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Irfan Kaymaz ("), Turkey

Vahid Kayvanfar (%), Qatar
Krzysztof Kecik (%), Poland
Mohamed Khader (%), Egypt
Chaudry M. Khalique {2, South Africa
Mukhtaj Khan (), Pakistan
Shahid Khan ("), Pakistan
Nam-Il Kim, Republic of Korea
Philipp V. Kiryukhantsev-Korneev (),
Russia

P.V.V Kishore(®, India

Jan Koci(2), Czech Republic
Toannis Kostavelis (), Greece
Sotiris B. Kotsiantis (=), Greece
Frederic Kratz(), France
Vamsi Krishna (9, India

Edyta Kucharska, Poland
Krzysztof S. Kulpa (), Poland
Kamal Kumar, India

Prof. Ashwani Kumar (), India
Michal Kunicki (%, Poland
Cedrick A. K. Kwuimy (), USA
Kyandoghere Kyamakya, Austria
Ivan Kyrchei (), Ukraine
Marcio J. Lacerda(»), Brazil
Eduardo Lalla(®), The Netherlands
Giovanni Lancioni (), Italy
Jaroslaw Latalski ("), Poland
Hervé Laurent (), France
Agostino Lauria (), Italy

Aimé Lay-Ekuakille (), Italy
Nicolas J. Leconte (#), France
Kun-Chou Lee ("), Taiwan
Dimitri Lefebvre (%), France
Eric Lefevre (I°), France

Marek Lefik, Poland

Yaguo Lei (), China

Kauko Leiviska (%), Finland
Ervin Lenzi (%), Brazil
ChenFeng Li(%), China

Jian Li(), USA

Jun Li(®, China

Yueyang Li(2), China

Zhao Li(»), China

Zhen Li(, China

En-Qiang Lin, USA

Jian Lin (%), China

Qibin Lin, China

Yao-Jin Lin, China

Zhiyun Lin (%), China

Bin Liu(®), China

Bo Liu(), China

Heng Liu (), China

Jianxu Liu (), Thailand

Lei Liu@®), China

Sixin Liu (), China

Wanquan Liu(#), China

Yu Liu(®), China

Yuanchang Liu (), United Kingdom
Bonifacio Llamazares (2, Spain
Alessandro Lo Schiavo (1), Italy
Jean Jacques Loiseau (), France
Francesco Lolli(1»), Italy

Paolo Lonetti (), Italy

Antoénio M. Lopes (), Portugal
Sebastian Lopez, Spain

Luis M. Lépez-Ochoa (%), Spain
Vassilios C. Loukopoulos, Greece
Gabriele Maria Lozito (1), Italy
Zhiguo Luo (), China

Gabriel Luque (), Spain
Valentin Lychagin, Norway
YUE MEI, China

Junwei Ma (>, China

Xuanlong Ma (), China
Antonio Madeo (1), Italy
Alessandro Magnani (), Belgium
Toqeer Mahmood (i), Pakistan
Fazal M. Mahomed (1), South Africa
Arunava Majumder (), India
Sarfraz Nawaz Malik, Pakistan
Paolo Manfredi (), Italy

Adnan Magsood (%), Pakistan
Muazzam Magqsood, Pakistan
Giuseppe Carlo Marano (), Italy
Damijan Markovic, France
Filipe J. Marques (), Portugal
Luca Martinelli(®), Italy

Denizar Cruz Martins, Brazil
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Francisco J. Martos (), Spain

Elio Masciari (), Italy

Paolo Massioni ("), France
Alessandro Mauro (1), Italy
Jonathan Mayo-Maldonado (), Mexico
Pier Luigi Mazzeo (1), Italy

Laura Mazzola, Italy

Driss Mehdi("), France

Zahid Mehmood (), Pakistan
Roderick Melnik (%), Canada
Xiangyu Meng (), USA

Jose Merodio (%), Spain

Alessio Merola (), Italy

Mahmoud Mesbah (), Iran
Luciano Mescia (), Italy

Laurent Mevel (), France
Constantine Michailides (), Cyprus
Mariusz Michta (), Poland

Prankul Middha, Norway

Aki Mikkola (%), Finland

Giovanni Minafo (1), Italy
Edmondo Minisci (), United Kingdom
Hiroyuki Mino (i), Japan

Dimitrios Mitsotakis (*), New Zealand
Ardashir Mohammadzadeh (), Iran
Francisco ]. Montdns (|2}, Spain
Francesco Montefusco (1), Italy
Gisele Mophou (%), France

Rafael Morales (%), Spain

Marco Morandini (), Italy

Javier Moreno-Valenzuela (2, Mexico
Simone Morganti (), Italy

Caroline Mota (), Brazil

Aziz Moukrim (i), France

Shen Mouquan (%), China

Dimitris Mourtzis(*), Greece
Emiliano Mucchi (), Italy

Taseer Muhammad, Saudi Arabia
Ghulam Muhiuddin, Saudi Arabia
Amitava Mukherjee (), India

Josefa Mula (%), Spain

Jose ]. Mufioz(2), Spain

Giuseppe Muscolino, Italy

Marco Mussetta (), Italy

Hariharan Muthusamy, India
Alessandro Naddeo (1), Italy

Raj Nandkeolyar, India

Keivan Navaie (), United Kingdom
Soumya Nayak, India

Adrian Neagu (), USA

Erivelton Geraldo Nepomuceno (), Brazil
AMA Neves, Portugal

Ha Quang Thinh Ngo (), Vietnam
Nhon Nguyen-Thanh, Singapore
Papakostas Nikolaos (), Ireland
Jelena Nikolic (%), Serbia

Tatsushi Nishi, Japan

Shanzhou Niu (), China

Ben T. Nohara (5, Japan
Mohammed Nouari (), France
Mustapha Nourelfath, Canada
Kazem Nouri(#), Iran

Ciro Nufez-Gutiérrez (1), Mexico
Wlodzimierz Ogryczak, Poland
Roger Ohayon, France

Krzysztof Okarma (1), Poland
Mitsuhiro Okayasu, Japan

Murat Olgun (), Turkey

Diego Oliva, Mexico

Alberto Olivares (), Spain

Enrique Onieva(:), Spain

Calogero Orlando (%), Italy

Susana Ortega-Cisneros(2), Mexico
Sergio Ortobelli, Italy

Naohisa Otsuka (%), Japan

Sid Ahmed Ould Ahmed Mahmoud (),
Saudi Arabia

Taoreed Owolabi (%), Nigeria
EUGENIA PETROPOULOU (5), Greece
Arturo Pagano, Italy
Madhumangal Pal, India

Pasquale Palumbo (1), Italy

Dragan Pamucar, Serbia

Weifeng Pan (%), China

Chandan Pandey, India

Rui Pang, United Kingdom

Jurgen Pannek (©), Germany

Elena Panteley, France

Achille Paolone, Italy
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George A. Papakostas(2), Greece
Xosé M. Pardo (), Spain

You-Jin Park, Taiwan

Manuel Pastor, Spain

Pubudu N. Pathirana (i), Australia
Surajit Kumar Paul (%), India

Luis Paya (), Spain

Igor Pazanin (2), Croatia

Libor Pekaf (), Czech Republic
Francesco Pellicano (1), Italy
Marecello Pellicciari (), Italy

Jian Peng (), China

Mingshu Peng, China

Xiang Peng (), China

Xindong Peng, China

Yuexing Peng, China

Marzio Pennisi(?), Italy

Maria Patrizia Pera (), Italy
Matjaz Perc(]), Slovenia

A. M. Bastos Pereira (1), Portugal
Wesley Peres, Brazil

F. Javier Pérez-Pinal (©), Mexico
Michele Perrella, Italy

Francesco Pesavento (1), Italy
Francesco Petrini (), Italy

Hoang Vu Phan, Republic of Korea
Lukasz Pieczonka (), Poland
Dario Piga (), Switzerland

Marco Pizzarelli (), Italy

Javier Plaza (), Spain

Goutam Pohit (), India

Dragan Poljak (i), Croatia

Jorge Pomares (), Spain

Hiram Ponce (2}, Mexico
Sébastien Poncet (), Canada
Volodymyr Ponomaryov (), Mexico
Jean-Christophe Ponsart (), France
Mauro Pontani (), Italy
Sivakumar Poruran, India
Francesc Pozo (2}, Spain

Aditya Rio Prabowo (©2), Indonesia
Anchasa Pramuanjaroenkij (), Thailand
Leonardo Primavera (), Italy

B Rajanarayan Prusty, India

Krzysztof Puszynski (%), Poland
Chuan Qin (), China

Dongdong Qin, China

Jianlong Qiu (), China

Giuseppe Quaranta (), Italy

DR. RITU RAJ (), India

Vitomir Racic(), Italy

Carlo Rainieri (), Italy
Kumbakonam Ramamani Rajagopal, USA
Ali Ramazani(), USA

Angel Manuel Ramos (%), Spain
Higinio Ramos (2}, Spain
Muhammad Afzal Rana (%), Pakistan
Muhammad Rashid, Saudi Arabia
Manoj Rastogi, India

Alessandro Rasulo (9, Italy

S.S. Ravindran (), USA
Abdolrahman Razani (), Iran
Alessandro Reali (), Italy

Jose A. Reinoso(2), Spain

Oscar Reinoso (2}, Spain

Haijun Ren (), China

Carlo Renno (19, Italy

Fabrizio Renno (1), Italy

Shahram Rezapour (), Iran
Ricardo Riaza ([, Spain

Francesco Riganti-Fulginei (), Italy
Gerasimos Rigatos (), Greece
Francesco Ripamonti (), Italy
Jorge Rivera(ls), Mexico

Eugenio Roanes-Lozano (2}, Spain
Ana Maria A. C. Rocha((?), Portugal
Luigi Rodino (9, Italy

Francisco Rodriguez (), Spain
Rosana Rodriguez Lopez, Spain
Francisco Rossomando (1)), Argentina
Jose de Jesus Rubio (i), Mexico
Weiguo Rui(), China

Rubén Ruiz (), Spain

Ivan D. Rukhlenko (1), Australia
Dr. Eswaramoorthi S. (%), India
Weichao SHI(%), United Kingdom
Chaman Lal Sabharwal (), USA
Andrés Séez (), Spain
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Bekir Sahin, Turkey
Laxminarayan Sahoo (), India
John S. Sakellariou (%), Greece
Michael Sakellariou (), Greece
Salvatore Salamone, USA

Jose Vicente Salcedo (), Spain
Alejandro Salcido (), Mexico
Alejandro Salcido, Mexico
Nunzio Salerno (i), Italy

Rohit Salgotra (), India
Miguel A. Salido (), Spain
Sinan Salih (), Iraq
Alessandro Salvini (), Italy
Abdus Samad (), India

Sovan Samanta, India
Nikolaos Samaras (), Greece
Ramon Sancibrian (%), Spain
Giuseppe Sanfilippo (1), Italy
Omar-Jacobo Santos, Mexico

] Santos-Reyes (), Mexico
José A. Sanz-Herrera(), Spain
Musavarah Sarwar, Pakistan
Shahzad Sarwar, Saudi Arabia
Marcelo A. Savi(), Brazil
Andrey V. Savkin, Australia
Tadeusz Sawik (), Poland
Roberta Sburlati, Italy
Gustavo Scaglia (2), Argentina
Thomas Schuster (), Germany
Hamid M. Sedighi (", Iran
Mijanur Rahaman Seikh, India
Tapan Senapati(), China
Lotfi Senhadji(®), France
Junwon Seo, USA

Michele Serpilli, Italy

Silvestar Sesni¢ (), Croatia
Gerardo Severino, Italy

Ruben Sevilla (%), United Kingdom

Stefano Sfarra(), Italy

Dr. Ismail Shah (%), Pakistan
Leonid Shaikhet (), Israel

Vimal Shanmuganathan (), India
Prayas Sharma, India

Bo Shen (), Germany

Hang Shen, China

Xin Pu Shen, China

Dimitri O. Shepelsky, Ukraine
Jian Shi(#, China

Amin Shokrollahi, Australia
Suzanne M. Shontz (), USA
Babak Shotorban (), USA
Zhan Shu(?), Canada

Angelo Sifaleras (), Greece
Nuno Simdes (2, Portugal
Mehakpreet Singh (1), Ireland
Piyush Pratap Singh (®), India
Rajiv Singh, India

Seralathan Sivamani(), India
S. Sivasankaran (i), Malaysia
Christos H. Skiadas, Greece
Konstantina Skouri (%), Greece
Neale R. Smith (%), Mexico
Bogdan Smolka, Poland
Delfim Soares Jr.(), Brazil
Alba Sofi(1»), Italy

Francesco Soldovieri (), Italy
Raffaele Solimene (1), Italy
Yang Song(5), Norway

Jussi Sopanen (%), Finland
Marco Spadini (), Italy

Paolo Spagnolo (), Italy
Ruben Specogna (), Italy
Vasilios Spitas(2), Greece
Ivanka Stamova (), USA
Rafal Stanistawski (), Poland
Miladin Stefanovié¢ (), Serbia
Salvatore Strano (1), Italy
Yakov Strelniker, Israel
Kangkang Sun (), China
Qiugin Sun(?), China
Shuaishuai Sun, Australia
Yanchao Sun (), China
Zong-Yao Sun(), China
Kumarasamy Suresh (%), India
Sergey A. Suslov (2, Australia
D.L. Suthar, Ethiopia

D.L. Suthar (%), Ethiopia
Andrzej Swierniak, Poland
Andras Szekrenyes (), Hungary
Kumar K. Tamma, USA
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How to determine a suitable security algorithm for a special application scenario is a complex problem. In this paper, this complex
problem is formulated as a multicriteria decision-making (MCDM) problem, and we propose a novel MULTIMOORA
(multiobjective optimization on the basis of a ratio analysis plus the full MULTIpevaluation information in the security algorithms
evaluation problem. The MULTIMOORA method is an excellent decision method, which owns strong robustness. However, it has
not been used to process the complex information structure of g-rung orthopair fuzzy sets. Moreover, it cannot solve the problem
that the extreme values negatively influence the ranking results, and it also cannot capture the interrelationship hiding behind the
criteria. To overcome the above challenges, we propose novel g-rung orthopair fuzzy Dombi power Heronian mean (DPHM)
operator and g-rung orthopair fuzzy Dombi power geometric Heronian mean (DPGHM) operator. Based on these two op-
erators, the MULTIMOORA method is improved for solving the security algorithms’ evaluation problem. Finally, a practical
example for evaluating five security algorithms is used to illustrate the decision process of the proposed g-rung orthopair fuzzy

MULTIMOORA method.

1. Introduction

With the quick development of multiple information
technologies including cloud computing, Internet of Things,
and edge computing [1], more and more companies and
personals choose to upload their private data to the network
[2]. However, as the scale of network becomes larger, the
whole network becomes more complicated [3]. The network
shows massive security loophole [4]. The companies and
personals also own the special software to improve their
business. The software also has massive security loophole
and risks. To ensure the reliability of software and network,
researchers and scholars have provided some solutions. For
example, Abdel-Basset et al. [5] have put forward a neu-
trosophic decision-making model for evaluating the
e-government website according to the quality, security, and
accessibility. Wang et al. [6] have combined the TOPSIS

(technique for order of preference by similarity to ideal
solution) approach with the 0-1 integer programming
method to choose an intelligent web service for improving
the reliability of network.

Researchers and scholars also designed a number of
efficient security algorithms to ensure the security re-
quirements of network [7-9]. However, these security al-
gorithms wusually own different characteristics and
advantages [10]. For a special application scenario, a suitable
security algorithm should be selected for satisfying the re-
quirements of this application scenario. How to choose the
most suitable security algorithm for a special application
scenario is a big challenge. To address this problem, Ning
et al. [11] formulated this problem as a multicriteria deci-
sion-making (MCDM) problem and proposed a hybrid
model for selecting the best encryption algorithm according
to several requirements such as the performance, physical,
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and security. However, the study [11] still has some the combination of g-ROFSs and MULTIMOORA
shortcomings. method to date. In this paper, we intend to extend

(1) In the study [11], crisp values are used to evaluate the MULTIMOORA method for processing the g-

security algorithms. Since the security algorithm
evaluation problem becomes more and more com-
plex, it is not easy for decision makers to use accurate
crisp values for evaluating security algorithms [13].
The birth of fuzzy sets (FSs) [14] provides decision
makers with a new way to express uncertain eval-
uation information. However, FSs only describe the
membership degree (MD) information. To enhance
the uncertain information modeling capability,
intuitionistic fuzzy sets (IFSs) [15] were proposed to
express the MD and nonmembership degree (NMD)
information. In IFSs, the sum of MD and NMD
values is not larger than 1. To provide the decision
makers with more freedom for expressing the
evaluation information, the concept of Pythagorean
fuzzy sets (PFSs) was proposed by Yager and
Abbasov [16], where the square sum of MD and
NMD is not larger than 1. To generalize the concepts
of IFSs and PFSs, a generic version, called g-rung
orthopair fuzzy set (q-ROFS), was proposed by Yager
[17]. In this study, we intend to use g-ROFSs to
express the uncertain information. The significance
of g-ROFSs is that this information representation
way is flexible, and it provides the decision makers
with more freedom than PFSs and IFSs.

(2) g-ROFSs have attracted many researchers since its

birth. For example, linguistic q-ROFSs [18-20] and
interval-valued q-ROFSs [21] are the qualitative and
uncertain versions of q-ROFSs. To fuse g-ROFSs’
information, various aggregation operators have
been proposed [22-28], such as Archimedean
Bonferroni mean operators [22], partitioned Bon-
ferroni mean operators [23], Heronian mean oper-
ators [24], Maclaurin symmetric mean operators
[25, 26], Hamy mean operators [27], and Choquet
integral operators [28]. They are the value mea-
surement MCDM methods [29-31], which do not
consider the distance between each criterion value
and maximum criterion value.

(3) As one of the efficient decision methods, the

MULTIMOORA (multiobjective optimization on
the basis of a ratio analysis plus the full MULTI-
plicative form) method [32] consists of three sub-
models for comprehensively determining the
decision results. As shown in Table 1, the decision
results that are obtained from the MULTIMOORA
method are robust and the MULTIMOORA method
outperforms than some other decision methods [12].
Because of its excellent characteristics, the MUL-
TIMOORA method has been used to process various
evaluation information, such as interval numbers
[33], IFSs [34], picture fuzzy sets [35], and proba-
bilistic linguistic term sets [36]. To the best of our
knowledge, there have been no research results on

ROFS information in the MCDM problems. Nev-
ertheless, the MULTIMOORA method cannot
handle the case that extreme values influence the
reliability of the decision results. Moreover, it is
incapable of processing the complex interrelation-
ships hiding behind criteria values.

Hence, the motivations of this study are summarized as

(1) A more flexible way of g-ROFSs is used to express the
uncertain and vague evaluation information for the
security algorithms evaluation problems

(2) A novel decision-making method is developed to
solve the security algorithms evaluation problems
and select an appropriate algorithm for a special
application scenario

To overcome the challenges, a novel g-rung orthopair
fuzzy MULTIMOORA method based on Dombi power
Heronian mean aggregation operators is proposed in this
paper, and it is applied to solve the security algorithms’
evaluation problem.

(1) The Dombi operational laws, special forms of t-norms
and t-conorms, show strong flexibility when com-
puting input values. The power average (PA) operator
has the ability of alleviating negative influences of
extreme input values on the decision results. The
Heronian mean (HM) acts as a mapping function that
can capture the complex interrelationships among
input values. Considering the excellent characteristics,
in this paper, some Dombi power Heronian mean
aggregation operators are proposed to fuse g-rung
orthopair fuzzy numbers (q-ROFNs), which are g-
rung orthopair fuzzy Dombi power Heronian mean
(g-ROFDPHM) operator and g-rung orthopair fuzzy
Dombi power geometric Heronian mean (g-
ROFDPGHM) operator, as well as their weighted
forms. Afterwards, their features are discussed.

