 x Xp — X; (i =1, 2) be the projection
of X1 x Xp onto X;. Then, if ¢ : X — X x Xp isan NMSCM, p;¢ is also NMSCM.

Proof. For an NMOS A of X;, we have (p;¢) ' (A) = ¢~ (pi~'(A)). p; isan NMCM and
¢ is an NMSCM, which implies that (p;¢) ' (A) is an NMSOS of X. [J

Theorem 9. Let ¢ : X — Y be a mapping from an NMTS X to another NMTS Y. Then if the
graph ¢ : X — X XY of ¢ is NMSCM, ¢ is also NMSCM.

Proof. From Lemma 4, ¢~ 1(A) = Inm M@ 1 (A) = 1 (1nm x A), for each NMOS A of
Y. Since 1 is an NMSCM and 1np X A is an NMOS X x Y, ¢! (A) is an NMSOS of X and
hence ¢ is an NMSCM. O

Remark 5. The converse of Theorem 9 is not true.

Definition 23. A mapping ¢ : (X, tx) — (Y, 7v) from an NMTS X to another NMTS Y is
known as a neutrosophic multi almost continuous mapping (NMACM), if $~(A) € tx for each
NMROS Aof Y.

Example 10. Let X =Y = {a,b} and

A= <a,04,05,05>,<4,03,05,06 >,<4,02,06,07 >, |
| <b,05,07,06 >,<b,04,05,07 >,<b,03,0508 > [’

B— <4a,05,07,0.6 >,<4,04,05,0.7 >,<a,03,05,0.8 >,
| <0b,04,0505>,<b,03,05,0.6 >,<b,0.2,0.6,0.7 >

Then tx = {0x,1x, A} and 1y = {0y, 1y, B} are neutrosophic multi topological spaces.
Clearly, CI(B) = BC, Int(Cl(B)) = B.

Hence, B is NMROS.

Now, let us define a mapping f : (X, tx) — (Y, ty) by f(a) =1, f(b) = a.

Thus, f is NMACM.

Theorem 10. Let ¢ : (X, tx) — (Y, Ty) be a mapping. Then the below statements are equivalent:
(a) ¢ isan NMACM;

(b)  ¢~Y(F)is an NMCoS, for each NMRCoS F of Y;

() ¢"Y(A) X NM  Int(¢~ (NM « Int(NM « CI(A)))), for each NMOS A of Y;

(d) NM ~Cl(¢~{(NM  CI(NM ~ Int(F)))) < ¢~ Y(F), for each NMCoS F of Y.
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Proof. Consider that ¢~ 1(A¢) = (¢! (A))C, for any NMS A of Y, (a) < (b) follows from
Theorem 4.

(a) = (c). Since A is an NMOS of Y, A < NM « Int(CI(A)), hence, $~1(A) =<
¢~ Y (NM « Int(NM « CI(A))). From Theorem 6 (ii), NM «~ Int(NM « CI(A)) is an
NMROS of Y, hence ¢} (NM « Int(NM « CI(A))) is an NMOS of X. Thus, ¢ 1 (A) <
¢~ Y (NM « Int(NM « CI(A))) = NM « Int(¢~H(NM « Int(NM « CI(A))).

() = (a). Let A be an NMROS of Y, then we have ¢"1(4) < NM -
Int(¢~{(NM « Int(NM «~ CI(A)))) = NM « Int(¢p~'(A)). Thus, $~1(A) = NM
Int(¢~1(A)). This shows that ¢~ 1(A) is an NMOS of X.

(b) < (d) similarly can be proved. O

Remark 6. Clearly, an NMCM is an NMACM. The converse need not be true.
Example 11. Let X =Y = {a,b} and

A= <a,04,05,05>,<4,03,05,06 >,<4,02,06,07 >, |
| <b,05,07,06 >,<b,04,05,07 >,<b,03,0508 > [’

B— <a,05,05,0.6 >,<4a,06,05,0.7 >,<a,02,0.6,09 >,
| <0b,04,04,07>,<0b,03,05,05>,<b,04,05,0.6 >

Then, tx = {0x,1x, A} and 7y = {0y, 1y, B} are neutrosophic multi topological spaces.
Clearly, CI(B) = B, Int(CI(B)) = B.

Hence, B is NMROS in Ty.

Now, a mapping f : (X, tx) — (Y, ty) defined by f(a) = a, f(b) = b.

Then clearly, f is NMACM but not NMCM.

Theorem 11. Neutrosophic multi semi-continuity and neutrosophic multi almost continuity are
independent notions.

Definition 24. AN NMTS (X, tx) is called a neutrosophic multi semi-reqularly space (NMSRS)
if and only if the collection of all NMROSs of X forms a base for NMT tx.

Theorem 12. Let ¢ : (X, tx) — (Y, Ty) be a mapping from an NMTS X to an NMSRS Y. Then
¢ is NMACM iff ¢ is NMCM.

Proof. From Remark 6, it suffices to prove that if ¢ is NMACM, then it is NMCM. Let

A € 1y, then A = U A,, where A,’s are NMROSs of Y. Now, from Lemma 1(i), 5, and

Theorem 10 (c), we obtain

¢ HA) =U P (A) K UNM Int(c;rl(NM - Cl(.A,X))) —UNM Int((p*l(Aa)).
< NM  Int U (qu(Aa)) = NM - Int(q)_l(Aa)).

which shows that ¢~ 1(A,) € tx. O

Theorem 13. Let X1, Xp, Y1 and Y, be the NMTSs, such that Y1 is product related to Y,. Then

the product ¢1 X ¢ : X1 X Xo = Y1 XYy of NMACMs ¢1: X1 — Yy and ¢p: Xo = Yp is

NMACM.

Proof. Let A = U (A,X X Bﬁ), where A,’s and Bg’s are NMOSs of Y1 and Y», respectively,
be an NMOS of Y7 x Y,. From Lemma 1(i), 3, 5, and Theorems 6, and 10 (c), we have

(91 % 92) 7' (A) = 0 {91 (A0) x 427 (Bp) }
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v [ NM « Int(¢1"{(NM «~ Int(NM « CI(Ay)))) ]

XNM « Int(¢p ' (NM « Int(NM « CL(Bg))))
U [NM  Int{ ¢~ (NM o~ Int(NM  CL(Aq))) X ¢~ (NM ~ Int(NM +~ CI(By))) }]
< NM - Int[ (¢1 X ¢2) {NM «~ Int(NM « Cl(Ay)) X NM  Int(NM Cl(Bﬁ))}}
= NM o Int[U (1 x ¢2) " {NM w Int(NM ~ CI(Aq  By))}|
< NM o Int[(91 % 62) 7 {NM  Int(NM o~ CL(U (A x By))) }]

= NM o Int[ (g1 % ¢2) ' (NM  Int(NM « CI(A))]
Thus, by Theorem 10 (c), ¢1 X ¢ is NMACM. O

Theorem 14. Let X, Xj and X, bean NMTSs and p; : X4 X Xo — X;(i =1, 2) be the projection
of X1 x Xponto X;. Thenif ¢ : X — X1 x Xy is an NMACM, p;¢ is also an NMACM.

Proof. Since p; is NMCM Definition 16, for any NMS A of X;, we have (i) NM -
Cl(pi *(A)) < pi Y(NM « CI(A)) and (ii) NM « Int(p;"1(A)) = pi L(NM « Int(A)).
Again, since (i) each p; is an NMOS, and (ii) for any NMS A of X; (a) A < p; " 'pi(A)
and (b) p; 1pi(A) < A, we have p;(NM « Int(p; }(A))) < pipi *(A) < A, and hence,
pi(NM « Int(p; 1(A))) < NM « Int(A). O