(2) The weighted forms of the g-ROFDPHM and g-
ROFDPGHM operators are applied to improve the
MULTIMOORA method so that a novel g-rung
orthopair fuzzy MULTIMOORA method is put
forward for handling the security algorithms’ eval-
uation problem. After that, the detailed decision-
making procedure of the proposed g-rung orthopair
fuzzy MULTIMOORA method is provided.

(3) A case concerning the evaluation of five security
algorithms is provided to show the implementation
processes of the proposed g-rung orthopair fuzzy
MULTIMOORA method. Afterwards, the influences
of the parameters on the ranking results are ana-
lyzed. Then, the g-rung orthopair fuzzy MULTI-
MOORA method is compared with the existing
decision methods that handle the ¢-ROFS
information.
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TaBLE 1: Performance comparison among decision-making methods [12].

Methods Computational time Simplicity Mathematical calculations Stability

MULTIMOORA Very less Very simple Minimum Good

TOPSIS Moderate Moderately critical Moderate Poor

VIKOR Less Simple Moderate Medium

ELECTRE High Moderately critical Moderate Medium

The rest content of this paper is organized as follows. The
basic knowledge of g-rung orthopair fuzzy sets, PA, Dombi
T-conorm and T-norm, HM operator, and MULTIMOORA
method is provided in Section 2. In Section 3, the g-
ROFDPHM operator and its weighted form are put forward.
Section 4 puts forward the g-ROFDPGHM operator and its
weighted form. In Section 5, we apply the proposed oper-
ators to propose a novel g-rung orthopair fuzzy MULTI-
MOORA method and also present the decision procedure.
In Section 6, an illustrative example of evaluating of security
algorithms is provided to show the implementation process
of the proposed g-rung orthopair fuzzy MULTIMOORA
method. In Section 7, some valuable conclusions are listed.

2. Preliminaries

In this paper, the basic information of q-ROFSs, PA, Dombi
T-conorm and T-norm, HM operator, and MULTIMOORA
method is provided.

2.1. q-Rung Orthopair Fuzzy Sets. The concept of g-ROFSs
was proposed based on IFSs and PFSs. The g-ROFSs show
higher flexibility and larger value range than IFSs and PFSs
[37-39].

Definition 1 (see [17]). Let X = {x;,x,,...,x,} be a finite
universe of discourse (UoD); then, a g-ROFS A on X is
mathematically expressed as

A ={x,py (x), 7,4 (x))|x € X}, (1)

where p,: X — [0,1] and v,: X — [0,1] are the
membership degree (MD) and nonmembership degree
(NMD) of the element x belonging to the g-ROFS A, re-
spectively. The constraint conditions for q-ROFS are
0<p,(x)<1,0<v,(x)<1, and Ogyi(x) +vZ(x)S 1, for
all g>1. The parameter q is a positive integer. The value of
ma(x) = (1= (uy (x)T= (v, (x))7T) is defined to be the
hesitant degree (HD) of the element x belonging to the g-
ROFS A. For convenience, the two-tuple (u, (x), v, (x)) is
simplified as (4, v,), which is also called g-rung orthopair
tuzzy number (¢-ROFN) by Liu and Wang [40].

For comparing ¢q-ROFNs, the definitions of score
function and accuracy function were given by Liu and Wang
[40] for g-ROFNs as follows.

Definition 2 (see [40]). Given a g-ROFN o = (y, ), then its
score function and accuracy function are defined as s(o) =
u?—v1 and h(o) = u?+ 14, in which s(o) € [-1, 1] denotes
the score function and k(o) € [0, 1] is the accuracy function.

Based on the above score function and accuracy function
presented in Definition 2, Liu and Wang [40] gave a method
for comparing two g-ROFNs as follows.

Definition 3 (see [40]). Given two g-ROFNs o, = (y4;,7;)
and o, = (U,,7,), s(0,) and s(o,) are their score function
values, and h(o,) and h(o,) are their accuracy function
values,

(1) Ifs(oy) > s(0,), then it can be considered that o, > 0,.
(2) If s(0y) = s(0,), then their accuracy function values
should be further compared as follows:

(1) If h(oy) > h(o,), then o, > 0,.
(2) If h(o,) = h(o,), then o, = 0,.

To measure the deviation degree between any two g-
ROFNS, Liu et al. [41] provided the definition of distance
between them as follows.

Definition 4 (see [41]). For q-ROFNs, o, = (yy,7,) and
0, = (yy,7,), the distance between them is computed as

1
d(oy,0,) = 5('#? -

where 7, and 7, are the HD values of g-ROFNs o, and o,,
respectively.

ygl +|v1 - v2| +|7T1 - ﬂ2|) (2)

2.2. Power Average Operator. The power average (PA) is a
useful aggregation operator that was put forward by Yager
[42]. The PA operator has the ability of alleviating negative
influences of extreme input values on the calculation results.
The original PA operator was devised to process crisp values.
Its mathematical definition is given as follows:

Definition 5 (see [42]). Let 0;(i =1,2,...,n) be a series of
nonnegative crisp values; then, the PA operator really acts as

a function that
L (1+50)
I-Y(siesege) O

where S(o;) = Z] 1,j+ Sup (0;,0;) is the support degree for o;
from 0; and Sup (0;,0; i)=1- d(ol,o ).
The support degree satisfies the following features:

(1) Sup (Oiﬁoj) € [0) 1]

(2) Sup (oi,oj) = Sup (oj,oi)

(3) If d (o;, oj) <d(o,,0), then Sup (o;, oj) > Sup (o,, o),
where d(o;,0 j) denotes the distance between o; and

0j

PA(0y,0,,...,0



2.3. Dombi T-Norm and T-Conorm. The Dombi T-norm
(TNM) and T-conorm (TCNM), which were proposed by
Dombi [43], are referred to as special forms of t-norms and
t-conorms. Their mathematical expressions are provided as
follows.

Definition 6 (see [43]). Given any two real values, m and n,
then the Dombi TNM and Dombi TCNM act as two
functions, which are mathematically defined as

1
D(m,n) =
(1 =mym)™ + (1= mymy™) ™
D" (m,n) =1- !
’ (il (1 =m)™ + (ol (1= m))S)
(4)

where X >0, m,n € [0, 1].

Based on the above Dombi TNM and Dombi TCNM,
Jana et al. [44] gave the Dombi operational laws for com-
puting q-ROFNs as follows.

Definition 7 (see [44]). Given two q-ROFNs o, = (y;,7,)
and o, = (p,,7,), then the Dombi operational laws of g-
ROFNSs are defined as

1) o,@0,= ((1-(1/(1+ (!l Q-+ (ud/(1-
ph)) AR D (17 (14 (=D R+ ((1-22)/
vZ)N)(l/N)))(I/q))

(2) oy®0, = ((1/(1+ (((1-
)Ry 10y) (l/q), (1- (/1 + (0=
YN 4 (v (1 = H))R) IRy W)

(3) loy, = ((1— (1/(1+ (Ll (1 = uh)™)

(11 + (1((1 = v ) )

U™y R, (-

() of = ((1/(1+ (A1 - pt
(/1 + (I (171 = »T)N) IR D) ywhere X >0

U™+ ((1-ud)

(I/N))))(l/q)’

2.4. Heronian Mean and Geometric Heronian Mean
Operators. The aggregation operators (AQOs) [45-47] are
value measurement MCDM methods. It is very simple and
easy to perform AOs. The AOs are the processes, which fuse
given input values into a single value [48]. For aggregating
the complicated information structures of various fuzzy
sets, researchers have put forward various AOs. The
Heronian mean (HM) operator [49], an excellent and
useful AQ, is capable of processing the complicated in-
terrelationships among input values, which are common in
the MCDM contexts. The HM operators can be divided into
two categories: arithmetic HM (AHM) and geometric HM
(GHM) operators, which are mathematically defined as
follows.

Definition 8 (see [49]). Let 0;(i =1,2,...,n) be a series of
nonnegative real values; the parameters y, 7> 0; then, the
AHM operator can aggregate the nonnegative real values as
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n o 1/ (y+m)
HMV’"(ol,oz,...,on)=<n(n+1)ZZOO> .

i=1 j=i
(5)

Definition 9 (see [49]). Let 0;(i = 1,2,...,n) be a series of
nonnegative real values; the parameters y, #>0; then, the
GHM operator can aggregate the nonnegative real values as

n H 1—[ ()/O 0 )(2/n(n+1)).

y+’111]l
(6)

For the AHM operator, its aggregated values are greatly
influenced by extreme values [50]. The GHM operator is
capable of balancing the big differences among input values
[51]. Therefore, the GHM operator performs better than the
AHM operator in some cases.

GHM""(0,,0,,...,0

2.5. MULTIMOORA. To obtain more robust decision re-
sults, the full multiplicative form (FMF) was applied by
Brauers and Zavadskas [32] to extend the initial MOORA
(multiobjective optimization on the basis of ratio analysis)
method. Thus, the MULTIMOORA method has three
components: ratio system (RS) component, reference point
(RP) component, and FMF component, respectively [52].
These three components derive the decision results inde-
pendently. For the purpose of determining the final decision
result, the decision results obtained from these three
components are processed by the dominance theory [32]. In
the following part, the process for implementing the
MULTIMOORA method is listed as follows.

Let us suppose that there exists an MCDM problem
consisting of m alternatives {x,,x,,...,x,,} and n criteria
{ay,a,,...,a,}. The weight vector of criteria is denoted as
[w),w,,...,w,], where Z yw;=1and 0<w;<1. The de-
cision matrix (DM) R = (0;;), corresponding to the
MCDM problem contains the evaluation information from
experts. The element o;; represents the evaluation infor-
mation of alternative x; with respect to criterion a;.

The evaluation information of alternatives across mul-
tiple criteria usually shows different dimensions, so the
evaluation information in the DM R = (0;}),,,x, is suggested
to be normalized as

- Oij
U om 7 \2 (7)
s (Oi j)
After that, the normalized DM R = (0i))mxn can be

derived.

2.5.1. RS Component. In this component, the criteria should
be divided into two categories: benefit-type (BT) criteria and
cost-type (CT) criteria. For BT criteria, the larger the
evaluation information of alternative, the better the alter-
native. For CT criteria, the larger the evaluation information
of alternative, the worse the alternative. The weighted
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arithmetic aggregation operator (AAO) is used to calculate
the ranking value Y; of alternative x; as

k

n
Y=Y w0~ ) @b (8)

=1 j=k+1

where k represents the number of benefit-type criteria and
n—k means the number of cost-type criteria. From the
above equation, it is noted that the alternative in the RS
component having the maximum ranking value is consid-
ered as the best one. Therefore, the alternatives can be
ranked based on the descending order of their ranking
values.

2.5.2. RP Component. For the RP component, the worst
criterion value of each alternative that is farthest from the
reference point of the corresponding criterion should be first
derived, and then, the alternative with the smallest worst
criterion value is considered as the optimal one.

In this component, the reference point of each criterion
is first determined as

0; :{miax'éij,jsk;miin5ij,j>k}, (9)
where o; denotes the reference point of alternatives with
respect to criterion a..

Then, the weighted distance between the normalized
evaluation information of the alternative x; with respect to
each criterion and the reference point of the same criterion is
computed as d;; = w;lo; - 0;4].

Finally, the ranking value D; of alternative x; is com-
puted as D; = max;d,;.

According to the RP component, the optimal alternative
should have the smallest ranking value. Thus, the alternatives

can be ranked based on the ascending order of their ranking
values.

2.5.3. FMF Component. The design idea of FMF component
is the same as that of RS component. In the FMF component,
the better alternative should have higher values for benefit-
type criteria and lower values for cost-type criteria. The
weighted geometric aggregation operator (GGO) is used to
determine the ranking value U, of alternative x; as
U; = Hl;:l @)/ TTjopen (@)

According to the design idea, the alternative having the
largest ranking value should be considered as the best one in
the FMF component. Hence, the alternatives can be ranked
based on the descending order of their ranking values.

To aggregate the ranking orders of alternatives obtained
from these three components, the dominance theory was
suggested by Brauers and Zavadskas [32] to be used for
deriving the final decision results.

3. g-Rung Orthopair Fuzzy Dombi Power
Heronian Mean Operators

In this section, we use the PA operator, Dombi operational
laws for g-ROFNs, and arithmetic HM operator to propose
g-rung orthopair fuzzy Dombi power HM (q-ROFDPHM)
operator and its weighted form. Then, the features are
discussed.

Definition 10. Given a set of  ¢-ROFNs
o; = (p;v;) (i = 1,2,...,n) and three parameters y, 1 > 0 and
N> 0, then the g-ROFDPHM operator is defined as

n(1+5(0)

q - ROFDPHM (0,,0,, . ..,0,) = <

Based on the Dombi operational laws of g-ROFNs [36]
and HM operator, the following theorems can be derived.

2 non Y n(1+S(oj)) 7l (17 (y+n))
n(n+1) f?lf?f«zz_l(ns(ok))of) ®<ZZ_1(1+S(ok))Oj . (10

Theorem 1. Given n q-ROFNs o; = (u;,v;) (i =1,2,...,n)
and the parameters y,1>0 and X >0, then the aggregated
result derived from equation (10) is still an g-ROFN, which is

(1/9)
1

q - ROFDPHM (0,,0,,...,0,) =

1-

1+ (n(n+1)/2(y + ’7))(1/N) X(1/(2?:1,]':1'(1/()/1.‘,-(11»N + neja?)))(”m>

(11)
(1/9)
1

L e D720y + ) x((V(E (Ut + e o)) ™)
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where & = ((1+S(0;))/ Yoy (1 +S(0)), vi=((1+S
(0))  Yp (1+S(0),  (ul/(1-ul)) = (1/a)), ([4‘,1-/
(1- ‘u?)) = (Vay), ((1- vl = (1), ((1- v?)/v‘}) =
(1/bj), (1/n&;) =t;, and (l/m//j) =e;.

Proof. According to Definition 10, we have

_ 2 n(1+8(0)) \ n(1+5(0;)) 1\ N\ V@)
q - ROFDPHM (0;,0,,...,0,) = <m 1‘6:91 ﬁ((zz_l i+ S(ok))oi) ® (ZZ_I 0 Séok))of ‘ (12)

Let & = ((1+S(0))/ Y., (1+8S(0p))) and v;=((1+
S(oj))/ Yo (1+8(0g))); then, we can derive

2 - , . 1/ (y+m)
q - ROFDPHM (0,,0,, .. .,0,) = (n(n D 8 je:ai( (né0,) ® (m//joj) )) . (13)

According to Definition 7, it can be derived that

(1/9) (1/q)
néo;, = 1- ! , ! ,
- (g ity (1 - )™)Y 1 (g (1= 0y ™)

(1/g) (1/g) (14)
1 1
ny;o; = 1-

>

(1/R) (1/R)
e (my (3 (1= 1)) L (my((1-9))")

Let  (ul/(1—uh) = (Vap),  (ui/(1-u)) = (1/ay),
((1=9Hly = (1/b;), and ((1 - v?)/vj) = (l/b]-); then, we
have

(1/q) Wa)
1- 1 ! 1 1
1+ (nk; (1/aX)) "™ 1+ (n&, (1/6%)) "N ’

(

() () )
(
{

(15)

(1/9) (1/g)
1 . 1
e ™) ™) )

. (1/9) . (1/g)
| 1- .
! +(v(1/nwj)a§*)(”“>> ( ! +(n(1/nwj)b§‘)(”m> )
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Let (1/n&)=1t; and (Iny;) = e
equations can be transformed into

| (1/g) | (1/9)
(i) < (1 + (Yti“iN)(lm)> ( 1+ (Yfibi}z)(m)> >

then, the above

(16)
(1/g) (1/g)
(ny;0,)" = (( - (1/N)> ’ (1 - 1N (m)) )
+(ne;a3) L+ (e b))
Thus, (nEo)Y®(n1//o)’7—(((1/ (1+(yta +
ﬂe]aiz)(lm ) (1/9) L(1- (1/(1 + (Yt +7]€ bN)(l/N )))(l/q))
(1/g)
& ( (né0;) m// !
e ) S V(v + nea)))
(1/9)
1
( e 1] l 1/ yt bN + qejb;z)))(lm)> >,
(1/q)
’ é é';( (n&io0;) nV’J ] : ) ,
n(n+1)i=1j=i (2/n n+1)) Z:‘zl’jzi(1/()/t,-aiN + neja?)))
(1/q)
1
( (2/n(n+ D)X, ,( ( t.bN + qejb]?‘)))(”m> )
(1/9)
1
2 wﬂv» (A1 + (1 @It D) S (Ut + neja;*))))“’”)
<n(n & jej,-( (nEi0,)" ® (ny0,) "
1
(W + (1 @+ D) Y (1 (ptb + qejby))))““*’>
(17)

Then, the final result can be determined as

1

(1/9)
(1+("(”+1)/2(y+71))“m (l/(Z,uz(l/(yt +1e;a )))m))) »

2 - , (17 (y+n))
( ® eB.( (nfio,»)y®(m[/joj) )) =

n(n+1) i=1j=i

(1/q)

1
1-

( L+ (n(n+D/2(y + 7)Y (1/(2, (Ut +f7ejb§‘)))“’m))

(18)
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Then, we need to prove that the aggregated result from Since (n(n+1)2(y+#)"™ >0 and (Z:'Ll,j:i (1/
the g- ROFDPHM operator is still a g-ROFN. tak+ e-aN (N 50 then (n(n+1)/2(y + ) " x
Lety— ((1/(1+ (n(n+1)/2(y+71))(1m)>< (/XL Lji (1/ (ytia tejé;) N( ((I/N 20y + 1)
/(Y 1,j=i"(1/(yt; >0.
(pta +e,@) N YD and 5=(1-(1/ (1+ (n(nr 1)/ ¢ %’en =0 (0 ar + e )
2(p+m) % (U (T s (1 (ptb7 41 3)) 0)))) 195
then, we need to prove that (1) Ogﬁqgl and OgaA)qSl and (2)

AN N
O<up +v <1.

+<n(n+1)>(lm)>< ! >1=0
2(Y+17) (Zl 1,j= 1(1/()/1’ +I1€ 7 )))(1/N)_
(19)

1
: <1l

L+ (n(n+ D20y + )™ x (1/(21 1j= ,(U(Yt + qeja?)))(lm)>

us, 0 <y <1. Similarly, it G L?e proven that ((1- y?)/(‘u?)) > (v?/(l - v‘})). It can be derived that a; > b,
0<% <1 It can be derived that 0 <[/l +7. and a;>b;. Then, we have
Because p + v/ <1 and p? + ! <1, then p! <1 -7 and
y <1- vq Thus, ((1-ub)/(uh)> @1/(1-21)) and

(1/R) (1/R)
< n 1 ) << n 1 > 1
ytaX + ne.a® - Dt BR + e bR )
i=1=i Vi T e =17 YED +nejb; (Zl Lj= ,(1/(yt + ﬂeja?)))

1

>
(2 (Ut e j3)))
(20)
nn+1) (1/R) 1
— 2(y+1) 8 o (7R
(ZI 1,j= 1(1/()11' +i1€jaj )))
+(n(n+1)> UN)X 1
2(y+m) (Zz Lj= 1(1/(yt b + qejb?)))(lm).
Thus,
1
L a0+ 0720+ (U2 (1t + nega) )

(21)

1
L e D720y + ) x (V(0 (Ut + ne o) ™)

<
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Then, we can have
(lg)=q
AN 1
pory = (1/R) n N N (1/R)
L+(n(n+1)/2(y+n) ><<1/(Z,-:1,]~:,~(1/()/tﬂ,- +1e;a; ))) )
(1/9)xq
+] 1 !
L (e D20 ) (U a5+ nejt)) ™) o
=1+ !
L+ tnts D20y + )™ (1(Ef o (U (il + neja)) ™)
1
B (1/R) (1/R) <1
1+ (n(n+ D)/2(y + 1)) x<1/(z?:1,j:i(1/(ytib§ +nebX))) )
which completes the proof of Theorem 1. O  7n>0and R>0.Ifo;=0;=0= (u,7), fori,j=1,2,...,n
then we have
Theorem 2 (idempotency). Suppose that there are a group of
q-ROFNs o; = (p;,v;) (i = 1,2,...,n) and the parameters Yy,
(1/q)
1
L (s D20y + )™ x(1(Ef o (U (vt + nesa)) ™)
q - ROFDPHM (0,,0,,...,0,) =
(1/g)
1 1
Lt D20 ) (U8 + reit)) ™)
= ([’l) V) =0,
(23)
1+S(o; 1+S(o; 1
where & = ((1+S5(0,))/ Y, (1+S(0p))), v;=((1+S & = % =y;= # =,
( n q N q Yot (1+5(0)) Yot (1+8(0y))

o)) Ykt (L+S(0), i/ (1= p)) = (Vay), (uj/(1-

W) = (Ua), ((1=DA0) = (U, ((1-¥DA) = (b)), t=e =1, (24)

(1/n&;) =t;, and (I/ny;) =e;.