Thus, NM  «  Int(p;"}(A)) < pi'pi(NM — Int(p;71(A))) <
(pi L(NM « Int(A)) establishes that NM « Int(p; }(A)) < pi {(NM « Int(A)).
Now, for any NMOS A of X;,

(pi#) (A = ¢ (pi ' (A)
< NM « Int{¢~' (NM « Int(NM «~ Cl(p; 1 (A)))) }
< NM « Int{¢~ (NM « Int(p;"{(NM - CI(A) ))}
= NM  Int{¢p(p; L(NM « Int(NM « CI(A))
= NM « Int(pip) " (NM «~ Int(NM «~ CI(A)))

Theorem 15. Let X and Y be NMTSs such that X is product related to Y and let ¢ : X — Y bea
mapping. Then, the graph 1 : X — X XY of ¢ is NMACM if ¢ is NMACM.

Proof. Consider that ¢ is an NMACM and .4 is an NMOS of Y. Then, using Lemma 4 and
Theorems 10 (c), we have

o (A) = 1NMﬂ47 '(A)
=9 1(Anm x A) S NM  Int(p~ 1 (NM « Int(NM « Cl(1ym x A))))
= NM « Int(p " (Inm x NM  Int(NM  CI(A))))
= NM « Int(p 1 (NM « Int(Iypy x NM « CI(A))))

= NM « Int(p 1 (NM « Int(NM « CI(A))))

Thus, by Theorem 10 (c), ¢ is NMACM.
Conversely, let ¢ be an NMACM and B = U (B,X X Aﬁ), where B,’s and Ag's are
NMOSs of X and Y, respectively, be an NMOS of X x Y.

Since By M NM v Int(¢~'(NM « Int(NM « CI(Ag)))) is an NMOSs of X con-
tained in

NM « Int(NM « CI(By)) @ ¢~ (NM « Int(NM « CI(Ag))),

Bu AINM «~ Int (¢~} (NM « Int(NM - Cl(Ap))))
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< NM - Int[NM ~ Int(NM  Cl(By)) ¢~ (NM « Int(NM «~ CI (Aﬁ)))}

and hence, using Lemmas 1(i), 4 and 5, and Theorems 10 (c), we have

¢~1(B) =¢ (U (B x Ap))
=[B! (Ag)]
< U [ByMNM « Int(¢~H(NM ~ Int(NM « CI(Ag))))]

< U [NM « Int(NM « Int(NM « CI(By))) M ¢~  (NM « Int(NM « Cl(Ag)))]
< NM « Int[U p~{(NM « Int(NM « CI(B,))) x NM « Int(NM « Cl(Ag
NM « Int[p~ 1 (U (NM « Int(NM « CI(By x Ag))))]

NM « Int[p~'(NM « Int(NM « CL(U (B x Ag))))]

NM « Int[p~1{(NM « Int(NM « CI(B)))]

A

)]

Thus, by Theorem 10(c), ¢ is NMACM. O

Definition 25. Let G be an NMG on a group X. Now, if Tx is an NMT on G, then (G , tx) is said
to be a neutrosophic multi almost topological group (NMATG) if the given conditions are satisfied:
(i) a:(G,x)x(G,1%x) = (G, 1x):a(m,n) = mn is NMACM;
(i) B:(G,tx) = (G,1x) : B(m) = m~!is NMACM.

Then (G , tx) is known as an NMATG.

Remark 7. (G, tx) is an NMATG if the below conditions hold good:

(i)  For g1,82 € G and every NMROS P containing g1g» in G , 3 open neighborhoods R and S
of g1 and g in G suchthat R +S < P;

(i) For g € G and every N in G containing ¢!, 3 open neighborhood R of g in G so that
R1<xS.

Remark 8. For any P,Q < G, we denote P x Q by PQ and defined as PQ =
{gh:g€P, heQtand P~ = {g7l:geP}. If P = {a} for each a € G, we denote
P+ QbyaQand QxP by Pa.

Example 12. Let, G = (Z3, +) be a classical group and

<1,030504>,<1,020506 ><1,01,05,07 >,

<0, 04,05,06 >,<0,03,05,07 >,<0, 02,06,08 >,
A =
<2,0405,06 >,<2, 03,05,07>,<2,0.2,06,08 >

Then 1 = {0¢,1g, A} is NTS and the mapping « : (G ,1¢) x (G, 1¢) — (G,1g): a(m,n) =
mnand B: (G ,1g) — (G,1g): B(m) = m~' are NMACM. Hence, (G ,1g) is NMATG.

Theorem 16. Let (G, Tx) be an NMATG and let a be any element of G. Then

(@) e (G,x) = (G, 1x) : pla(x) = ax,Vx € G, is NMACM;
B A (G,tx) = (G, 1x) : Ag(x) = xa,Vx € G, is NMACM.

Proof. (a) Let p € G and let R be an NMROS containing ap in G. By Definition 25, 3 open
neighborhoods P, Q of 4, p in G such that PQ < R. Especially, aQ < R, i.e., 4a(Q) < R.
This proves that y,; is NMACM at p, and hence, y, is NMACM.

(b) Suppose p € G and R € NMRO(G) contain pa. Then 3 open sets p € P and
a € Qin G such that PO < R. This proves Pa < R. This shows that A, is NMACM at p.
Since arbitrary element p is in G, hence, A, is NMACM. O

Theorem 17. Let U be NMROS in a NMATG (G , tx). The below conditions hold good:

(@) mU € NMROS(G), Vm € G;
(b) Um e NMROS(G), Vm € G;
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() U'e NMROS(G).

Proof. (a) We first show that mif € tx. Let p € mlU. Then by Definition 25 of NMATGs,
I NMOSs m~1 € W; and p € Wy in G such that Wi W, < U. Especially, m W, < U.
That is, equivalently, W, < mi{. This indicates that p € NM « Int(mlf) and thus, NM
Int(mU) = mU. Thatis mU € tx. Consequently, md < NM « Int(NM « Cl(mU)).

Now, we have to prove that NM « Int(NM « Cl(mU)) < mU. As U is NMOS,
NM « Cl(U) € NMRCS(G). By Theorem 16, p,,-1: (G,1x) — (G, 1x) is NMACM,
and therefore, mNM « CI(U) is NMCoS. Thus, NM « Int(NM « Cl(mU)) < NM
Cl(mU) < mNM « Cl(U), i.e., m'NM «~ Int(NM « Cl(mU)) < NM —~ CI(U). Since
NM « Int(NM « Cl(ml)) is NMROS, it follows that m " 'NM « Int(NM « Cl(mU)) <
NM « Int(NM «~ Cl(U)) = U, i.e, NM «~ Int(NM « Cl(mU)) < mU. Thus mU =
NM « Int(NM « Cl(ml)). This proves that mid € NMROS(G).

(b) Following the same steps as in part (1) above, we can prove that Um €
NMROS(G),Vm € G.

(c) Let p € U1, then J open set p € W in G such that Wl U = W UL,
Thus, U~! has interior point p. Thus, U~ ! is NMOS. That is, U} < NM
Int(NM « CI(U71)). Now we have to prove that NM « Int(NM «~ CI(U™Y)) s U~
Since U is NMOS, NM « CI(U) is NMRCoS and thus NM « CI(U)~! is CONMS
in G. Thus, NM « Int(NM «~CI(U 1)) < NM « CI(U7!) < NM- ClU)" =
NM « Int(NM -~ CI(U™)) < (NM~ClIU)™" < U'. Thus, U™' = NM
Int(NM « CI(U~1)). This proves that i/ ! € NMROS(G). O

Corollary 1. Let Q be any NMRCoS in an NMATG in G. Then

(@) mQ € NMRCS(G), foreachm € G;
(b) Q'€ NMRCS(G).