X R
Proof. Since 0; =0; =0= (4,7), for i,j=1,2,...,n, then ! ] ul ‘u? yl

Sup (0;,0/) = 1.
Thus, we have Then, it can be derived that

)
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(1/R) (1/R) (1/R)
Y ) (2 1 (3 1
vt + nejaj iy (1= p) )™ + (1 - pa)/pa)™ S () x (1 - pa)/pa)™

:< | Xﬂ(”+1)x( /ﬂ )N>(1/N) 1
(y+n) 2 1= pi (T (U (ytial + Wej“?)))(lm)

1
(C1/ Gy + ) (o 1)12) (i (1= )™)Y

R\ (/R
_ 1 <2(y+f7) <l—pﬂ) >
((nn+ D2y + 7)) x (W37 (1 = u?))Y) W \nm+1) | p

(1/9)

1

= am x < ()
1+ (n(n+1)/2(y+1n)) (1/(Z, L=(U(rtial + nejat))) )

1 (1/q)
<1 +(n(n+ 1720y +n) W™ X(Z(Y +mn(n+1)x((1- ‘u‘i)/‘uq)N)(l/N))

(25)

Similarly, (1/6;) = (1/b;) = ((1 - W)= ((1- vq)/
q) = ((1-»9)/v9). Then the NMD value of the q—
ROFDPHM operator can be derived as

(1/9)
1

1—
L+ (n(n+ D2(y + )™ X(”(Z, (1t + ne;bﬁz)))(llN))

(1/9)
1

=|1-
L+ (n(n+ D)2(y + 7)Y x (1/(21 . (U1 = v)N)) 1/N)>




Mathematical Problems in Engineering

1-

t

11
(1/79)
1
1+ (n(n+1)72(y + 7)) V™ x(l/((n(n +1)2(y+m)((1 - W)/vq)x)(lll{))
1 (1/q) )
TTWWﬁ75> =
(26)

Thus, we have ¢g-ROFDPHM(o,,0,,...,0,)=

(4,v) = 0, which completes the proof of Theorem 2. [

Theorem 3 (boundedness). Suppose that there are a group of

720 and X>0. If o, =min(0;,0,,...,0,) = (y,v,) and
0, = max (0, 0,,.

.>0,) = (W, vy,), then we have

0,<q—ROFDPHM (o0,0,,...,0,) <0, (27)
g-ROFNs o, = (u;,v;) (i = 1,2,...,n) and the parameters y, ~ where
(1/q)
1
L+ (n(n+1)/2(y + ”I))(I/N) ><(1/(2?:1,]':,'(1/()/15,-611.N + neja?)))(lmv
o) = ’
(179)
1 1
L+ (n(n+1)/2(y + ’1))(1/N) X(“(Z?:l,j:i(l/(ytibf + ﬂejb?)))(l/m>
(1/q)
1
L (e D720y + ) O x (1V(Z0 (Ut + ne,a)) )
0, = ,
(1/9)
1 1
B (1/R) n ) R (/%)
L+ nn+ D27y +m)"" x 1/(zi=1,j:i(1/(ytibi + ne b} )
(28)
! =t
nE, "
a1,
ny; o
o (1+50)

S (1+8(0))
(1+5())

VTS 1+ S0y

q
B _
1= ‘“? al’
1-2v1 1
Wb
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Proof. According to Definition 7, we have

(1/9) (1/q)
7’15'0‘ = 1- ! > 1
. L (1 (L= )™)Y\ (0 0nD)

(1/g) (1/g) (29)
o =| [ 1 1 1 )
i~ B ) ’ (1/R)
e (my (1 (1 - w))”) ey (1))
Since 0, <o;, then we have y; >p; and v, <. Then, we can have
Thus, it can be derived that
q. .4 1 1 ul :“? 1.1
L T e R A
1 1 1 1
<y=1-»l> l—vl,v—?z—lq E El:bishl.
(30)
o (1/g) I (1/q)
+ (né, (1/ NI\ (g (16R)) Y
(179) (1/9)
1
(( #(nti(1a N)) ’) | (1 +(n€i(1/bf))(1/N)> )
(31)
(1/g) . (1/g)
= (né0;)" 1=
‘ ((1 + y(l/nf %) ”N>> < 1+ (y(l/nfi)b,%*)(lm)) >
(1/g) (1/g)
|- 1
L (yWng)a)™ ) T\ 1 (y(umg o)
Similarly, we have
(1/g) (1/g)
ivil T (1/R) ’ (1/R)
e, )e) (o 1)
(32)

) (1/g) ) (1/9)
> | 1- .
<<1 ( (I/m;/])al )(I/N)> ( 1 +(r1(l/m//j)bf)(lm)> >
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Since (1/n€;) =t; and (l/nu/j) =ej then we have

! (1/g) 1 (1/g)
né0;)" = d1-—
( 1) <1 +( tia’x)(l/N)> < 1+ (ytlblN)l/N> )
(1/q) (1/g)
- 1 1- 1
- 1 +()/tia§“)1/N 1 +(ytlblN)1/N
. (1/g) X (1/g)
1
=(m//101) = ( (1/N)> ] (1 - (1/N)> )
1+(nejay) 1+ (neb?)
(1/g) (1/9)
= N N
1+(’711N) 1+( be)
(n&0,)Y ® (m//joj)n

e.a
(1) (1/q)
1 - 1
1 +(ytaN N nejaN)(I/N) > 1 +(fytlblN N ne]b?)(l/}z)

(1/9) (1/g)
(1/N) ’ h (1/%) ’
1 +(ytia§‘z + ne alN) 1 +(ytiblN + qejblN)

1 (1/9)
1 _ b
( 1 +(Z?:1,j:,~(1/()/1?,-611?‘Z + ﬂeja]}.z)))(”m)
&2 ( (n§0))" ® (”V’JOJ)”) =
- 1 (1/q)
(1 +(Z?:1,j=i(1/(ytiblﬂ + ﬂejb}‘z)))(”m>
(1/g)
1- 1
< 1 Jl'(Z?:l,j:,-(1/()/1,‘1115‘Z + ﬂeja;z)))(l/}z)> >
>
(1/g)
1
(1 +(Z?=1,j=,-(1/(ytibl¥* + nejbln)))(l/m>
(1/9)
1
<1 _ i N N (1/N)> ,
2 1 +((2/n(n +1)) Zi:l,j:i(l/()/tiai + e a; )))
nn+1) 16:91]%( ("Eioi)y ® (mpjoj)”)

. (1/g)
n (1/X)
(1 +(@n(n+ 1) Y1 (U (b +ne b)) )
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(1/q)
(1 — ; (1/N)> i
1 +((2/n(n +1)) Zizl,j:i(l/(ytiaf + qejaf)))

[\

1

(1/g)
(1U/R)
(1 +((2/n(n +1)) Z:’:l’j:i(1/()/tibiN + nejblN))) )

2 - . (17 (y+m)
( ® ea((nfio,-)y@(m//joj) ))

n(n+1)i=1j=i

1

(1 +((1/ (y + )(1/ (2 (n+1)) Yy e

(1/q)
(1(ytaX + ﬂeja?‘))))(”m> ’ (33)

1

(1/9)
1-
( L+ (p+ (1 @i+ D) T, 1yt + nejbf))))(”m>

\%

(1 +(((y+m)(V @Inn+ 1) XL,

(1/q)
(1/(ytial + ﬂejaf‘))))(”m> ’

=0y

Similarly, it can be proven that g- ROFDPHM
(01,05 ...,0,) <0y, in the same way, which completes the
proof of Theorem 3.

It can be noted that the proposed g-ROFDPHM operator
uses the PA operator and Dombi operational laws to op-
timize the HM operator. Its significance can be listed as
follows. (1) It can alleviate negative influences of extreme
input values on the calculation results. (2) It shows strong
flexibility for computing input values. (3) It is capable of
capturing the complex interrelationships among criteria
values. (4) It can process the complex information structure

2

(1/g)
1-
( L+((U (p+ (1 @i+ D) T, (U(ptb + qejb;‘))))(“m)

nay (1+8(0,))

of g-ROEFSs. Nevertheless, during the aggregation processes,
it does not consider the weight values of criteria, which is
very important in the MCDM contexts. To tackle this de-
ficiency, a novel g-rung orthopair fuzzy weighted Dombi
power Heronian mean (g-ROFWDPHM) operator is put
forward in the following part. O

Definition 11. Given a set of g-ROFNs o; = (y;,v;) (i = 1,2,

.., n), three parameters y,7>0 and X >0, and the weight
values [w,,w,,...,w,] of ¢-ROFNs, then the g¢-
ROFWDPHM operator is defined as

a,(1+5(0)

-E

— ROFWDPHM (0,,0,, ..., =
q (01 0, On) <f’l(n+1)i

) y ' 7\ (1 (y+n)
2 (z w (1+ s<ok))""> ¢ <z w (1+ s<ok)>”f’> ) |

(34)
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Theorem 4. Given a set of g-ROFNs o; = (u;,v;)(i =1,2,  obtained from the -ROFWDPHM operator is still a g-ROFN,
..., n), three parameters y,n>0 and N >0, and the weight — which is

values [w,, w,, ..., w,] of ¢-ROENS, then the aggregated result

(1/q)
1
L 0+ D204 ) (U (Ut +nega)) ™) )
q - ROFWDPHM (0,,0,,...,0,) = )
(1/g)
1- 1
Lo tnCne D720+ ) x (U(SE (U + 1)) ™)
(35)

where & = ((1+5(0;))/ Yj_; 0 (1+S(0p))), V= ((1+ Proof.  Let & = ((1+8(0))/ Yy, we(1+S(0f)) and
S(0))/ Y we (1+S (o)), (ul/ (1 =) = (1/ay), v; = ((1+S8(0))/ 22:1 wi (1 +S(04))); then, equation (34)
(#?/1 —‘u?) _ (l/aj), ((1- v?)/v?) = (1/b), ((1- v?)/v?) _ can be transformed into

(1/6)), t; = (/nw;§y), and e; = (1/nw;y)).

1/ (y+m)
2 n n n
q - ROFWDPHM (0,,0,,...,0,) = (n(n D o jeji (nw;é,0,)" ® (nwjl//joj) ) . (36)

According to Definition 7, we have

(1/g) (1/q)
nw.f.o. = 1 - 1 1
i AL CE)) ) A R G ACCE i

i

(1/g) (1/g) (37)
1 1
(1/R) > (1/R)
q g\ \X
1*(”“)1‘/’1(“;/(1‘ 7)) )

1*(”“’;‘%((1 - "’?)/V?)N)

nw;y;0; = 1-

Let — (ul/(1-ph) = (Map), (Wi -ph) = (lay,
(1=9DA) = (1b), and ((1-Dd) = (1)) then,
these equations can be transformed into

(1/q) ()
nw,&.0;, = 1- 1 1
i6i0; 1+(nw,-£i(1/alx))(1/m , 1+(nw,-€,-(l/bf))(lm) ,

) (1/q) . (1/q)
V.0, = 1- , .
e (( 1+<nijj<ua;*>>“’“’> <1+<nw]-wj<ub§z>><”“> )
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According to Definition 7, then we have

(1/g) (1/q)
(nw;&0;)" = ! 1 1- ! ,
I+ (Y(l/nwifi)a?)(lm) I+ (Y(I/nwifi)bf“)(”m

(1/9) (1/9)
(”“’j‘/’j"j)q = (( 1 (1/N)> ] (1 - 1 (1/N)> )
1 +(’7(1/nijj)a§z) 1+(n (1/”“’11/’]) %)

Let t; = (1/nw;§;) and e; = (1/nw;y,); then, the above

two equations can be transformed into
(1) (1/9)
PNV S) ’ h x (I/R) ’
1a 1+ (ytibi )

(1/q) (1/q)
(”“’J‘WJ' ])ﬂ = ( I/N)) > (1 - : (1/N)) )
qe]a] 1 +(1yejb§3)

(39)

(nw;&0;)" ® (”wjllfj ])’1 =

(1/q) ) (1/q)
> 1 - >
Ry ne;a )(UN)> ( 1 +(yt,-bfq + nejb?)(lm)> )

) (1/q)
ya 1] 1(1/(yt +1e; a )))(I/N)> ’
é é(”wifz‘oz’)y@(”wj% j)n = ,
i=1j=i (Uq)
1
(l +(Z; Lj- l(l/(yt b + nejb?)))(llN)>
1 (1/g)
(1 - (1/N)> J
L (@ntn+ D) T i(V(vtst + nejal)))
2 ® @ (nw-fo-)V@(nw. -04)’7 -
n(n+ )istjmi o V50 ,

1

(1/9)
( ((2/n(n+ D)YL Lj= 1( ( bN+1,lejb}q)))(1/N)>
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& éé (hw;€0,) ®

2
}’l(l’l+1) i=1 j=i

17

. (A7 (y+m)
(njj0) )

1

(1/q)
(1 +((1/(y + ;7))(1/((2/;1(71 +1)) Z:':Lj:i(ll(ytiaf + nejaifz)))))(”m> ,

1

(1/q)
1-—
( L+ (1 (y+ (1 @n(n+ 1) Yy L (1(peibl + nejb?))))(l/N)>

2 n n

q - ROFWDPHM (o0,,0,,...,0,) :(

n(n+1) i=1 j=i

. 1/ (y+m)
XY (nw,-fioi)y®(nwjl//joj) ) =

(1/q)
1

U a0r 07200 < (U2 (1 +ea) ™)

(1/9)
1

1-

The process for proving that the aggregation result of the
q-ROFWDPHM operator is a g-ROFN is the same as that of
Theorem 1. Thus, it is omitted here.

The proposed g-ROFWDPHM operator also owns the
features of idempotency and boundedness as the proposed
q-ROFDPHM operator. Their proof processes are similar to
those of Theorems 2 and 3. Due to the limited space, the
proof processes are omitted here. O

L+ (n(n+ D/2(y + )™ x(1/(22’:1,,~:,~(1/(yt,-biN + nejb?)))(”m>

- <n(1+s(ol))/i(1+s(ok))> <n(1+s(o,))/ki(1+s(ok))>

(40)

4. g-Rung Orthopair Fuzzy Dombi Power
Geometric Heronian Mean Operators

In this section, we use the PA operator, Dombi operational
laws for g-ROFNSs, and geometric HM operator to develop a
novel -ROFDPGHM operator and its weighted form. Then,
the features are discussed.

Definition 12. Given a set of  ¢-ROFNs

o; = (p;v;) (i = 1,2,...,n) and three parameters y, # > 0 and
N> 0, then the -ROFDPGHM operator is defined as

(2/n(n+1))

_ L = 41
q - ROFDPGHM (0;,0,,...,0,) = Vi & Jg y0; ®no; (41)
Based on the Dombi operational laws of g-ROFNs and =~ Theorem 5. Given n qg-ROFNs o, = (u;,v;)(i=1,2,...,n)
GHM operator, a theorem is derived. and the parameters y,n>0 and N>O0, then the
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aggregated result derived from equation (41) is still a g-
ROEFN, which is

1-
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(1/q)
1

q - ROFDPGHM( 0y, 0,,...,0,) =

+(n(n+ 2@y + 1) x (1/(2, LUyt (UaR) + qej(l/a;?)))“’m)

(1/9)
1

where & = ((1+S(0,))/ Yi-, (1 +S(0p))), v = ((1+
$(0)))/ Yoy (1+S(0))), a; = (1= phy/ud), a;=
(L=uD/D, b= Ol/A-9]), b= (0]/(1-)),
t; = (1/n&;), and e; = (I/m//j).

The proof process of this theorem is similar to that of
Theorem 1. Thus, it is omitted here.

The proposed q-ROFDPGHM operator also owns the
features of idempotency and boundedness as the proposed
q-ROFDPHM operator. Their proof processes are similar to
those of Theorems 2 and 3. Due to the limited space, the proof
processes are omitted here.

q - ROFWDPGHM (0,,0,,...,0,) =——| @ ® | yo,

Based on the Dombi operational laws of g-ROFNs and
GHM operator, a theorem is derived.

Theorem 6. Given a set of ¢-ROFNs o; = (y;,v;)(i=1,2,
.., n), the parameters y, #=0 and X >0, and the weight

Lt GG+ D720 +0) O e (1(S (17t (16) + ey (105))) )

<nwl(l+S(a /iwk (1+S(ox) ) <nw](l+s( )/Zn:wk (1+S(ox) )
k=1 k=1

(42)

Similar to the proposed q-ROFDPHM operator, the
q-ROFDPGHM also does not consider the weight values of
criteria. To tackle this deficiency, a new g-rung orthopair
fuzzy weighted Dombi power geometric Heronian mean
(a-ROFWDPGHM) operator is put forward in the following
part.

Definition 13. Given a set of  q-ROFNs
0; = (uv;))(i=1,2,...,n), three parameters y,7>0 and
N >0, and the weight values [w;,w,,...,w,] of ¢-ROFNs,
then the ¢-ROFWDPGHM operator is defined as

(2/n(n+1))

®no;

(43)

values [w;, w,,...,w,] of g-ROENs, then the aggregated re-
sult that is obtained from equation (43) is still a q-ROFN,
which is

(1/q)
1

1-

g - ROFWDPGHM (0,,0,, ...

’On) =

L+ (n(n+ D/2(y + 7)™ x (1/(21 =iyt (1a) + nej(l/aﬁ-z)))(l/m)

>

(1/9)
1

L (n0n D720y ) (VT (1, (U5) + e (164))) )

(44)
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where & = ((1+S(0,))/ Y., e (1+S(0p))), v, = ((1+ respect to criterion a;. In this MCDM problem, experts use
S(0)))/ Yo Wi (L+S(0), t; = (U/nw;E)), e; = (Vnw;y,), the flexible g-ROFNs for expressing the evaluation infor-

a;=((1—uh/uld), a = (1= y‘})/‘u?), b= (W/(1- V?S), mation of alternative x; with respect to criterion a;, namely,
and bj = (v?/(l - v?)). 0;j = (yij,vij). Here, the criteria are divided into two dif-
ferent categories: benefit-type criteria and cost-type criteria.
Proof. 'The proof process is similar to that of Theorem 1. Before processing DM R = (0;;) s €quation (45) is
Thus, it is omitted here. used to transform the values of cost-type criteria for deriving
The proposed -ROFWDPGHM operator also has the  the transformed DM R = (0 )’
features of idempotency and boundedness as the proposed o
q-ROFDPHM operator. Their proof processes are similar to ~ (‘“ij’ Vij )’ for benefit — type criterion a, (45)
those of Theorems 2 and 3. Due to the limited space, the 2 (Vij’ #ij)’ for cost — type criterion a;.

proof processes are omitted here. O

5. MULTIMOORA Method for g-Rung

Orthopair Fuzzy Sets 5.2. q-Rung Orthopair Fuzzy MULTIMOORA Method.

According to the above problem description, we introduce the
In this section, the MULTIMOORA method is improved for q-ROFWDPHM and g-ROFWDPGHM operators to improve
processing the MCDM problems with the g-ROFS informa-  the original MULTIMOORA method so as to propose a novel
tion. There usually exist the interrelationships among the  g-rung orthopair fuzzy MULTIMOORA (g-ROF-MULTI-
criteria in the MCDM problems. Moreover, there may be =~ MOORA) method. Similar to the original MULTIMOORA
extreme criteria values in the MCDM problems. To tackle these =~ method [53], the g-ROF-MULTMOORA method is also
two problems, we use the proposed ¢-ROFWDPHM and g-  composed of three components, which are the g-rung
ROFWDPGHM operators to modify the MULTIMOORA orthopair fuzzy RS (g-ROF-RS) component, g-rung orthopair
method. tuzzy RP (g-ROF-RP) component, and g-rung orthopair fuzzy
FMF (q-ROF-FMF) component, respectively. Based on the
transformed DM R = (0))mxn» these three components

5.1. Problem Description. Let us suppose that there exists an compute the ranking values of alternatives as follows.

MCDM  problem consisting of m  alternatives

{x1,x5...,x,} and n criteria {a;,a,,...,a,}. The weight

values of criteria are denoted as [w;,w,,...,w,], where  5.2.1. q-ROF-RS Component. In this component, the g-
Z;'l=1 w;=1and 0<w;<1. The decision matrix (DM) R= ROFWDPHM operator is applied to aggregate the evalua-
(0;})mxn corresponding to this MCDM problem consists of  tion information of each alternative x; with respect to its n
the evaluation information from experts. The element o;;  criteria. Therefore, using (34), the aggregated criteria value

denotes the evaluation information of alternative x; with  of alternative x; can be computed as

_ (y+n)
B 2 non nw, (1+80;)) -\ ”wg(l + S(Oig)) = '
fa= <n(n+ D ﬁﬁ(zkl 0 (1 +s(5ik))oih> ® (ZZ_l we(1+S(3,)) ’ o

where  S(0;) = Y11, ;44 Sup(04,04) and  Sup(0y,0,) = Since the aggregated value is a ¢-ROFN, then the score
1 —d(0y,0;)- function in Definition 2 is used to derive the crisp ranking
value of alternative x; as

iy (2 n a0 rs@a) Y nee(1+S(0)) "\
fomsh)= ((n(n+1) ’3;5’(22—1 g (1+S(04)) ih) ®<22—1 wi (L +8(0;)) S

(1/9)

1
1+ (n(n+1)/2(y + 7)) M ><(1/(2221@:},(l/()/t,-haff1 + qe,-gaf;)))(m)> , (47)

(1/9)
1

Lt D20y + ) (1S g (Ut + mei)) ™)

1-
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where &, = ((1+8(0;))/ Yy @ (1+8(03)), ¥y = ((1+
$©g)) Loy Wi (1 +8(0))), (uip! (1 =) = (1ay,),
(y?g/l —yfg) = (May), (1L=vjvi) = (1by), ((1- viqg)/
v?g) = (1/b;y), tip = (.l/nwhéfih), an<.i €y = (1‘/nwg1//ig).

The alternative with larger ranking value is better. Hence,
all the alternatives can be ranked according to the
descending order of their ranking values.

5.2.2. q-ROF-RP Component. In this component, the ref-
erence point of each criterion is first derived as

p; = argmax;, s(a,.j), (j=12,...,n). (48)

nwy, (1 +S(ey))

fin= <n(1’l+1 Z Z (Zk l(uk(l +S(8,k)) lh) X(Zk 1"-’k(1 +S(81k))

where S(g) =
leix — €al-

In this component, the alternative with smaller ranking
value is better. Thus, all the alternatives should be ranked
according to the ascending order of their ranking values.

Yiii+k Sup (ex-€7) and Sup (e, &) = 1-

where S(0;) =
d (0., 0;).

z?il,l#k Sup (5ik’ 51'1) and Sup (5ik’ 5il) =1-

1-

(”wh (1+s (:;ih))/ki w (1+ S(5ik))> <”‘“g (s (ag))/g w (1+ S(aik))>

®no
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In the second step, Definition 4 is applied to compute the
distance between the evaluation information of alternative x;
with respect to each criterion and the reference point of the
same criterion as

& =d(5,p;)- (49)

It can be known that ¢;; is a real value and ¢;>0.
Considering the interrelationships among criteria, the
ranking value of alternative x; is computed by aggregating

the criteria distances of alternative x; as

wg(1+S(cig))

ny\ (U (y+n)
> > , (50)

5.2.3. q-ROF-FMF Component. In this component, the
proposed g-ROFWDPGHM operator is applied to aggregate
the evaluation information of each alternative x; with respect
to its n criteria. Thus, using equation (43), the aggregated
criteria value of alternative x; can be computed as

(2/n(n+1))

. (51)
ig

Since the aggregated value is a g-ROFN, then the score
function in Definition 2 is used to derive the crisp ranking
value of alternative x; as

(1/9)
1

fa=s(fis)=s

R
1+ (n(n+1)/2(y + 7)) M X(”(Zzzl,g:h(l/)}tih (1/a) + neig(l/af;))) )

>

» o (52)
(1/9)
1

where &, = ((1+S8(5,))/ Xy @ (1+8(0;)), ¥y = ((1+
8(0)) Yk “)k(l +8@),  ag, = ((L-pi)luy),  ayy =
(1 -l 1), = (/(1=8)), by =L/ (1-2])),
tin = (l/nwhfih), and €y = (l/nwgwig).

L+ (n(n+D/2(y+m) "™ x <1/(Zh Lg=n (Ut (1B}) + ﬂezg(l/bg)))(lm)>

In this component, the alternative with larger ranking
value is better. Hence, all the alternatives can be ranked
according to the descending order of their ranking values.

After obtaining the ranking values of all the alternatives
from these three components, we need to fuse them for



Mathematical Problems in Engineering

deriving the final ranking values. In the original MULTI-
MOORA method, the dominance theory is usually used to
aggregate three ranking orders for deriving the final ranking
order. However, it is incapable of handling massive oper-
ations resulting from its cumbersome pairwise comparison
processes [54]. For the purpose of overcoming the deficiency
of dominancy theory, the HM operator is put forward for
integrating the ranking values of alternatives obtained from
three components of the proposed -ROF-MULTIMOORA
method. The HM operator owns the advantage of capturing
the interrelationships hiding behind input values. After-
wards, by using the ranking values obtained from equations
(47)-(52), here a new DM is constructed, where the three
components of the g-ROF-MULTIMOORA method are
regarded as criteria of alternatives: g-ROF-RS component
(¢1), g-ROF-RP component (c,), and g-ROF-FMF compo-
nent (c;). Hence, the new DM M is constructed as

€ G C3
X1 fu fu fi
f fzz f23 > (53)

Xm fml fm2 fm3

fiy - minlsisrnfiy

maxlsiSmfiy - mlnlsiSmfiy

.’]‘ciy=

maxlgigmfiy - fiy

maxlsisrnfiy - mlnlgiSmfiy

where 1<i<m and 1< y<3.

Afterwards, the weighted HM operator [55] is used to
aggregate the normalized ranking values f;, of each alter-
native x; with respect to three criteria for derwmg the final
ranking Value of this alternative as

(1/(y+n))
Fi <3(3 + ]) Z Z (thlh) (ngzg) ) . (55)

h=1 g=h

The alternative with larger final ranking value is better.
Hence, all the alternatives can be ranked based on the
descending order of their final ranking values.

5.3. Decision-Making Procedure. Based on the discussion
and results in Section 5.2, the decision-making procedure of
the proposed g-ROF-MULTIMOORA method is summa-
rized using the following 7 steps.

Step 1: all the evaluation information is collected for
constructing DM R = (0;))yn = (#ij> Vij)mwne At the
same time, the values of the parameters g, y, 7, and X
should be provided.

21

where {x;,x,,...,x,} denotes the set of alternatives and
{c1€2,¢5} denotes the set of criteria. The element f;, (y =
1,2,3) in the DM M denotes the ranking value of the al-
ternative x; with respect to the criterion c¢,. Let
X = {X X2 X3} be the we1§ht values of criteria {c,,c,,c3},
satisfying 0<y, <1and })_, x, = 1. In general, the weight
values of criteria are set to X1 = X2 = X3 = (1/3). For the DM
M, the ranking values of each alternative with respect to
three criteria should be aggregated for determining the final
ranking values. However, the ranking values f,, (y = 1,2,3)
show different dimensions because they are obtained from
the different components. For the purpose of making them
dimensionless, all the ranking values f; (y=1,2,3) are
normalized as

for benefit — type criterionc,,

(54)

for cost — type criterion Cy

Step 2: to transform the criteria values of each alter-
native with respect to cost-type criteria, (45) is used to
transform DM R = (o into DM R = (04 )

Step 3: for the transformed DM R = (01 ) (47) is
applied to compute the ranking value f;; of each al-
ternative x; with respect to the -ROF-RS component.
The alternatives can be ranked according to the
descending order of their ranking values.

Step 4: for the transformed DM R = (8 (50) is
applied to compute the ranking value f;, of each al-
ternative x; with respect to the g-ROF-RP component.
The alternatives can be ranked according to the as-
cending order of their ranking values.

Step 5: for the transformed DM R = (1)) (52) is
applied to compute the ranking value f;; of each al-
ternative x; with respect to the g-ROF-FMF compo-
nent. The alternatives can be ranked according to the
descending order of their ranking values.

z])mxn

Step 6: based on the ranking values of alternatives
obtained from three components in Steps 3-5, a new
DM M = ( f,-y)m><3 is constructed. Afterwards, (54) is
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applied to transform DM M = (f;,) into
M= (f iy)m><3'

Step 7: in the final step, (55) is used to aggregate the
ranking values of alternatives with respect to three
components of the g-ROF-MULTIMOORA method
for deriving the final ranking values. Then, all the al-
ternatives are ranked according to the descending order
of their final ranking values.

mx3

The above steps are also shown in Figure 1.

The g-ROF-MULTIMOORA method is a combination
of PA operator, Dombi operational laws, AHM, GHM, and
MULTIMOORA. It shows the following advantages:

(1) It has the ability of alleviating negative influences
of extreme criteria values on the decision results,
which makes the decision results more stable and
robust.

(2) It shows strong flexibility when computing the cri-
teria values due to the Dombi operational laws of g-
ROFN:Es.

(3) The HM and GHM operators are capable of cap-
turing the complex interrelationships hiding behind
the criteria values. Moreover, the MULTIMOORA
method integrates the ranking values obtained from
three components for deriving the final ranking
values. Thus, the decision results of the gq-ROF-
MULTIMOORA method are more reasonable and
effective.

6. Illustrative Example and Comparison Analysis

In this section, a practical case concerning the evaluation of
security algorithm is shown to illustrate the decision-
making procedure of the proposed ¢-ROF-MULTI-
MOORA method. Afterwards, the influences of the pa-
rameters on the decision results are analyzed. Finally, the
proposed g-ROF-MULTIMOORA method is compared
with the original MULTIMOORA method for processing
q-ROFNE.

6.1. Decision Process Using the g-ROF-MULTIMOORA
Method. In this section, a real case concerning the evaluation
of security algorithms is provided to illustrate the decision
procedure of the proposed g-ROF-MULTIMOORA method.

Example 1. With the quick development of Internet ap-
plications, more and more user data are stored online.
Hackers frequently attack the Internet applications for
obtaining the privacy data. To protect users’ privacy data,
various security algorithms have been designed and
implemented. However, these security algorithms show
different features. How to choose the suitable security al-
gorithm is a big challenge for organizations since multiple
criteria should be considered. Here, we try to formulate the
process of evaluating the security algorithms and selecting a
suitable one as a classical MCDM problem. Suppose orga-
nization plans to evaluate 5 candidates of security algorithms
and select the suitable one by considering 6 criteria: function
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(c,), reliability (c,), usability (c;), performance (c,), porta-
bility (c5), and complexity (c4). Hence, an MCDM problem
composed of 5 security algorithms {x;, x,, x5, x4, X5} and 6
criteria {c;, ¢,, ¢35, ¢4, €5, €} can be constructed. According to
the real requirements for building the security system, the
organization  sets the weights of criteria as
w = (0.10,0.15,0.35,0.20, 0.10, 0.10). The technical panel of
this organization uses the g-ROFNs to evaluate these five
security algorithms with respect to their criteria. All the g-
ROFNs  are  collected to form the DM
R = (0;j)sx6 = (Hij>Vij)sxe> as shown in Table 2.

Step 1: the values of the parameters y, #, and N are set to
1 and the value of the parameter g is set to 3.

Step 2: the first five criteria are benefit-type criteria,
while the maintenance cost is cost-type criteria. Hence,
(45) is use;d to transform DM R = (oij)5X6 in Table 2
into DM R = (0;))5,¢ as depicted in Table 3.

Step 3: for the transformed DM R = (0i))sxe (47) is
applied to compute the ranking value f;, of each se-
curity algorithm x; with respect to the g-ROF-RS
component as

f11 = 0.036,
£y =0.027,
f31 = 0.033, (56)
fa =0.111,
fs1 = 0.047.

Hence, these security algorithms can be ranked as
Xy > X5 > X1 > X3 > X,

Step 4: for the transformed DM R = (0)sxe> (50) is
applied to compute the ranking value f;, of each se-
curity algorithm x; with respect to the g-ROF-RP
component as

f1, = 0.179,
£,y = 0.225,
f, = 0.213, (57)
fu = 0.031,
fsy = 0.229.

Hence, these security algorithms can be ranked as
Xy > X >X3> X, > X

Step 5: for the transformed DM R = (5,-]-)5X6, (52) is
applied to compute the ranking value f;; of each se-
curity algorithm x; with respect to the g-ROF-FMF
component as

f13 = —0.004,
f,3 = —0.018,
f33 = 0.007, (58)
f45 = —0.001,
fs3 = —0.035.
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FIGURe 1: The frame diagram of the proposed method.

Hence, these security algorithms can be ranked as

X3>X 4> X > Xy >Xs.

Step 6: based on the ranking values of security algo-
rithms obtained from three components in Steps 3-5, a
mxa 18 formed. Afterwards, (54) is

new DM M = (fi},)
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Step 7: in the final step, equation (55) is used to ag-

gregate the ranking values of five security algorithms

applied to transform the DM M = (f,),,; into M =

(fiy)mx3 as
0.107 0.253 0.738
0.000 0.020 0.405
M =| 0.071 0.081 1.000
1.000 1.000 0.810

0.238 0.000 0.000

(59)

F, = 0.130,
F, = 0.057,
F; = 0.147,
F, = 0313,
Fs5 = 0.032.

with respect to three components for deriving the final
ranking values as

(60)

Then, the final ranking order of these security algorithms
is x,>x5>x,>x,>x5. Thus, the security algorithm x, is the
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suitable one for the organization when building the security
system.

6.2. Influences of the Parameters on the Ranking Results.
In this section, the influences of the parameters on the
ranking results are discussed.

6.2.1. Influence of the Parameter q on the Final Ranking
Results. The influence of the parameter g on the final
ranking results of the g-ROF-MULTIMOORA method is
first discussed. In this case, the parameters y =n =N =1.
For the transformed DM R = (0;;)5s in Table 2, the ranking
results of security algorithms are shown in Table 4 and
Figure 2 when the value of the parameter g varies.

From Table 4, it can be known that the ranking results of
security algorithms are different when the value of g varies.
When g =1, the ranking result of security algorithms is
X4>X,>X3>%,>%5. When g = 2, the ranking result of security
algorithms is x,>x,>x,>x;>x5. When g =3 or q =5, the
ranking results of security algorithms are x,>x;>x,>x,>x;5.
Although the ranking result of security algorithms changes
when the value of the parameter g varies, the most suitable
security algorithm keeps unchanged, namely, x,. When
q =1, then g-ROFNs reduce to IFNs. When g = 2, then g¢-
ROFNSs reduce to PFNs. How to determine the reasonable
value of g depends on the evaluation information provided
by the expert. The smallest value of the parameter g should
satisfy u9 + »1 < 1. For instance, if the evaluation information
given by the expert is (0.9, 0.9), then the smallest value of the
parameter g should be 7 so that 0.97 +0.97 < 1.

6.2.2. Influences of the Parameters y and n on the Ranking
Results. The influences of the parameters y and # on the
ranking results of the g-ROF-MULTIMOORA method are
analyzed in this part. In this case, the parameters X = 1 and
q = 3. For DM R = (0;;)s in Table 2, the ranking results of
security algorithms are shown in Table 5 and Figure 3 when
the values of the parameters y and # vary.

From Table 5, it can be seen that the ranking result
obtained from the g-ROF-MULTIMOORA method is al-
Ways X, >X3>X,>X,>x; except when y=0 and =1
Nevertheless, the most suitable security algorithm is always
x4. When y =0 and 5 = 1, the ranking result of security
algorithms changes into x,>x,>x3>x5>x,. Thus, the
ranking result obtained from the g-ROF-MULTIMOORA
method is not sensitive to the values of these two parameters.
In other words, the g-ROF-MULTIMOORA method is
robust and effective.

6.2.3. Influence of the Parameter X on the Ranking Results.
The influence of the parameter N on the ranking results of
the g-ROF-MULTIMOORA method is analyzed in this part.
In this case, the parameters y = # =1 and g = 3. For DM
R = (0jj)5x6 in Table 2, the ranking results of security al-
gorithms are listed in Table 6 and Figure 4 when the value of
the parameter N varies.
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TaBLE 2: The g-rung orthopair fuzzy DM.

¢ G C3 Cq Cs Ce
x, (01,02) (0.3,03) (0.503) (0.603) (0.2,01) (0.1,0.1)
x, (0.3,0.2) (0.1,0.1) (0.5,0.1) (0.4,0.5) (0.3,0.2) (0.6,0.1)
x; (0.601) (0.2,0.2) (0.4,03) (0.2,04) (03,02 (0.1,0.2)
x, (0.2,0.5) (0.1,0.3) (0.7,0.1) (0.8,0.1) (0.4,0.3) (0.3,0.3)
xs (0.4,04) (0.4,0.5) (0.502) (0.1,04) (0.3,04) (0.4,04)

TaBLE 3: The transformed g-rung orthopair fuzzy DM.

¢ G C3 Cq Cs Ce
x; (01,02) (0.3,03) (0.503) (0.603) (0.2,01) (0.1,0.1)
x, (0.3,0.2) (0.1,0.1) (0.5,0.1) (0.4,0.5) (0.3,0.2) (0.1,0.6)
x; (0.60.1) (02,02) (0.403) (0.2,04) (0.302) (0.2,0.1)
x, (02,05) (01,03) (0.7,01) (0.80.1) (0.4,03) (0.3,0.3)
xs (04,04) (0.405) (0.502) (0.1,0.4) (0.3,04) (0.4,0.4)

From Table 6, it can be seen that the ranking result
obtained from the g-ROF-MULTIMOORA method slightly
changes when the value of the parameter N varies. When the
value of the parameter N is set to N = 1, then the ranking
result of security algorithms is x,>x5>x,>x,>x5. When the
value of the parameter N is set to a value in the integer set
{2,3,...,10}, then the ranking result of security algorithms
is changed into x,>x,>x;>x;>x,. However, the most
suitable security algorithm always keeps unchanged, namely,
x4, no matter how the value of the parameter X varies. Hence,
the ranking result that is obtained from the g-ROF-MUL-
TIMOORA method is relatively stable. Because of the
Dombi operational laws for q-ROFNs, the q-ROF-MUL-
TIMOORA method has high flexibility by providing the
parameter N. Experts can adjust the value of the parameter N
according to the actual situation of MCDM problems.