Theorem 18. Let U be any NMROS in an NMATG G. Then

(@) NM «~ Cl(Um) =NM «~ Cl(U)m, for each m € G;
(b) NM « Cl(mUU) =mNM « CI(U), foreachm € G;
€ NMwCl(UT)=NM-ClU) ™

Proof. (a) Assume p € NM « Cl(Um) and consider § = pm~!. Letq € W be
NMOS in G. Then 3 NMOSs m~! € V; and p € V»in G, such that V1V, < NM -
Int(NM « CI(W)). By hypothesis, there is ¢ € Um @ Vo = gm™! € Un WV, <X
URANM «~ Int(NM -~ CI(W)) = URANM «~ Int(NM -~ CI(W)) # Onm = U M
(NM « CI(W)) # Onm. Since U is NMOS, U M W # Onm. Thatis, m € NM « CI(U)m.

Conversely, let g € NM « CI(U)m. Then q = pg for some p € NM « CI(U).

To prove NM « Cl(U)m < NM « Cl(Um).

Let pg € W be an NMOS in G. Then 3 NMOSs m € V; in G and
p € V, in G so that jV, < NM « Int(NM - CI(W)). Since p €
NM « ClU), UMV, # Onm. There is ¢ € U mMVp.  This implies
gm e (Um)MNM « Int(NM « CI(W)) = (Um) A (NM « CI(W)) # Onm . From Theo-
rem 17, Um is NMOS and thus (Um) MW # Onm, therefore g € NM « CI(Um). Therefore
NM « Cl(Um) = NM « Cl(U)m.

(b) Following the same steps as in part (1) above, we can prove that NM « CI(mU) =
mNM « CI(U).

(c) Since NM « CI(U) is NMRCoS, NM « CI(U)"" is NMCoS in G. Therefore,
U1 < NM o CIU) " this gives NM v CL{UU™1) S NM « CI(U) . Next, let g € NM
Cl(U)~*. Then g = p~ 1, for some p € NM « CI(U). Let g € V be any NMOS in G. Then 3
open set U in G such that p € U withitd 1 < NM « Int(NM « CI(V)). Moreover, there is
m € AMU which implies m~! € U1 ANM « Int(NM « CI(V)). Thatis, U ' A NM
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Int(NM «~ CI(V)) # Onm = U T A NM « CI(V) # Onm = UTIAV # Onyy, since U~ is
NMOS. Therefore, § € NM « CI(U) " Hence, NM « CI(U~1) < NM v Cl(U)~'. O

Theorem 19. Let Q be NMRCo subset in an NMATG G. Then the below assertions are true:
(@) NM « Int(mQ) = aNM « Int(Q), Vm € G;

(b) NM  Int(Qm) = NM « Int(Q)a, Vm € G;

© NMwInt(Q') = NM  Int(Q) .

Proof. (a) Since Q is NMRCoS, NM « Int(Q) is NMROS in G. Consequently, nNM
Int(Q) < NM « Int(mQ). Conversely, let § € NM « Int(mQ) be an arbitrary element.
Suppose g = mp, for some p € Q. By hypothesis, this proves mQ is NMCoS, and that is
NM « Int(mQ) is NMROS in G. Assume that m € U and p € V be NMOSs in G, such
that UV < NM « Int(mQ). Then mV < mQ, which means that mV < mNM « Int(Q).
Thus, NM « Int(mQ) < mNM « Int(Q).

(b) Following the same steps as in part (1) above, we can prove that NM « Int(Om) <
NM « Int(Q)m.