6.3. Comparative Analysis. For the proposed ¢-ROF-
MULTIMOORA method, it applies the PA operator to al-
leviate the negative influence of extreme values on the
ranking results and integrates the AHM and GHM operators
to handle the interrelationships hiding behind criteria
values. For the purpose of verifying the effectiveness of the g-
ROF-MULTIMOORA method, it is compared with the
original MULTIMOORA method [32, 56] for handling the
g-ROFNs. Different from the ¢-ROF-MULTIMOORA
method, the original MULTIMOORA method does not
contain the PA operator to solve the problem of extreme
values and also does not integrate the AHM and GHM
operators to handle the interrelationships among criteria
values. Hence, it is a suitable way for comparing the g-ROF-
MULTIMOORA method with the original MULTIMOORA
method. For the purpose of conducting this comparative
analysis, an example of evaluating blockchain platforms is
given.

Example 2. The blockchain technology has the ability to
solve the problems resulting from our increasingly con-
nected society and tackle real-world business concerns. It
has been broadly applied to many fields such as distributed
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TaBLE 4: Ranking results of the g-ROF-MULTIMOORA method when the value of g varies.

Final ranking values of security algorithms

Ranking results

ESISSEES RN
I

1]
g W N

F, = 0.210, F, = 0.096, F, = 0.192, F, = 0.333, and F; = 0.000
F, =0.093, F, = 0.191, F, = 0.069, F, = 0.312, and F, = 0.043
F, =0.130, F, = 0.057, F, = 0.147, F, = 0.313, and F, = 0.032
F, =0.136, F, = 0.019, F, = 0.142, F, = 0.302, and F, = 0.014

Xy > X1 >X3>X) > X5
X4 >Xy > X >X3>Xs
Xy >X3>X 1 >X)>Xg
Xy >X3> X1 > Xy > X5

q=1
B a=2
da=3
. -s
FIGURE 2: Ranking results of the g-ROF-MULTIMOORA method when the value of g varies.

TaBLE 5: Ranking results of the g-ROF-MULTIMOORA method when the values of y and # vary.

Final ranking values of security algorithms

Ranking results

p=1land =0 F, =0.094, F, = 0.038, F; = 0.118, F, = 0.307, and F5 = 0.021 Xy > X3 > X1 > X, > X5
y=1land 7=0.5 F, =0.112, F, = 0.041, F; = 0.131, F, = 0.312, and F; = 0.024 Xy > X35> X1 > X, > X5
y=land =1 F, =0.130, F, = 0.057, F; = 0.147, F, = 0.313, and F5 = 0.032 Xy > X3 > X1 > X, > X5
y=1and =2 F, =0.151, F, = 0.070, F; = 0.187, F, = 0.310, and F = 0.044 Xy >35> X1 > X, > X5
p=landn=3 F, =0.174, F, = 0.082, F; = 0.215, F, = 0.312, and F5 = 0.051 Xy > X3 > X1 > X, > X5
y=1and n=4 F, =0.185, F, = 0.086, F; = 0.235, F, = 0.315, and F5 = 0.055 Xy>X3>X] >Xy> X5
y=0and =1 F, =0.197, F, = 0.003, F; = 0.170, F, = 0.333, and F5 = 0.070 Xy > X > X3 > XXy
y=05andn=1 F, =0.139, F, = 0.043, F; = 0.155, F, = 0.308, and F; = 0.024 Xy >X3>X > Xy > X
p=2and =1 F, =0.144, F, = 0.073, F; = 0.184, F, = 0.313, F5 = 0.047 X4 >X3> X1 >Xy> X5
y=3and =1 F, =0.162, F, = 0.093, F; = 0.213, F, = 0.317, and F5 = 0.051 Xy > X3 > X1 > X, > X5
y=4and =1 F, =0.181, F, = 0.106, F; = 0.233, F, = 0.318, and F; = 0.054 Xy >X3> X >Xy>Xs

cloud storage and health care, as well as payment and
transfers. To benefit from the blockchain technology, or-
ganizations across the globe try to introduce the blockchain
technology for building their own decentralized systems.
The blockchain platforms are a good solution, which help
organizations to facilitate the development and deployment
of decentralized systems. Suppose that an organization
wants to evaluate five blockchain platforms with respect to
five criteria: usability, performance, scalability, security, and
cost. Therefore, evaluating these five blockchain platforms
can be formulated as an MCDM composed of blockchain
platforms  {x;,x,,x;,x,, x5} with respect to criteria
{c1,¢5,65¢40¢5}. The weights of criteria are set to

w = (0.10,0.25,0.35,0.2,0.1). The transformed DM
R = (0jj)5x5 = (4ij»Vij)sxs is given in Table 7.

The original MULTIMOORA method and g-ROF-
MULTIMOORA method are applied to process the trans-
formed g-rung orthopair fuzzy DM in Table 7. Because of the
limited space, the computation processes are omitted here
and the ranking results of different methods are provided in
Table 8.

In Table 8, the ranking results obtained from the g-ROF-
MULTIMOORA method and original method are provided.
Moreover, the ranking results obtained from the three
components of ¢g-ROF-MULTIMOORA and original
method are also given. From Table 8, it can be noted that the
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FIGURE 3: Ranking results of the g-ROF-MULTIMOORA method when the values of y and # vary.
TABLE 6: Ranking results of the g-ROF-MULTIMOORA method when the value of X varies.

Final ranking values of security algorithms Ranking results
N=1 F, =0.130, F, = 0.057, F, = 0.147, F, = 0.313, and F, = 0.032 X4 X5> X, > Xy > X
N=2 F, =0.153, F, = 0.003, F, = 0.150, F, = 0.297, and F, = 0.027 Xy >, > X3 > X5 >,
N =3 F, =0.170, F, = 0.003, F, = 0.154, F, = 0.296, and F; = 0.054 XX, > X3 > X5 >,
N=4 F, =0.172, F, = 0.003, F, = 0.151, F, = 0.291, and F; = 0.063 Xy > Xy X3 X5 > X,
N=5 F, =0.173, F, = 0.003, F, = 0.149, F, = 0.286, and F, = 0.065 XX, > X3 > X5 > X,
N=6 F, =0.173, F, = 0.003, F, = 0.147, F, = 0.285, and F, = 0.067 XX, > X3 > X5 > X,
R=7 F, =0.173, F, = 0.003, F, = 0.145, F, = 0.283, and F; = 0.066 XX, > Xy > X5 >,
N =8 F, =0.174, F, = 0.003, F, = 0.145, F, = 0.283, and F, = 0.066 XX, > X3 > X5 > X,
N=9 F, =0.174, F, = 0.003, F, = 0.144, F, = 0.282, and F, = 0.067 Xy %) > Xy > X5 >,
N =10 F, =0.174, F, = 0.003, F, = 0.142, F, = 0.282, and F, = 0.067 XX, > X3 > X5 > X,

ranking results obtained from the g-ROF-MULTIMOORA
method and original MULTIMOORA method are different.
Moreover, the ranking result obtained from the g-ROF-RS
component of the ¢-ROF-MULTIMOORA method is dif-
ferent from that obtained from the RS component of the
original MULTIMOORA method, so do the ranking results
of other two components in the g-ROF-MULTIMOORA
method and original MULTIMOORA method. The reasons
are analyzed as follows:

(1) In the process of evaluating blockchain platforms,
there are the interrelationships hiding behind the
criteria values. The g-ROF-MULTIMOORA method
has been equipped with the AHM and GHM op-
erators to process the interrelationships, while the

original MULTIMOORA method is unable to pro-
cess the hiding interrelationships.

(2) For the g-rung orthopair fuzzy DM R, there exists
relatively great difference among criteria values. The
q-ROF-MULTIMOORA method is integrated with
the PA operator to alleviate the negative impact of
extreme criteria values on the ranking results, while
the original MULTIMOORA method ignores this
case.

From the above analysis, it can be noted that the g-ROF-
MULTIMOORA method performs better than the original
MUTLIMOORA method because the g-ROF-MULTI-
MOORA method derives more robust and reasonable
ranking results.
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FIGURE 4: Ranking results of the g-ROF-MULTIMOORA method
when the value of X varies.

TasLE 7: The transformed g-rung orthopair fuzzy DM for evalu-
ating blockchain platforms.

S € C3 Cy4 Cs
x,  (0501)  (0501)  (0601)  (0.8,01)  (0.50.3)
x, (01,02) (0202  (0304) (0401  (0.2,02)
X3 (0.3,0.1) (0.2,0.4) (0.5,0.3) (0.5,0.4) (0.3,0.1)
x, (0402) (07,02 (0601  (0.501)  (0.7,0.2)
Xs (0.5,0.4) (0.2,0.1) (0.2,0.4) (0.3,0.5) (0.2,0.4)

TaBLE 8: Ranking results of five blockchain platforms when using
different methods.

Decision method Ranking results

1 RS component [32] X1 >X > X35> X, > X5
2 RP component [32] XXX, > X35> X, > X5
3 FMF component [32] Xy > X1 >X3>Xy> X5
4 The original MULTIMOORA [32] X1 >X,>X3> X, > X5
5 q-ROF-RS component Xy > X1 >X3>X5> Xy
6 q-ROF-RP component Xy > X >X3>Xy> X5
7 q-ROF-FMF component X=Xy > X3> Xy > X5
8 q-ROF-MULTIMOORA Xy > X1 > X3>X) > Xs

7. Conclusions

To solve the security algorithms’ evaluation problem, we
propose an efficient ¢-ROF-MULTIMOORA method in this
paper. Our contributions are listed as follows:

27

(1) We combine the PA operator, Dombi operational
laws, and AHM and GHM operators to design the g-
ROFDPHM, ¢q-ROFWDPHM, ¢-ROFDPGHM, and
q-ROFWDPGHM operators to aggregate g-ROFNs.

(2) The  proposed qg-ROFWDPHM  and g-
ROFWDPGHM operators are applied to modify the
original MULTIMOORA method for proposing a
novel g-ROF-MULTIMOORA method.

(3) A practical case of evaluating five security algorithms
is given to show the decision procedure of the g-
ROF-MULTIMOORA method. The influences of the
parameters on the ranking results are analyzed.

(4) To validate the effectiveness of the proposed q-ROF-
MULTIMOORA method, a new example of evalu-
ating blockchain platforms is given.

The proposed methods also have some limitations:

(1) the g-ROFSs model, the uncertain information uses
only three characteristic functions and does not have
the characteristic function that denotes the degree of
abstinence. This limitation can be removed by in-
troducing the concept of T-spherical fuzzy sets,
which was proposed by Mahmood et al. [57]. It has
been studied by many scholars [58,59].

(2) The weights of attributes are directly given in this
study. It ignores the objective significance. The
method combining the objective weights and sub-
jective weights should be considered in the future.

(3) In the proposed g-ROF-MULTIMOORA method,
the g-ROFDPHM and g-ROFDPGHM operators do
not consider the interaction between the member-
ship degree and the nonmembership degree of g-
ROFSs, which will produce unreasonable aggregated
results.

The proposed g-ROF-MULTIMOORA method has some
potential applications. In the future research plan, we intend to
apply the proposed method into the sustainable supplier se-
lection [60]. According to the third limitation mentioned in the
above paragraph, the idea of interaction operational rules [61]
will be used to improve the proposed method.

Data Availability

The data used to support the findings of this study are in-
cluded within the article.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This research work was supported by the Project of Ex-
ploration and Practice of Network Engineering Major (In-
telligent Internet of Things Direction) University-Enterprise
Collaborative Talent Training Scheme Model Based on New
Engineering and Technical Disciplines.



28

References

(1]

[5

(7]

[9

[10

(11]

[12

(13]

(14]

(15]

L. Zhao, W. Zhao, A. Hawbani et al., “Novel online sequential
learning-based adaptive routing for edge software-defined
vehicular networks,” IEEE Transactions on Wireless Com-
munications, vol. 20, no. 5, pp. 2991-3004, 2021.

M. Lin, C. Huang, Z. Xu, and R. Chen, “Evaluating IoT
platforms using integrated probabilistic linguistic MCDM
method,” IEEE Internet of Things Journal, vol. 7, no. 11,
pp. 11195-11208, 2020.

L. Zhao, Z. Bi, M. Lin, A. Hawbani, J. Shi, and Y. Guan, “An
intelligent fuzzy-based routing scheme for software-defined
vehicular networks,” Computer Networks, vol. 187, Article ID
107837, 2021.

J. Liu, S. Zheng, G. Xu, and M. Lin, “Cross-domain sentiment
aware word embeddings for review sentiment analysis,” In-
ternational Journal of Machine Learning and Cybernetics,
vol. 12, no. 2, pp. 343-354, 2021.

M. Abdel-Basset, Y. Zhou, M. Mohamed, and V. Chang, “A
group decision making framework based on neutrosophic
VIKOR approach for e-government website evaluation,”
Journal of Intelligent and Fuzzy Systems, vol. 34, no. 6,
pp. 4213-4224, 2018.

W. Wang, Z. Huang, and L. Wang, “ISAT: an intelligent web
service selection approach for improving reliability via two-
phase decisions,” Information Sciences, vol. 433-434,
pp. 255-273, 2018.

D. N. S. Ravi Kumar and S. Barani, “Data dissemination
model using epidemic and transmission-segment- based
geographic routing protocol: a new perspective in vehicular ad
hoc networks,” International Journal of Intelligent Computing
and Cybernetics, vol. 14, no. 2, pp. 287-301, 2021.

Y. Pan, M. Lin, Z. Wu, H. Zhang, and Z. Xu, “Caching-aware
garbage collection to improve performance and lifetime for
NAND flash SSDs,” IEEE Transactions on Consumer Elec-
tronics, vol. 67, no. 2, pp. 141-148, 2021.

L. Zhao, H. X. Li, N. Lin, M. W. Lin, C. L. Fan, and J. L. Shi,
“Intelligent content caching strategy in autonomous driving
toward 6G,” IEEE Transactions on Intelligent Transportation
Systems, 2021.

A. Nazir, R. N. Mir, and S. Qureshi, “Exploring compression
and parallelization techniques for distribution of deep neural
networks over Edge-Fog continuum - a review,” International
Journal of Intelligent Computing and Cybernetics, vol. 13,
no. 3, pp. 331-364, 2020.

L. Ning, Y. Ali, H. Ke, S. Nazir, and Z. Huanli, “A hybrid
MCDM approach of selecting lightweight cryptographic ci-
pher based on ISO and NIST lightweight cryptography se-
curity requirements for internet of health things,” IEEE
Access, vol. 8, pp. 220165-220187, 2020.

C. Huang, M. Lin, and Z. Xu, “Pythagorean fuzzy MULTI-
MOORA method based on distance measure and score
function: its application in multicriteria decision making
process,” Knowledge and Information Systems, vol. 62, no. 11,
pp. 4373-4406, 2020.

M. Lin, Z. Xu, Y. Zhai, and Z. Yao, “Multi-attribute group
decision-making under probabilistic uncertain linguistic
environment,” Journal of the Operational Research Society,
vol. 69, no. 2, pp. 157-170, 2018.

L. A. Zadeh, “Fuzzy sets,” Information and Control, vol. 8,
no. 3, pp. 338-353, 1965.

K. T. Atanassov, “Intuitionistic fuzzy sets,” Fuzzy Sets and
Systems, vol. 20, no. 1, pp. 87-96, 1986.

(16]

(17]

[18

(19

(20]

[21

(22]

(23]

(24]

[25

(26]

(27]

(28

(29]

(30]

Mathematical Problems in Engineering

R. R. Yager and A. M. Abbasov, “Pythagorean membership
grades, complex numbers, and decision making,” Interna-
tional Journal of Intelligent Systems, vol. 28, no. 5, pp. 436-
452, 2013.

R. R. Yager, “Generalized orthopair fuzzy sets,” IEEE
Transactions on Fuzzy Systems, vol. 25, no. 5, pp. 1222-1230,
2017.

H. Wang, Y. Ju, and P. Liu, “Multi-attribute group decision-
making methods based on g-rung orthopair fuzzy linguistic
sets,” International Journal of Intelligent Systems, vol. 34,
no. 6, pp. 1129-1157, 2019.

M. Lin, X. Li, and L. Chen, “Linguisticq-rung orthopair fuzzy
sets and their interactional partitioned Heronian mean ag-
gregation operators,” International Journal of Intelligent
Systems, vol. 35, no. 2, pp. 217-249, 2020.

M. W. Lin, J. H. Wei, Z. S. Xu, and R. Q. Chen, “Multiattribute
group decision-making based on linguistic Pythagorean fuzzy
interaction partitioned Bonferroni mean aggregation opera-
tors,” Complexity, vol. 2018, Article ID 9531064, 24 pages,
2018.

Z. Yang, L. Zhang, and T. Li, “Group decision making with
incomplete interval-valued q-rung orthopair fuzzy preference
relations,” International Journal of Intelligent Systems, vol. 36,
no. 12, pp. 7274-7308, 2021.

H. Z. Zhao, “Multiattribute decision-making method with
intuitionistic fuzzy Archimedean Bonferroni means,” Math-
ematical Problems in Engineering, vol. 2021, Article ID
5559270, 24 pages, 2021.

W. Yang and Y. Pang, “New q-rung orthopair fuzzy parti-
tioned Bonferroni mean operators and their application in
multiple attribute decision making,” International Journal of
Intelligent Systems, vol. 34, no. 3, pp. 439-476, 2019.
Z.Yang, M. Lin, Y. Li, W. Zhou, and B. Xu, “Assessment and
selection of smart agriculture solutions using an information
error-based Pythagorean fuzzy cloud algorithm,” Interna-
tional Journal of Intelligent Systems, vol. 36, no. 11,
pp. 6387-6418, 2021.

G. Wei, C. Wei, J. Wang, H. Gao, and Y. Wei, “Some q-rung
orthopair fuzzy maclaurin symmetric mean operators and
their applications to potential evaluation of emerging tech-
nology commercialization,” International Journal of Intelli-
gent Systems, vol. 34, no. 1, pp. 50-81, 2019.

P.D. Liu, S. M. Chen, and P. Wang, “Multiple-attribute group
decision-making based on q-rung orthopair fuzzy power
maclaurin symmetric mean operators,” IEEE Transactions on
Systems, Man, and Cybernetics: Systems, vol. 50, no. 10,
pp. 3741-3756, 2020.

J. Wang, G. Wei, J. Lu et al., “Some q -rung orthopair fuzzy
Hamy mean operators in multiple attribute decision-making
and their application to enterprise resource planning systems
selection,” International Journal of Intelligent Systems, vol. 34,
no. 10, pp. 2429-2458, 2019.

D. Liang, Y. Zhang, and W. Cao, “q -Rung orthopair fuzzy
Choquet integral aggregation and its application in hetero-
geneous multicriteria two-sided matching decision making,”
International Journal of Intelligent Systems, vol. 34, no. 12,
pp. 3275-3301, 2019.

X. Q. Xu, J. L. Xie, N. Yue, and H. H. Wang, “Probabilistic
uncertain linguistic TODIM method based on the generalized
Choquet integral and its application,” International Journal of
Intelligent Computing and Cybernetics, vol. 14, no. 2,
pp. 122-144, 2021.

P. Liu, P. Wang, and W. Pedrycz, “Consistency- and con-
sensus-based  group  decision-making method  with



Mathematical Problems in Engineering

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

(42]

(43]

(44]

[45]

incomplete probabilistic linguistic preference relations,” IEEE
Transactions on Fuzzy Systems, vol. 29, no. 9, pp. 2565-2579,
2021.

P. Wang, P. Liu, and F. Chiclana, “Multi-stage consistency
optimization algorithm for decision making with incomplete
probabilistic linguistic preference relation,” Information Sci-
ences, vol. 556, pp. 361-388, 2021.

W. K. M. Brauers and E. K. Zavadskas, “Project management
by multimoora as an instrument for transition economies/
projekty vadyba su multimoora kaip priemoné pereinamojo
laikotarpio ukiams,” Technological and Economic Develop-
ment of Economy, vol. 16, no. 1, pp. 5-24, 2010.

A. Hafezalkotob, A. Hafezalkotob, and M. K. Sayadi, “Ex-
tension of MULTIMOORA method with interval numbers: an
application in materials selection,” Applied Mathematical
Modelling, vol. 40, no. 2, pp. 1372-1386, 2016.