(c) Since NM « Int(Q) is NMROS, NM « Int(Q) ' is NMOS in G. Therefore,
Q! X NM « Int(Q) ™" implies that NM « Int(Q~1) < NM « Int(Q)™". Next, let g
be an arbitrary element of NM « Int(Q)~'. Then g = p~ !, for some p € NM « Int(Q).
Let g € V be NMOS in G. Then 3 NMOS U is in G, such that p € U with Ul NM~
CI(NM « Int(V)). Moreover, there is ¢ € Q A U, which implies ¢! € Q"' A NM -
CI(NM « Int(V)). Thatis Q' M NM « CI(NM « Int(V)) # Onm = Q' MNM
Int(V) # Onm = Q7 !MV # Onwm, since Q71 is NMCoS. Hence, NM « Int(Q71) =
NM « Int(Q)~'. O

Theorem 20. Let U be any NMSOS in an NMATG G. Then
() NM <~ Cl(mU) x mNM -~ CI(U),VmeG;

(b) NMCl(Um) K NM ~Cl(U)m,Vm e G;

© NMoClUT) s NMwClWU) ™

Proof. (a) As U is NMSOS, NM « CI(U) is NMRCoS. From Theorem 16,
i1 (G,tx) — (G, %) is NMACM. Thus, mNM « CI(U) is NMCoS. Hence, NM «
Cl(mU) < mNM « CI(U).

(b) As U is NMSOS, NM « Cl(U) is NMRCoS. From Theorem 16,
A1 (G,1x) — (G, 1x) is NMACM. Thus, NM « CI(U)m is NMCoS. Therefore,
NM « Cl(Uni) < NM « Cl(U)m.

(c) Since U is NMSOS, NM « CI(U) is NMRCoS, and hence, NM «~ CI(U )_l is
NMCoS. Consequently, NM « CI(U) < NM « CL{U) ' O

Theorem 21. Let U be both NMSO and NMSCo subset of an NMATG G. Then the below
statements hold:

(@) NM « Cl(mU) =mNM « CI(U), for each m € G;

(b) NM - Cl(Um) =NM «~ Cl(U)m, foreachm € G;

© NM~ClU™) =NM - ClU) .

Proof. (a) Since U is NMSOS, NM « CI(U) is NMRCoS, from which it implies that
NM « Cl(mU) < mNM « CI(U). Further, neutrosophic multi semi-openness of U gives
NM « Cl(U)= NM « CI(NM « Int(U)) = mNM « Cl(U) = mNM «~ CI(NM -
Int(U). As U is NMSCoS, NM « Int(U) is NMROS in G. From Theorem 20, mNM
CI(U) = mNM «~ CI(NM « Int(d)) = NM « CI(mNM « Int(U)) < NM « Cl(mld).
Hence, NM « Cl(mld) = mNM «— CI(U).
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(b) Following the same steps as in part (1) above, we can prove that NM « Cl(Um) =
NM « Cl(U)m.

(c) By hypothesis, this proves NM « CI(i4) is NMRCoS and therefore NM «~ CI(14)
is NMCoS. Consequently, NM « CI (U‘l) < NM « Cl(U)fl. Next, since U is NMSOS,
NM « Cl({U) = NM « CI(NM « Int(U)) = NM « CI(U) ' = NM « CI(NM « Int(U).
Moreover, as U is NMSCoS, NM «~ Int(Ud) is NMROS. From Theorem 18,
NM « CIU)™" = NM « CI(NMwIntt)™") 5 NM « CI(U™!). This shows

that NM « CI({U™) = NM «~ CI(U) . O

Theorem 22. From Theorem 21, the following statements hold:

(@) NM « Int(mU) = mNM « Int(U), for each m € G;
(b) NM « Int(Um) = NM « Int(U)m, foreachm € G;

(© NMwInt(U') = NM o~ IntU) .

Proof. (a) As U is NMSCoS, NM « Int(ld) is NMROS. From Theorem 16,
Pt (G,1x) — (G, 1x) is NMACM. Therefore, !, 1 (NM « Int(U)) = mNM
Int(U) is NMOS. Thus, mNM « Int(d) < NM « Int(mlU). Next, by assumption,
it implies that NM « Int(d) = NM «~ Int(NM« Cl(U)) = mNM « IntU) =
mMNM «~ Int(NM «~ Cl(U)). As U is NMSOS, NM « CI(U) is NMRCoS. From Theo-
rem 19, mNM « Int(NM «~ Cl(U)) = NM « Int(mNM «~ Cl(U)) = NM « Int(mU).
That is, NM « Int(mU) < mNM « Int(U). Therefore, we have, NM « Int(mU) =
mNM « Int(U). Hence, it was proved.

(b) As U is NMSCoS, NM « Int(U) is NMROS. From Theorem 16,
ot (G,tx) — (G,1x) is NMACM. Thus, A~! 1(NM « Int(U)) = mNM «
Int(U) is NMOS. Therefore, NM «~ Int(d)m < NM « Int(Um). Next, by assump-
tion, this proves that NM « Int(Ud) = NM «~ Int(NM «~ Cl(U)) = NM « Int(U)m =
NM « Int(NM « CI(U))m. As U is NMSOS, NM « CI(U) is NMRCoS. From Theorem
19, NM « Int(NM « CI(U))m = NM « Int(NM «~ Cl(U)m) = NM « Int(Um). That
is, NM « Int(Um) < NM « Int(U)m. Therefore, NM « Int(Um) = NM « Int(U)m.
Hence, it was proved.

(c) From assumption, this proves that NM « Int(U) is NMROS and therefore
NM « Int(U) ™" is NMOS. Consequently, NM « Int(U~1) < NM « Int(U)"'. Next,
as U is NMSCoS, NM « Int(Ud) = NM « Int(NM « Cl(U)) = NM « Int(Ud)" =
NM ~Int(NM CZ(Z/I))_l. Moreover, as U is NMSOS, NM « CI(U) is NMRCoS. From
Theorem 19, NM « Int(U) ™" = NM «~ Int(NM «~ CL({U)~1) < NM « Int(U~1). This
proves that NM « Int(U~1) = NM Int(Z/{)_l. O

Theorem 23. Let A be NMOS in an NMATG G. Then aA < NM -
Int(aNM « Int(NM « CI(A))) fora € G.

Proof. Since A is NMOS, so A x NM « Int(NM -~ CI(A)) = aA < aNM -
Int(NM « CI(.A)). From Theorem 17, aNM « Int(NM « CI(A)) is NMOS (in fact, NM-
ROS). Hence, 1A < NM « Int(aNM « Int(NM « CI(A))). O

Theorem 24. Let Q be any neutrosophic multi-closed subset in an NMATG G. Then NM
Cl(aNM «~ CI(NM « Int(A))) < aQ foreacha € G.

Proof. Since Q is NMCoS, so Q@ = NM « CI(NM « Int(Q)) = aQ » aNM -
CI(NM « Int(Q)). From Theorem 17, aNM « CI(NM « Int(Q)) is NMCoS (in fact,
NMRCoS). Therefore, aQ = NM « CI(aNM « CI(NM « Int(A))). Hence, NM
Cl(aNM ~ CI(NM — Int(A))) < aQ. O
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4. Conclusions

To deal with uncertainty, the NS uses the truth membership function, indeterminacy
membership function, and falsity membership function. By discovering this concept, we
were able to generalise the idea of an almost topological group to an NMATG. First, we
developed the definitions of NMSOS, NMSCoS, NMROS, NMRCoS, NMCM, NMOM,
NMCoM, NMSCM, NMSOM, NMSCoM to propose the definition of NMATG. Some
properties of NMACM were demonstrated. Finally, we defined NMATG and demonstrated
some of their properties using the definition of NMACM. In this study, an NMATG
is conceptualised for the environments of the NS along with some of their elementary
properties and theoretic operations. Novel numerical examples are given for definitions
and remarks to study NMATG. We expect that our study may spark some new ideas for
the construction of the NMATG. Future work may include the extension of this work for:

(1) The development of the NMATG of the neutrosophic multi-vector spaces, etc.;
(2) Dealing NMATG with multi-criteria decision-making techniques.
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