T. Balezentis, S. Zeng, and A. Balezentis, “Multimoora-IFN: a
MCDM method based on intuitionistic fuzzy number for
performance management,” Economic Computation & Eco-
nomic Cybernetics Studies ¢ Research, vol. 48, no. 4,
pp. 85-102, 2014.

M. Lin, C. Huang, and Z. Xu, “MULTIMOORA based MCDM
model for site selection of car sharing station under picture
fuzzy environment,” Sustainable Cities and Society, vol. 53,
Article ID 101873, 2020.

G. L. Xu, S. P. Wan, X. B. Li, and F. X. Feng, “An integrated
method for multiattribute group decision making with
probabilistic linguistic term sets,” International Journal of
Intelligent Systems, vol. 36, no. 11, pp. 6871-6912, 2021.

B. Farhadinia, S. Effati, and F. Chiclana, “A family of similarity
measures for g-rung orthopair fuzzy sets and their applica-
tions to multiple criteria decision making,” International
Journal of Intelligent Systems, vol. 36, no. 4, pp. 1535-1559,
2021.

R. Verma, “Multiple attribute group decision-making based
on order-a divergence and entropy measures under q-rung
orthopair fuzzy environment,” International Journal of In-
telligent Systems, vol. 35, no. 4, pp. 718-750, 2020.

7. Ayag and F. Samanlioglu, “A hesitant fuzzy linguistic terms
set-based AHP-TOPSIS approach to evaluate ERP software
packages,” International Journal of Intelligent Computing and
Cybernetics, vol. 14, no. 1, pp. 54-77, 2021.

P. Liu and P. Wang, “Some g-rung orthopair fuzzy aggre-
gation operators and their applications to multiple-attribute
decision making,” International Journal of Intelligent Systems,
vol. 33, no. 2, pp. 259-280, 2018.

P. D. Liu, S. M. Chen, and P. Wang, “The g-rung orthopair
fuzzy power maclaurin symmetric mean operators,” in Pro-
ceedings of the 2018 10th International Conference on Ad-
vanced Computational Intelligence, Xiamen, China, March
2018.

R. R. Yager, “The power average operator,” IEEE Transactions
on Systems, Man, and Cybernetics—Part A: Systems and
Humans, vol. 31, no. 6, pp. 724-731, 2001.

J. Dombi, “A general class of fuzzy operators, the DeMorgan
class of fuzzy operators and fuzziness measures induced by
fuzzy operators,” Fuzzy Sets and Systems, vol. 8, no. 2,
pp. 149-163, 1982.

C.Jana, G. Muhiuddin, and M. Pal, “Some Dombi aggregation
of Q -rung orthopair fuzzy numbers in multiple-attribute
decision making,” International Journal of Intelligent Systems,
vol. 34, no. 12, pp. 3220-3240, 2019.

M. Qiyas, S. Abdullah, and M. Naeem, “Spherical uncertain
linguistic Hamacher aggregation operators and their

[46

[47

[48

[49

[50

(51

(52

(53

(54

[55

[56

(57

[58

(59

J

]

J

]

]

29

application on achieving consistent opinion fusion in group
decision making,” International Journal of Intelligent Com-
puting and Cybernetics, vol. 14, no. 4, pp. 550-579, 2021.
M. Lin, W. Xu, Z. Lin, and R. Chen, “Determine OWA op-
erator weights using kernel density estimation,” Economic
Research-Ekonomska  IstraZivanja, vol. 33, no. 1,
pp. 1441-1464, 2020.

M. W. Lin, X. M. Li, R. Q. Chen, H. Fujita, and J. Lin, “Picture
fuzzy interactional partitioned Heronian mean aggregation
operators: an application to MADM process,” Artificial In-
telligence Review, 2021.

S. Zeng, Y. Hu, and X. Xie, “Q-rung orthopair fuzzy weighted
induced logarithmic distance measures and their application
in multiple attribute decision making,” Engineering Appli-
cations of Artificial Intelligence, vol. 100, Article ID 104167,
2021.

P. Liu, Z. Liu, and X. Zhang, “Some intuitionistic uncertain
linguistic Heronian mean operators and their application to
group decision making,” Applied Mathematics and Compu-
tation, vol. 230, no. 230, pp. 570-586, 2014.

P. Liu, J. Liu, and J. M. Merigd, “Partitioned Heronian means
based on linguistic intuitionistic fuzzy numbers for dealing
with multi-attribute group decision making,” Applied Soft
Computing, vol. 62, pp. 395-422, 2018.

N. Jan, M. Aslam, K. Ullah, T. Mahmood, and J. Wang, “An
approach towards decision making and shortest path prob-
lems using the concepts of interval-valued Pythagorean fuzzy
information,” International Journal of Intelligent Systems,
vol. 34, no. 10, pp. 2403-2428, 2019.

H. Li, L. Ly, F. Li, L. Wang, and Q. Xia, “A novel approach to
emergency risk assessment using FMEA with extended
MULTIMOORA method under interval-valued Pythagorean
fuzzy environment,” International Journal of Intelligent
Computing and Cybernetics, vol. 13, no. 1, pp. 41-65, 2020.
C. Zhang, Q. Hu, S. Zeng, and W. Su, “IOWLAD-based
MCDM model for the site assessment of a household waste
processing plant under a Pythagorean fuzzy environment,”
Environmental Impact Assessment Review, vol. 89, Article ID
106579, 2021.

M. Afzaal, M. Usman, and A. Fong, “Tourism mobile app with
aspect-based sentiment classification framework for tourist
reviews,” IEEE Transactions on Consumer Electronics, vol. 65,
no. 2, pp. 233-242, 2019.

K. Bai, X. Zhu, J. Wang, and R. Zhang, “Power partitioned
Heronian mean operators for q -rung orthopair uncertain
linguistic sets with their application to multiattribute group
decision making,” International Journal of Intelligent Systems,
vol. 35, no. 1, pp. 3-37, 2020.

W. K. M. Brauers and E. K. Zavadskas, “Multimoora opti-
mization used to decide on a bank loan to buy property,”
Technological and Economic Development of Economy, vol. 17,
no. 1, pp. 174-188, 2011.

T. Mahmood, K. Ullah, Q. Khan, and N. Jan, “An approach
toward decision-making and medical diagnosis problems
using the concept of spherical fuzzy sets,” Neural Computing
& Applications, vol. 31, no. 11, pp. 7041-7053, 2019.

L. Zedam, N. Jan, E. Rak, T. Mahmood, and K. Ullah, “An
approach towards decision-making and shortest path prob-
lems based on T-spherical fuzzy information,” International
Journal of Fuzzy Systems, vol. 22, no. 5, pp. 1521-1534, 2020.
K. Ullah, H. Garg, T. Mahmood, N. Jan, and Z. Ali, “Cor-
relation coefficients for T-spherical fuzzy sets and their ap-
plications in clustering and multi-attribute decision making,”
Soft Computing, vol. 24, no. 3, pp. 1647-1659, 2020.



30

[60]

(61]

Z. Ayag, “A comparison study of fuzzy-based multiple-criteria
decision-making methods to evaluating green concept al-
ternatives in a new product development environment,” In-
ternational Journal of Intelligent Computing and Cybernetics,
vol. 14, no. 3, pp. 412-438, 2021.

L. Wang and H. Garg, “Algorithm for multiple attribute
decision-making with interactive Archimedean norm oper-
ations under Pythagorean fuzzy uncertainty,” International
Journal of Computational Intelligence Systems, vol. 14, no. 1,
pp. 503-527, 2021.

Mathematical Problems in Engineering



Hindawi

Mathematical Problems in Engineering
Volume 2022, Article ID 6196251, 11 pages
https://doi.org/10.1155/2022/6196251

Research Article

@ Hindawi

Generalized Estimation for Two-Parameter Life Time
Distributions Based on Fuzzy Life Times

Syed Habib Shah,! Muhammad Shafiq ,! and Qamruz Zaman®

Institute of Numerical Sciences, Kohat University of Science & Technology, Kohat, KP, Pakistan
Department of Statistics, University of Peshawar, Peshawar, KP, Pakistan

Correspondence should be addressed to Muhammad Shafig; shafig@kust.edu.pk

Received 2 November 2021; Revised 9 January 2022; Accepted 22 February 2022; Published 26 May 2022

Academic Editor: Mingwei Lin

Copyright © 2022 Syed Habib Shah et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Ongoing developments of the measurement sciences say that measurements based on continuous phenomena are no more precise
observations but more or less fuzzy. Therefore, it is necessary to utilize this imprecision of observations to obtain such estimators,
which are based on all the available information that is given in the form of randomness and fuzziness. Objective of this research
was to get such parameter estimation procedure that utilizes all the available information for some well-known two-parameter life
time distributions. Therefore, the estimators need to be generalized in such a way to cover both uncertainties. For this purpose,
based on §-cuts of the life time observations, the generalized estimators are developed in such manner to cover stochastic variation
in addition to fuzziness. The proposed generalized estimators are much preferred over classical estimators for life time analysis as
these are based on all the available information present in the form of fuzziness of single observations and random variation

among the observations to make suitable inferences.

1. Introduction

Statistics is the science to make inference about the pop-
ulation from the obtained data. The obtained data are usually
presented in the form of numbers, vectors, or functions,
generally containing precise measurements of some phe-
nomena. Countless techniques (stochastic models) are
available to model or to draw inference from these obtained
measurements.

Survival analysis or reliability analysis can generally be
defined as the collection of techniques for analyzing so-
called life time data.

In broad sense, one can say life time is “the time to the
occurrence of a specified event.”

Life time is also called survival time, event time, or failure
time and is usually measured in hours, days, weeks, months,
or years.

The prominence of survival analysis is to predict the
probability of response, average survival time, identifying
the important investigative factors associated to the life time

of units, and to compare the survival distributions. Models
used for survival times are usually termed as “time to event
models” [1].

The analysis techniques of life time data can be traced
back centuries, but the rapid development started about few
decades ago, especially World War II stimulated interest in
the reliability of military equipment [2].

Nowadays, life time analysis is used in almost every of
field of life like biomedical sciences, industrial reliability,
social sciences, and business. In the time to event modeling,
the event of interest may be failure, death, recovery time, or
change of address, in engineering, medical and social sci-
ences, etc. Therefore, there are a number of reasons to say
that specialized methods are required to model life time data
in the best possible way [1].

Exponential, Weibull, log-logistic, and Birnbaum-Sa-
unders distributions are considered in most applied dis-
tributions in life time analyses.

Exponential distribution has a vital role in life time
analysis analogous to normal distribution in other fields. It is
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purely based on random failure pattern because of its
“memoryless property.” A two-parameter function is a more
generalized form with probability density function of ex-
ponential distribution:

y Aet079 >0,
1(2)- m
’ 1, y <.

For n precise life time observations (y,, ¥, - . .» ¥,,) their
classical parameter estimates, i.e., maximum likelihood es-
timates, are given as

flny =

n-1 n
1) o ] e
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O =min(y, ¥ao- - s Vo) (2)
and
=~ n
/\ = ﬁ 3
Zizl(yi - 9) (3

For details, see [1].

For the nonconstant hazard rate, Weibull distribution is
among the top most distributions for the life time analysis.
Its density is defined by

(4)

7: scale parameter (also called characteristic life time), : shape parameter.

According to [3], let CV denote the coeflicient of var-
iation for the data defined as the ratio of standard deviation
and mean, i.e., o/7.

For the parameter estimation of Weibull distribution,
the moment method estimators are defined as

VL (L +2/7) -T2 (1+ 1/7)
- T(1+1/7)

(5)

Solve the above equation for the value of 7 to get an

estimate.
(Y (6)
4 _<1"(1 n l/ﬁ))

)=

The log-logistic distribution is the extension of logistic
distribution, for which it has been observed that it can be
decreasing, right-skewed, or unimodal. Because of its flex-
ibility in shapes, it is very useful to fit data from many
different fields, including engineering, economics, hydrol-
ogy, and survival analysis.

Its pdf is defined as

B-1
(Ba) (ya) . >0 )
[1 + (yoc)/;]

For the parameter estimation, maximum likelihood
estimators are obtained through the following equations:

fleB) =

B—nlog(oc)+Zlog ¥i) - 22( ) ()‘:)[ +<%)5]_1=O,

For details, see [4].

fluy)

(8)

225 L (2] o

Birnbaum-Saunders life time distribution was first

proposed in [5], for fatigue failures caused under cyclic
loading, having the density function given below:

| O QP el (0 2)
= - +| — €X' Y _+__2 > > A >0 (9)
2\2mpy (y y P22\ Ty e
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For n precise life time observations (y,, y5, ..., y,), the
corresponding modified moment estimators are obtained as
follows.

Let A and H be arithmetic mean and harmonic mean of
the life times, respectively:

_ Z?:l)ﬁ' _ n
A= = andH = 72?:1 Uy (10)
Then,
12 12
e
y=(A-H)" (12)

For the proof, see [6].
For a life time random variable, Gamma distribution is
defined by the density

-y
fylg,») = ﬁy"’le ¢ with ¢ >0, »>0. (13)

Let ¥ and s* be mean and variance of the data

V1> Vo - - -» Yy Tespectively; then, the moment estimators of
the parameters are defined as
72
V=2 (14)
s
~ 52
¢== (15)
y

For the proof, see [7].

The emergence of technological advancement aug-
ments the increase in life time of units. Therefore, the
researchers with only few observations draw inference
about the aggregate of units. Hence, it is pertinent to
utilize all the available information in the best possible
manner.

According to [8], in the modern science of measure-
ments, it is not possible to get exact measurement of a
continuous real variable, and stochastic models are used to
model variation among the precise observations.

In addition to that, in practical situations, especially
dealing with continuous variables, the measurements have
two kinds of uncertainties, the first is variation among the
observations and second is imprecision of single observa-
tions, called fuzziness [9].

Realizing the importance of fuzziness in the life time
observations, some work has been done like ([10-18]);
[19, 20]. Yet, most of the times, the information available in
the form of fuzziness is ignored in the publications, which
may cause misleading results.

Therefore, the very up-to-date fuzzy number approaches
are more realistic and suitable for the inferences of life time
observations [21].

In this research work, some the generalized estimators
for well-known distributions are presented to accommodate
fuzziness along with random variation.

2. Preliminary Concepts of Fuzzy Set Theory

2.1. Fuzzy Number. Let y* denote a fuzzy number and is a
special subsets of R; it is determined by a real-valued
function, so-called characterizing function (CF) x(-), with
conditions:

1) 0<y<1
(2) Support of j40) is bounded:
suppx ()] = [y € R: x(y) >0]c[R,, R, ] with
-00<R, <Ry <o00.
(3) The so-called é -cut, ie.,

Vo € (0,1], is a finite
intervals, i.e.,

Co(y*) ={y eR: x(y) 26}

union of nonempty compact
Cs(y) = U1y, 5 70 # 9.

In case of fuzzy number for which all the J§-cuts are
closed bounded intervals, is called a fuzzy interval.

2.2. Lemma. According to [9], for a set ACR, where 1,(-) is
denoting the indicator function for set A, then to obtain the
characterizing function for a generating fuzzy number, the
given lemma holds:

X(y):max{ﬁ-lcé(y*)(y):6e[0,1]} VyeR.  (16)

2.3. Nested Interval. LetIg; 6 € (0, 1] be a family of intervals,
called nested if I; €I for all &, >9,.

2.4.Remark. 1f (Ag; 0 € (0, 1]) is denoting a nested family of
finite unions of compact intervals, it is not necessary that all
nested families are the §-cuts of a fuzzy number. Then, the
characterizing function of the generated fuzzy number is
obtained by the given lemma.

2.5.  Construction Lemma. According to [22], let
As = U?ﬂ [zaj,%,j] Vé € (0,1] be a nested family; then,
the characterizing function (CF) of the generated fuzzy
number is obtained by y(y) = sup{(?- 1y, (): de (0,11}
Vy e R.

2.6. Extension Principle. Consider an arbitrary function 7
N — R, where N and R are two spaces.

Let m* be a fuzzy element of R, with corresponding
membership function y: X — [0, 1]; then, the fuzzy value
y* = (m*) is defined to be the corresponding fuzzy ele-
ment in R for which the membership function ¥(-) is
defined by



sup{y (m): m e R, % (w) =
0if Am: H (m) =

For details, see [23].

2.7. Minimum and Maximum of Fuzzy Numbers. 1f there are
n fuzzy intervals, ie., yi,¥5,...,¥; with corresponding
characterizing functions y; (1), x, (), - .., x,, (-), respectively,
then its d-cuts are denoted as
Cs(yi) = [y 5))’15]V5 € (0,1]andi=1(1)n. 'Then, the
minimum y, ;.. of the fuzzy numbers is fuzzy interval, with
0-cuts Cs (¥ i+ )- These are defined by

Cs (Vmin) = [min{zw}, min{ym}] V& e (0,1].  (18)

Furthermore, the maximum y, .. of the fuzzy numbers
is fuzzy interval, with §-cuts Cg(y.c-) defined by

Cs (Vmax:) = [max{zm}, max{?i’(g}] Vo e (0,1].  (19)

Figure 1 shows CF of minimum and maximum fuzzy
observations from the above sample of fuzzy observations
mentioned in Figure 2.

3. Generalized Estimation for Fuzzy Data

In Figure 3, the frame diagram explains the steps for
obtaining the generalized estimators for the two-parameter
life time distributions given below.

3.1. Exponential Distribution. Let (y},y3,...
resent fuzzy life time intervals having §-cuts:

, Yi)1/2 rep-

Cs(y!) = [La’?w]’ i=1,2,....m Vo€ (0,1 (20)

y}Hf Im: H (m) =y
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} VyeR. (17)

where y,s =inf{y e R: y ()28} and
¥is = sup{y € R: x'(y) > 8} are lower and upper ends of the
corresponding J-cuts.

Based on fuzzy life times, the fuzzy (generalized) esti-
mators of the two-parameter exponential distribution are
denoted by 6 and A

Based on lower and upper ends of the §-cuts of fuzzy life
times, the estimator presented in (2) can be generalized in
the following way:

0" = min(y’, y5,...,y). (21)

For the fuzzy parameter estimator g, 05 and 0y are
denoting lower and upper ends of the corresponding gen-
erating family of intervals, and these are obtained in the
following way:

6 = min|y,pi=1(0n], voe 1, (22

and

65 =min[y,5i=1(1)n], Vo€ (0,1]. (23)

Let (A; (5*) = [05,05]V8 € (0,1]) be the generating
family of intervals; using construction lemma, the CF of the
fuzzy estimate 0 is obtained.

Example 1. Let us consider 12 fuzzy life time observations
for  two-parameter exponential distribution, i.e,
(}”f) y;’ ... >)/T2) = ( [1: 2) 3> 4]’ [4) 5) 6) 7]’ [8) 9’ 10) 11])

[11,12,13,14], [12,13, 14, 15],

(24)

[14,15,16,17], [17,18,19,20], [19, 20, 21, 22], [21, 22, 23, 24].

[23,24,25,26], [24, 25, 26,27], [26,27,28,29] whose char-

acterizing functions are given in Figure 4.

Based on the given fuzzy life time observations, the CF of
the fuzzy parameter estimate obtained through (22) and (23)
is depicted in Figure 5.

This parameter estimate is more suitable for realistic life
time observations, as it covers both types of uncertainties.

In the same way, the fuzzy (generalized) estimator for the
parameter A is denoted by A* having lower and upper ends A;
and A; of the d-cuts, respectively, where

A(;: e

As=——7—— V6€(0,1],
Y (Fis — 65) (25)

and

= n

Aazm Vvé € (0,1].

Let (A; (X*) = [AsA5]V8 € (0,1]) be the desired gen-
erating family of intervals; using construction lemma, the CF
of the generated fuzzy estimate 1" is obtained.

In Figure 6, CF of the fuzzy estimate is obtained through
(25) and (26) based on all the available information which is
given in the form of fuzziness and stochastic variation; these
make it more suitable in real-life applications.

(26)

3.2. Weibull Distribution. Based on (5), the fuzzy (gener-
alized) estimates of the Weibull shape parameter can be
obtained in the following way:
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FIGUre 6: CF of the fuzzy estimator 1

Similarly, based on (6), fuzzy (generalized) estimates of
the Weibull scale parameter can be obtained in the following
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Example 2. Consider fuzzy life times
(5 a5 y0) = 0,1,2,3), [1,2,3, 4], [3,4,5,6],
[5,6,7,8],(7,8,9,10],

[9,9.5,10.5,11], [10,10.5,11.5,12], [11,11.5,12.5,13]  for
the Weibull distribution with characterizing functions in
Figure 7.

Using (27) and (28), let (A; (") = [;15 751 Vd e (0,1])
be the desired generating family of 1ntervals, using the
construction lemma, CF of the fuzzy estimate 7" is obtained
as shown in Figure 8.

Let (As(T") = [1575] V&€ (0,1]) be the desired
generating family of intervals through which the CF of the
fuzzy estimate 7* mentioned in Figure 9 is obtained by using
the construction lemma.

The above CF of the fuzzy estimate obtained through

way: (29) and (30) is based on all the available information which
i is given in the form of fuzziness and stochastic variation;
Vs 7ls (29)  these kinds of additional information make it more suitable
L5 = F(I + 17 5) in real-life applications.
and
3.3. Log-Logistic Distribution. For the log-logistic distribu-
B Ai tion, the corresponding fuzzy estimators are denoted by a*
= = Vs s (30) and /3 Denoting (y = ¥, ¥5,- .., ¥,), the corresponding
o F(l +1/7 8) lower and upper ends of the generating family can be ob-
tained through the following equations:
n -1 A
2250
a o« s a
n n
ay== min - —~—nlog(a)+ ) log(y;) L Vo e (0,1], (31)
Y Cs (1) B i=1
n -1
x)“ (%) (%)ﬂ
2 Y () log(Z)| 1 +(& =0
;((x 8 a * a
and
28 & Na
25 (%) [H(&) ] _o,
a a5\ o
®s:=  max - B n log(a) + Y log(y;) L V8 e (0,1]. (32)
yexiCs () B i=1
yiYe, (i yiVf
22 (2 o)1+ (5) | -0
=

Also,
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2B () [1 (%) ] o,
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e G () B i=1
n -1
yi)f’ <yl-> (%)’3 _
-2 =) logl=])|1+(= =0
L ; < (41 8 (41 (41 J
and
i 28 & /yn\P N
IS (Y] -o
a o H\a o
_ n 1
Bs=  max - ——nlog(a) + Zlog(yi) - Vde (0,1]. (34)
yexit,Cs () ﬁ i=1
-1
yz)ﬁ (yi) (y,)ﬁ
-2 log( = )] 1 =0
;(a 8 o "




Let (A;(@") = [a50,] Vo€ (0,1]) and (A;(B)=
B 8,35] V6 € (0,1]) be the desired generating families of
intervals of the fuzzy parameter estimators through which
the CF of the fuzzy estimates &@* and 8 is obtained using the
construction lemma.

Example 3. Consider  fuzzy life  times  (y7,
Vi i) = [1,2,3,4], [4,5,6,7], [6,7,8,9], [8,9,10,11],
[13,14,15,16], [17,18,19,20] for the log-logistic distribu-
tion with characterizing functions in Figure 10.

From the above fuzzy life time observations using (31)
and (32), the CF of the fuzzy parameter estimate is depicted
in Figure 11.

This estimate is based on both uncertainties, i.e., fuzz-
iness and random variation, which make it more repre-
sentative for the corresponding parameter.

From the above fuzzy life time observations shown in
Figure 9, using (33) and (34), the CF of the fuzzy parameter
estimate 8 is depicted in Figure 12.

The above CF is the fuzzy estimate of the parameter 3,
which incorporates all the available information in the in-
ference. The above CF for the fuzzy parameter estimates is
based on fuzzy life time observations which holds both
uncertainties, i.e., stochastic variation and fuzziness of the
single observations, which make these more suitable in the
real-life applications.

3.4. Birnbaum-Saunders Distribution. For fuzzy life times
(y1>¥55--->yn), the fuzzy parameter estimators of the
Birnbaum-Saunders distribution are denoted by " and 9,
having 8-cuts:

Co(B") = [up 5] ¥0 € (0,1], (35)
and
Cs(7") =[yp7s] Vo€ (0.1]. (36)

Let A* and H* be fuzzy arithmetic mean and fuzzy
harmonic mean, respectively, and their §-cuts are denoted as

Ca(;{*) = I:Aa,z(;] V6 € (0, 1], (37)
and
Cs(H") =[Hys Hyl, Vo€ (0,1]. (38)

Using (10), the corresponding lower and upper ends of
the d-cuts of A are obtained in the following way:

Yy, _ "o
A(S _ =148 and Aé‘ — Zl—l yt,é‘,
n n

Vo € (0,1]. (39)

Example 4. Based on fuzzy life times presented in Figure 1,
characterizing functions of the fuzzy estimates of the Birn-
baum-Saunders distribution are given in Figures 13 and 14.

Figure 15 shows the CF of the fuzzy estimate of the
arithmetic mean based on fuzzy life times. Similarly, using
(10), the corresponding lower and upper ends of the §-cuts
of H" are obtained in the following way:
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andHtg = vé € (0,1]. (40)

n
Y Uyis

Figure 16 shows the CF of the fuzzy estimate of the
harmonic mean based on fuzzy life times. Using (11), lower

and upper ends of the corresponding fuzzy parameter es-
timators 1" are obtained in the following way:

r Aa 12 17 12
ﬁ5= 2 ﬁ@ -1 , \7’86(0,1], (41)

_ A\ 1
m=12\ 7. ) ! , Vée (0,1]. (42)
L 3 ]

Denoting by (As(p*) = [/"5’/76] V8 € (0,1]) the de-
sired generating family of intervals of the fuzzy parameter
estimator and using the construction lemma, the CF of the
fuzzy estimator " is obtained.

In Figure 13, the CF of the fuzzy estimate based on fuzzy
life times is depicted. Using (12), lower and upper ends of the

n
Hi=——
EEY) Zn l/y

i=l1 2255

and
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corresponding fuzzy parameter estimator * are obtained in
the following way:
vs = (As - Hy)'? and, = (A, - Hy)?, Ve (0,1].  (43)

Denoting by (As(¥*) = [ys,y(;] Vvé € (0,1]) the de-
sired generating family of intervals of the fuzzy parameter
estimator and using the construction lemma, the CF of the
fuzzy estimator g* is obtained.

Figure 14 shows the CF of the fuzzy estimator of the
parameter p, which utilized all the available information in
the form of fuzziness and random variation.

The fuzzy estimation of the parameter indicates that
the value of y is about 9.7 to 15.2 in the sence of the
function in Figure 13. It means that it is completely
possible that y is 9.7 or 15.2. In addition, it is not possible
that y is less than 11.7 or greater than 14.11, with pos-
sibility degree of 0.8.

3.5. Gamma Distribution. Let (y},y5,...
fuzzy life time intervals having &-cuts:

,y,) represent

i=1(1)n, Vo € (0,1]. (44)

Cs(yi) = [Zi,5’7i,s ,

Then, the corresponding lower and upper ends of the
generating family of the mean can be obtained through the

following equations:
Y Yis _ Yis1 Vio
n

and, = =L vse (0,1 (45)

V5=
Denoting (¥ = ¥, ¥5,-.-»¥y,), then the corresponding
lower and upper ends of the generating family of the var-

iance can be obtained through the following equations:

2 . 2
S5 = min s Vvé e (0,1],
5 i (y;){ } (46)
and
E(ZS = max {Sz } Vo € (0, 1] (47)

2 Cs (07)
The fuzzy parameter estimators of the gamma distri-

bution are denoted by 7* and </> having &-cuts:
Co(v) =[], Vo€ (0,1], (48)

and

Co(#) = [¢590):

Using lower and upper ends of the generating family of
the fuzzy estimates of mean and variance and (14), lower and
upper ends of the corresponding fuzzy parameter estimators
7" are obtained in the following way:

vé € (0,1]. (49)

Vs = %—j and¥; =22, v e (0,1]. (50)

Ss Ss
In the same way, using lower and upper ends of the
generating family of the fuzzy estimates of mean and

4
FiGure 13: CF of the fuzzy estimator j*.

0 5 10 15
Y

FiGure 14: CF of the fuzzy estimator p*.

0.8
< 06
=
0.4
02

A

FiGURE 15: CF of the fuzzy estimator A"

variance and (15), lower and upper ends of the corre-
sponding fuzzy parameter estimators ¢ are obtained in the
following way:

5 nd3. = 5
¢5 == and¢6 ==
Vs Ay

Vvé e (0,1]. (51)

Example 5. Characterizing functions of fuzzy life times
(y1,¥5>...,y;) for the gamma distribution are given in
Figure 17.

From (50), denoting by (As(¥*) = [vs, ¢s] V& € (0,1])
the desired generating family of intervals of the fuzzy parameter
estimator and using the construction lemma, the CF of the
fuzzy estimator 7" is obtained and depicted in Figure 18.

From (51), denoting by (As(¢)= ($5 $s]

Vé € (0,1]) the desired generating family of intervals of
the fuzzy parameter estimator and using the construction
lemma, the CF of the fuzzy estimator ¢ is obtained.

The fuzzy estimation of the parameter indicates that the
value of ¢ is about 1.6 to 2.7 in the sence of the function in



10

x (H)

0 5 10 15 20
H

Fi1GURE 16: CF of the fuzzy estimator H'.

y [time]

FiGUure 17: CF of the fuzzy life times.

x ()

v

Figure 18: CF of the fuzzy estimator 7*.

x (@)

FiGure 19: CF of the fuzzy estimator ¢ .

Figure 19. It means that it is completely possible that ¢ is 1.6
or 2.7. In addition, it is not possible that ¢ is less than 1.9 or
greater than 2.3, with possibility degree of 0.8.

4. Conclusion

According to recent developments of the measurement
sciences, it is very easy to say that measurements based on
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continuous phenomena are no more precise observations
but more or less fuzzy.

Life time is a continuous phenomenon, and in the de-
velopment of life time distributions, it has been noted that
life time observations are recorded as precise numbers. But
as discussed, in real-life applications, life times are no more
precise observations but fuzzy numbers.

In order to get more suitable and realistic results, this
imprecision needs to be addressed; therefore, in this study,
generalized estimators are proposed so that fuzziness of life
time observations is integrated in the inference.

Since the proposed estimators utilize all the available
information, i.e., fuzziness as well as random variation of the
life time observations to cover all the available information.
The proposed estimators are based on random variation like
other classical approaches, but in addition to that, these
estimators also utilize the fuzziness of the observations. This
integration of fuzziness in the estimates make it more re-
alistic in real-life applications. The characterizing functions
for the generalized estimators are obtained and explained to
cover both the uncertainties. On the other hand, the classical
approaches are only based on random variations and have
nothing to do with other kinds of variation.

Therefore, the results based on the proposed estimators
are more suitable and realistic to real-life applications.

5. Limitation and Future Work of the Study

The study is limited to the complete observations, and this
can be extended to the censored observation; in addition to
that, this can be further extended to Pythagorean fuzzy
uncertainty mentioned in [24].
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The spherical fuzzy soft set is a generalized soft set model, which is more realistic, practical, and accurate. It is an extended version
of existing fuzzy soft set models that can be used to describe imprecise data in real-world scenarios. The paper seeks to introduce
the new concept of spherical fuzzy soft topology defined on spherical fuzzy soft sets. In this work, we define some basic concepts
including spherical fuzzy soft basis, spherical fuzzy soft subspace, spherical fuzzy soft interior, spherical fuzzy soft closure, and
spherical fuzzy soft boundary. The properties of these defined set are also discussed and explained with an appropriate examples.
Also, we establish certain important results and introduce spherical fuzzy soft separation axioms, spherical fuzzy soft regular
space, and spherical fuzzy soft normal space. Furthermore, as an application, a group decision-making algorithm is presented
based on the TOPSIS (Technique of Order Preference by Similarity to an Ideal Solution) method for solving the decision-making
problems. The applicability of the proposed method is demonstrated through a numerical example. The comprehensive ad-

vantages of the proposed work have been stated over the existing methods.

1. Introduction

The human life with all of its complexities, is currently in
flux due to the exponential growth of innovation and
changing technologies that constantly redefine, reshape,
and redesign the way the world is perceived and experi-
enced, and the tools once used to solve problems become
obsolete and inappropriate. This is no exception to any
discipline of knowledge. Thus, The strategies commonly
adopted in classical mathematics are not effective all the
time due to the uncertainty and ambiguity it entails.
Techniques such as fuzzy set theory [1], vague set theory
[2], and interval mathematics [3] are viewed as mathe-
matical models for coping with uncertainty and variability.
However, these theories suffer from their own shortcom-
ings and inadequacies to deal with the task at hand more
objectively. Zadeh’s fuzzy set theory was extensively used in
the beginning for many applications. Fuzzy sets are thought
to be an extended version of classical sets, where each

element has a membership grade. The definition of
intuitionistic fuzzy sets was developed by Atanassov [4] to
circumvent some limitations of fuzzy sets. Many other
fuzzy set extensions have been proposed, including in-
terval-valued intuitionistic fuzzy sets [5], Pythagorean
fuzzy sets [6], picture fuzzy sets [7], and so on. These sets
were effectively applied in several areas of science and
engineering, economics, medical science, and environ-
mental science. Recently, as a generalization of fuzzy set,
intuitionistic fuzzy set, and picture fuzzy set, certain au-
thors have developed the concept of spherical fuzzy sets [8]
and T-spherical fuzzy sets [9] to enlarge the picture fuzzy
sets as it has their restrictions. To address decision-making
problems, Ashraf et al. [10] proposed the spherical fuzzy
aggregation operators. Akram et al. [11] introduced the
complex spherical fuzzy model that excels at expressing
ambiguous information in two dimensions. The applica-
tions of these sets to solve decision-making problems are
prevalent in a variety of fields [12-17].
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In 1999, Molodtsov [18] proposed a new type of set,
called soft set, to deal with uncertainty and vagueness. The
challenge of determining the membership function in
fuzzy set theory does not occur in soft set theory, making
the theory applicable to multiple fields of game theory,
operations research, Riemann integration, etc. Later, Maji
et al. [19] studied more on soft sets and used Pawlak’s
rough mathematics [20] to propose a decision-making
problem as an application of soft sets. Also, Maji et al. [21]
developed a hybrid structure of soft sets and fuzzy sets,
known as fuzzy soft sets, which is a more powerful
mathematical model for handling different kinds of real-
life situations. Many researchers were interested in this
concept and various fuzzy set generalizations such as
generalized fuzzy soft sets [22], group generalized fuzzy
soft sets [23], intuitionistic fuzzy soft sets [24], Pythag-
orean fuzzy soft sets [25], interval-valued picture fuzzy
soft sets [26] were put forward. In the recent times,
Perveen et al. [27] created a spherical fuzzy soft set (SESS),
which is a more advanced form of fuzzy soft set. This newly
evolved set is arguably the more realistic, practical and
accurate. SFSSs are a new variation of the picture fuzzy soft
set that was developed by merging soft sets and spherical
fuzzy sets, where the membership degrees satisfy the
condition 0 < ¢ ) (6) + 113 () (6) + 9§(®) (¢) <1 rather than
0<tx(a) () + Mx@) (6) + Ix(@) () <1 as in picture fuzzy
soft sets. SFSS has more capability in modeling vagueness
and uncertainty while dealing with decision-making
problems that occur in real-life circumstances. The au-
thors [28] also developed similarity measures of SFSS and
applied the proposed spherical fuzzy soft similarity
measure in the field of medical science.

These theories have applications in topology and many
other fields of mathematics. Chang [29] suggested the
concept of a fuzzy topological space in 1968. He extended
many basic concepts like continuity, compactness, open
set, and closed set in general topology to the fuzzy to-
pological spaces. Again, Lowen [30] conducted an elab-
orated study of the structure of fuzzy topological spaces.
Coker [31] invented the idea of an intuitionistic fuzzy
topological space in 1995. Many other results including
continuity, compactness, and connectedness of intui-
tionistic fuzzy topological spaces were proposed by Coker
etal. [32, 33]. The notion of Pythagorean fuzzy topological
space was presented by Olgun et al. [34]. Kiruthika and
Thangavelu [35] discussed the link between topology and
soft topology. Recently, by using elementary operations
over a universal set with a set of parameters, Taskopru and
Altintas [36] established the elementary soft topology.
Tanay and Kandemir [37] defined the idea of fuzzy soft
topology. They also introduced fuzzy soft neighbourhood,
tuzzy soft basis, fuzzy soft interior, and fuzzy soft subspace
topology. Several related works on fuzzy soft topology can
be seen in [38-40]. Osmanoglu and Tokat [41] proposed
the subspace, compactness, connectedness, and separa-
tion axioms of intuitionistic fuzzy soft topological spaces.
Also, intuitionistic fuzzy soft topological spaces were
examined by Bayramov and Gunduz [42]. They studied
intuitionistic fuzzy soft continuous mapping and related
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properties. Riaz et al. [43] proposed the concept of Py-
thagorean fuzzy soft topology defined on Pythagorean
fuzzy soft sets, and provided an application of Pythago-
rean fuzzy soft topology in medical diagnosis by making
use of TOPSIS method.

Hwang and Yoon [44] developed Technique for order
of Preference by Similarity to ideal solution (TOPSIS) as
a multi-criteria decision analysis and further studied by
Chen et al. [45, 46]. Boran et al. [47] invented the TOPSIS
approach based on intuitionistic fuzzy sets for multi-
criteria decision-making problems. Chen et al. [48]
developed a proportional interval T2 hesitant fuzzy
TOPSIS approach based on the Hamacher aggregation
operators and the andness optimization models. Further,
the fuzzy soft TOPSIS method presented briefly as a
multi-criteria decision-making technique by Selim and
Karaaslan [49]. They proposed a group decision-making
process in a fuzzy soft environment based on the TOPSIS
method. Also, many researchers in [50-54] have looked
at the TOPSIS approach for solving decision-making
problems under the different fuzzy environment.

Topological structures on fuzzy soft sets have ap-
plication in several areas including medical diagnosis,
decision-making, pattern recognition, and image pro-
cessing. Since SFSS is one of the most generalized ver-
sions of the fuzzy soft set, introducing topology on SFSS
is highly essential in both theoretical and practical
scenarios. There are some basic operations of SFSSs in
the literature, more functional operations of SFSSs are
derived day by day. The development of topology on
SFSSs can be considered as an important contribution to
fill the gap in the literature on the theory of SFSS. The aim
of this paper is to introduce the notion of spherical fuzzy
soft topology (SFS-topology) on SESS, and to discuss
some basic concepts such as SES-subspace, SFS-point,
SFS-nbd, SFS-basis, SFS-interior, SFS-closure, SFS-
boundary, SFS-exterior and SFS-separation axioms.
Also, through this paper, we use the SFS-topology in
group decision-making method based on TOPSIS under
spherical fuzzy soft environment.

The rest of the paper is ordered as follows. In Section 2,
some fundamental concepts of fuzzy sets, spherical fuzzy
sets, soft sets, fuzzy soft sets, and spherical fuzzy soft sets
are recalled, and definitions of spherical fuzzy subset,
spherical fuzzy union and spherical fuzzy intersection are
modified. In Section 3, the concept of SFS-topology is
defined on SFSS including some basic definitions. In
Section 4, by using the ideas of SFS-points, SES-open set,
and SFS-closed set, SES-separation axioms are proposed.
In Section 5, an algorithm is presented besed on group
decision-making method and extension of TOPSIS ap-
proach accompanied by a numerical example. This theory
will have implications in the discipline of Human resource
management, organizational behavior and assessing the
rationale of consumer choice. In Section 6, a comparative
study is conducted with an already existing algorithm to
show the effectiveness of the proposed algorithm. Finally,
Section 7 ends with a conclusion and recommendations
for future work.
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2. Preliminaries

In this section, we recall certain fundamental ideas associ-
ated with various kinds of sets including fuzzy sets, spherical
tuzzy sets, soft sets, fuzzy soft sets, and spherical fuzzy soft
sets. We redefine the definitions of spherical fuzzy subset,
spherical fuzzy union, and spherical fuzzy intersection, also
propose the notions of null SESS and absolute SESS. Let X be
the initial universal set of discourse and J be the attribute
(or parameter) set in connection with the objects in X, and
LK.

Definition 1 (see [1]). A fuzzy set N on a universe X is an
object of the form

R ={(¢,ux(9)lg € =}, (1)

where py: X — [0, 1] is the membership function of N, the
value iy, () is the grade of membership of ¢ in N.

Definition 2 (see [9]). A spherical fuzzy set (SES) & over the
universal set X can be written as

S ={(¢1s(6), 5 (6), 95 (¢))l ¢ € =}, (2)

where u ¢ (), 715 (¢) and 9 () are the membership functions
defined from X to [0, 1], indicate the positive, neutral, and
negative membership degrees of ¢ € X respectively, with the
condition, 0<p2 () + 1% (¢) + 9% (¢) <1, Vg € 2.

Definition 3 (see [9]). Let N ={(c py (), 75 (), Iy
()¢ e 2} and Q = {(6 g (6), 10 (6), 99 (¢))| ¢ € Z} be two
SESs over X. Then

1) RcQ if  py () <pg (6),
‘9N (¢)= 99 (¢)

(2) X =Q if and only if NCQ and NX2Q

(3) RUQ = {(6 ux (Vg (6), 1y (©)A7G (6), I (A
90 (9))ls € Z}

(4) RNQ = {(6 ux (6)AUg (6), 1% (6)A1 (), Oy (V
90 (9))ls € Z}

Where the symbols “v” and “A” represent the
maximum and minimum operations respectively.

Nk (6)<nq (), and

»

Definition 4 (see [10]). Let X be the initial universal set.

(1) An SFS is said to be an absolute SFS over the universe
%, denoted by 1%, if V¢ € %,

p=(6) = 1,42 (¢) = 0,and 9;x (¢) = 0. (3)

(2) An SFS is said to be a null SFS over the universe X,
denoted by 15, if V¢ € %,

t, (6) = 0,1y (¢) = 0,and 9, (¢) = 1. (4)

Example 1. Let £ = {¢, ¢,} be the universal set. Let X and Q
be two SFSs over X given by,

3
R ={(¢,,0.3,0.4,0.5), (¢,,0.5,0.2,0.4)}, (5)
Q ={(¢,,0.4,0.5,0.2), (,,0.6,0.3,0.3)}. (6)

Then it is clear that NcQ, and XRUQ-=
{(¢1,0.4,0.4,0.2), (,,0.6,0.2,0.3)}.

Further, 1* ={(¢;,1.0,0.0,0.0), (s,,1.0,0.0,0.1)} and
15 = {(¢;,0.0,0.0,0.0), (¢,,0.0,0.0,0.1)}. Then NUly=
{(6,,0.3,0.0,0.5), (¢,,0.5,0.0,0.4)} and  Nn1*={(g,
0.3,0.0,0.5), (g,,0.5,0.0,0.4)}.

From the above example, It can be showed that the
following results are not true generally in spherical fuzzy set

theory.

(1) Nc1*
(2) NU1ly = N
3) RN1* =R

(4) If R, then RUQ =Q

To overcome this difficulty, we modified the definitions
of spherical fuzzy subset, spherical fuzzy union, and
spherical fuzzy intersection as follows.

Definition 5. Let X and Q be two spherical fuzzy sets over
the universe ¥, where R = {(¢, 4y (¢), 7x (¢), 9x ()| ¢ € =}
and Q = {(¢, 40 (), 10(¢), 94 (¢)| ¢ € Z}. Then N is said to
be a spherical fuzzy subset (modified) of Q, denoted by
RCQ,if V¢e X

{ px (6) S (6), 1 (6) <1 (6), Ix (6) 29 (¢) 5 if pg (¢) #1

tx (6) S g (6), 15 (6) 21 (6), 95 (6) 2 9 (6) ; otherwise
(7)

Definition 6. Let R = {(¢, py (¢), 75 (), 9 (¢))| ¢ € =} and
Q = {(6pq (6), 10 (), 95 (¢))I¢ € Z} be two spherical fuzzy
sets over X. Then the spherical fuzzy union (modified),
denoted by XU Q, and the spherical fuzzy intersection
(modified), denoted by X N Q, are defined as follows:

1) A=RXUQ={(6up(c)n(c), 9, (s € =},
where

pa (6) = px (6)Vig (6)

NORRUNCI ,
(6) 5 if (up ()Vq (6))” + (1x (9)VHG (6))” +
(Ox ()N ()" < 117 (6)AHG (¢) ; otherwise
94 (6) = 9x ()NIg (6)

(2) T=R1Q= {6y )11 (¢) 9% ()l € =},
where
prr (6) =ty ()AHq (6)

() = N ()VHo (6) 5 if (g (¢)orug (¢)) =1
o) = x (§)A1q (¢) ; otherwise

91‘[ (¢) = ‘9N (C)VSQ ()

Definition 7 (see [18]). Let P(X) denote the power set of the
universal set ¥ and % be the set of attributes. A soft set over



Y is a pair (X, Z), where X is a function from £ to P (%),
and ZLCH.

Definition 8 (see [21]). Let FS(X) denote the collection of all
tuzzy subsets over the universal set Z. A fuzzy soft set (FSS) is
a pair (N,Z), where N is a mapping given by
N: & — FS(X) and LK.

Definition 9 (see [27]). Let SFS(Z) be the set of all spherical
fuzzy sets over X. A spherical fuzzy soft set (SFSS) is a pair
(R, Z), where N is a mapping from & to SFS(X) and
FH.

For each ® € &, N(®) is a spherical fuzzy set such that
R (@) = {(6 (@) () M@ () ey (6)) ¢ € B}, where iy )
(), x (@) (6)s Ix (@) (¢) € [0,1] are the membership degrees
which are explained in Definition 2, with the same condition.

Definition 10 (see [27]). Let (N, &) and {Q, . #) be two
SFSSs over %, and &, /(K. Then (R, L) is said to be a
SES-subset of {(Q, 4, if

1) L<cu
(2) Vo € &, R(®)CQ (D)

Definition 11 (see [27]). Let (N,<Z) be a SESS over the
universal set X. Then the SFS-complement of (N, %),
denoted by (R, Z)¢, is defined by (R, Z)° = (X,Z),
where N Z — SFS(X, %) is a mapping given by
NC(@ = {(6 9%(@) () f1x(@) () ix (@) () g € I} for every
ez

Definition 12 (see [27]). Let (N, &) and {Q, . #) be two
SFSSs over 2, and &, M<K . then the SFS-union of (X, &)
and {(Q, ), denoted by (X, &) UQ, M), is a SFSS
L, Ny, where N/ = L UM and YO € N

N((D)) if@ € /A
T(e) =4 Q(@), foe-<
N(®) U Q(®),ifo e N,
(8)

Now, we propose the definitions of spherical fuzzy soft
restricted intersection, null spherical fuzzy soft, and absolute
spherical fuzzy soft, which are essential for further discussions.

Definition 13. Let (X, &) and {Q, 4 ) be two SESSs over Z,
L, MH . then the SFS-restricted intersection of (X, Z)
and <Q,#), denoted by (N, &) N {Q,. XY, is a SFSS
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L, N, where N =FNM and

I'@) =X(@) N Q@)

Vo e N,

Definition 14. Let (X, %) be a SESS defined over Z. (X, %)
is said to be a null spherical fuzzy soft set, if for every @ € %,
N(®@) ={(s,0,0,1)]¢c € X}. That is, V¢eX and @ € H,
P (@) () = 0, 1y (@) (6) = 0and Iy () (¢) = 1. It is denoted by
@%.

Definition 15. A SFSS (X, %) over X is said to be an ab-
solute spherical fuzzy soft set, if for every ® € %,
N(@) ={(¢,1,0,0)|]¢ € }. That is, V¢e X and @ € H,
Pr(@) (©) = 1, fx(g) (6) = 0.and Iy (o) (¢) = 0. It is denoted by
.

3. Spherical Fuzzy Soft Topology

In this section, we define the notion of spherical fuzzy soft
topological space (SFS-topological space) so as to differ-
entiate the concept from the existing fuzzy models and to
mark the boundaries and deliberate the basic properties
thereof. Further, we define SFS-subspace, SFS-point, SFS-
nbd, SFS-basis, SFS-interior, SES-closure, SFS-boundary and
SES-exterior with the support of befitting numerical
illustrations.

Definition 16. Let SFSS(Z, %) be the collection of all
spherical fuzzy soft sets over the universal set ¥ and the
parameter set #. Let &, .# € . Then a sub-collection I of
SFSS (%, K) is said to be a spherical fuzzy soft topology (SFS-
topology) on %, if

(1) By, S € T

(2) If (R, Z), (R, My € T, then
(R, LY N AR, My €T
B)If (N,Z)eTViel, an index set, then

UgR, &> eT

The binary (Z£g4,9) is known as a spherical fuzzy soft
topological space over 2. Each member of 7 is considered as
spherical fuzzy soft open sets and their complements are
considered as spherical fuzzy soft closed sets.

Example 2. Let £ = {¢;,¢,,¢3} be the universal set with the
attribute set # = {@,, @,, @3, ®,}. Let &, MK, where & =
{@,,@,} and & = {@,,®,, ®,}. Consider the following SFSSs



Mathematical Problems in Engineering

w1
¢ /(0.5,0.2,0.4)
Ny, L) = ¢ [(0.6,0.3,0.5)
g3 \(0.9,0.2,0.5)

w1
a 7(0.6,0.3,0.2)
(Rg, M) = ¢ ((0.8,0.3,0.4)
g3 \(1.0,0.0,0.0)

Then T =
pology on X.

{05 Doy ANy, L), (N, M)} is a SFS-to-

Definition 17. Let (X4, ) be a SFS-topology on X and let
zcy and Z<H. Then T ,={Q,%):(Q,Z) =
(R, LY N Zgp (R, LY € T} is called the SFS-subspace

5
w2
(0.7,0.2,0.3)
(0.4,0.2,0.6)>
(0.9,0.170.1)
9)
w2 w3
(0.8,0.3,0.1)  (0.1,0.2,0.9)
(0.6,0.2,0.5) (0.3,0.1,0.7))
(0.9,0.2,0.1)  (0.5,0.2,0.3)

topology of 7, where Z, is the absolute SFSS on Z. The
doublet (Z4, T ,) is known as the SFS-subspace of the SFS-
topological space (X4, T).

Example 3. Consider Example 2. Suppose Z = {¢;,¢;}CX.
Now,

w1 w2 w3 Wy
Ze — < ((1.0,00,0.0) (1.0,0.0,00) (10,0.0,00) (1.0,0.0,0.0)
& \(1.0,0.0,0.0) (1.0,0.0,0.0) (1.0,0.0,0.0) (1.0,0.0,0.0)
w1 ()
(9 7£ — N ,£ ﬁ T — S1 (05,02,04) (07,02,03) (10)
(6, £) O NZe= <(0.9,0.2,0.5) (0.9,0.1,0.1)
w1 ) w3
Qo M) — (M)A Ze = & ((06,03,02) (0.8,03,0.1) (0.1,0.2,09)
($22, M) (N2, M) 01 Zic & ((1.0,0.0,0.0) (0.9,0.2,0.1)  (0.5,0.2,0.3)

Then T, ={Zg, Dy, (Q, L), {Qy, M)} is a SFS-
subspace topology of I

Definition 18. Let (K4, J) be a SFS-topological space with
T ={D4, 2%}, then T is said to be the indiscrete SFS-
topology on X and (X4,7) is called the indiscrete SFS-
topological space. The indiscrete SFS-topology is the smallest
SES-topology on X.

’ S 070103
(Ra, L2) §2<050106
M) = 070203

’ & \(0.2,0.1,0.9)
(622, Ma) §2<010009

Definition 19. Let (£, ) be a SFS-topological space with
T =SFS(X, ), then I is called the discrete SFS-topology
on X and (Z4,9) is said to be the discrete SFS-topological
space. The discrete SFS-topology is the largest SFS-topology
on X.

Example 4. Let ¥ be the universal set and % be the pa-
rameter set, where 2 = {¢;,¢,} and # = {®@,, ®,, @3, @,}. Let
Lir Loy My, M T with Ly = My = {0, @, Z, = (@],
M\ = {@,,d,,d;}. Consider the following SFSSs;

w2

(0.6,0.2,0.2)
(0.4,0.3, O.l))
(11)
w2 w3
(0.8,0.2,0.2) (0.5,0.3,0.6)
(0.5,0.2,0.3) (0.8,0.2,0.1))

wo
(0.8,0.0,0.3)
(0.4,0.1,0.7)



Then Ty =B T (N, Z1), AN, Z) )
T2 =D s QM ), {Qp, My)}  are  two

and
SFS-

(

Thus, (Ry, £, {Q, M) € T UT 5, but (R, &) N
Qy, M) ¢ T UT,. Therefore, T,UT, is not a SFS-to-
pology on 2.

<N1,£1> ﬁ <QlaM1> = 21
3

Theorem 1. Suppose T\ and T, are two SFS-topologies on
>, then T, NT, is also a SFS-topology on X. But, T,UT,
need not be a SFS-topology on X.

Proof. Suppose that, 5, and 7, are two SFS-topologies
on X.

Since Gg,2q €T,
B2 €T NT.

Let (N, Z),{Q, M) € T NT, =R, ZL),{Q, M) ¢
T, and (R, L), {Q, M) € T,=>(R, LY N {Q, M)y €T,
and (N, L) NAQ M) € T,=(X, L) NLQ, M) € T,
nT,.

Let (N, Z;) € T,NT,, i€l an index set.

and QW’ z% € 92, then

w1
NLy = o ((03,0.1,07)
(R, L1) G ((0.8,0.2,0.3)

w1
Ry Ly = 1 ((0:2,0.1,08)
(N2, L2) G ((0.770.1,0.4)

w1
N 7£ — Cl (0.1,0.1,0.9)
Ra La) % <(0.670.0,0.5)

Here, T, ={DB4, 2o, (N, L), (R, Z,), (N3, Z3)}
and 7, = {@ 4, 2o, (N, £, )} are two SFS-topologies on 2.
It is clear that 7,9 |. Thus 7, is finer than 7, or 7, is
weaker than 7.

Definition 21. A SFSS (X, Z) is said to be a spherical fuzzy
soft point (SFS-point), denoted by @ (X), if for every @ € Z,
R(®)#{(5,0,0,1)[¢ € £} and R(®)={(5,0,0,1)|¢ € X},

w1
&1 £(0.0,0.0,1.0)
NL)= o ((0.070.0,1.0)
s \(0.0,0.0,1.0)
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topologies. Consider TUT, ={By T, (N,
$1>1 <N2) a?2>) <Ql) %1>$ <02) ‘%2>} NOW.

w1 w9
(0.7,0.2,0.3) (0.6,0.2, 0.2)) (12)
(0.2,0.1,0.9)  (0.4,0.2,0.3)
=R, ZyeT, and (N, Z)»eT, Viel=U
(R Z) €T and U (R, &) € T, U (N, )
€T NI,
Thus 7, N T, satisfies all requirements of SFS-topology
on X. O

)

Definition 20. Consider the two SFS-topologies | and T,
on X. 7, is called weaker or coarser than 5, or 7, is called
finer or stronger than 7, if and only if 7,5 ,.

Remark 3.1. If either €T, or 7,25 |, then I, and T,
are comparable. Otherwise 9, and 7, are not comparable.

Example 5. Consider X = {¢;,¢,} as the universal set with
the attribute set # = {®,,®,,®;,d,}. Let &, Z,, Z | CH,
where | = {@,,®,,®;}, &, = {®,,®,} and &Z; = {®@,}. The
SESSs (N, £, {N,, Z,),{N;,Z5) are given as follows:

w2 w3

(0.4,0.2,0.3) (0.7,0.170.3)
(0.9,0.1,0.1) (0.6,0.2,0.4)
w2
(0.2,0.1,0.4) (13)
(0.77 0.1, 0.3)

V@ € & - {@}. Note that, any SFS-point @ (X) (say) is also
considered as a singleton SFS-subset of the SFSS (X, Z).

Definition 22. A SFS-point @ (XN) is said to be in the SFSS
(Q, &), that is, @ (R) € (Q, &), if X(@) CQ (@), for every
0eZ.

Example 6. Suppose  that X ={¢,¢¢;} and
Z ={@,,@,,d;}CH = {@,,®,, ®3,®,}. Consider the SFSS

w2 w3
(0.0,0.0,1.0)  (0.5,0.2,0.8)
(0.0,0.0,1.0)  (0.9,0.1, 0.1)) (14)
(0.0,0.0,1.0)  (0.4,0.2,0.6)
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Here, ®; € & and N(®@;) #{(¢,0,0,1)| ¢ € X}. But, for
Z —{@;} ={0,,0,}, N(@;) = R(®,) ={(¢,0,0,1)[¢ € Z}.
Thus, (N, ) is a SFS-point in ¥ and denoted by @ ().

w1
a1 7(0.1,0.2,0.8)
Q,L)= ¢ ((0.3,0.1,0.4)
¢ \(0.9,0.1,0.1)

Here, N(®;)<CQ(®;).
@5 (R) € (Q, 2.

Thus, we can say that

Definition 23. Let (I', &) be a SFSS over 2. (T, &) is said to
be a spherical fuzzy soft neighbourhood (SFS-nbd) of the
SES-point @ (X) over 2, if there exist a SFS-open set (Q, )
such that @ (X) € (Q, Z)YT(T, ZL).

Definition 24. Let (I, &) be a SESS over 2. (T, &) is said to
be a spherical fuzzy soft neighbourhood (SFS-nbd) of the
SESS (X, M, if there exist a SFS-open set {Q, #") such that
(R, My TLO, Ny LT, DD,

Theorem 2. Let (X4, T ) be a SFS-topological space. A SFSS
(R, Z) is open if and only if for each SFSS {Q, M) such that
(Q, My AR, LY, (R, F) is a SFS-nbd of {Q, M).

Proof. Suppose that the SFSS (N, Z) is SFS-open. That is,
(N, L) e T.

7
Let
w9 w3
(0.0,0.0,1.0)  (0.6,0.3,0.4)
(0.0,0.0, 1.0) (0.9,0.1,0.1)) (15)
(0.0,0.0,1.0)  (0.7,0.2,0.3)

Thus for each {Q, #) T{N, L, (X, &) is a SES-nbd of
O, My.

Conversely, suppose that, for each {(Q,.#) S (XN, %),
(R, &) is A SFS-nbd of {Q, ).

Since (N, &) C(N, Z), (N, &) is a SFS-nbd of (R, ¥
itself.

Therefore, there exist an open set (I, /) such that
(R, LY UL, NYCUR, LY=2AR, L) =T, /Y2, L) is
open. O

Definition 25. Let (24,9 ) be a SFS-topological space. A
sub-collection 98 of the SES-topology T is referred as a
spherical fuzzy soft basis (SFS-basis) for 7, if for each
(N, &Y € T, AB € B such that (Tex translation failed).

Example 7. Let % ={¢,¢,} and Z ={0,,@,,@;}. Let
PeHi=1toll with L, =PL)=Fy=PL,=Fs=PL,
=%y =K, Ly=Ly={0,,®,}, and &), =Z,; = {@,}.
Consider the following SESSs;
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ws
Ny, L) = (1.0, OO 0.0) (0.6,0.2,0.4) (1.0, 00 0.0)
’ G 06 0.3,0.2) (1.0,0.0,0.0) 07 0.3,0.2)
w2
Ry, Lo) = S (0.9, O 1 0.2) (0.6,0.2,0.4) (0.3, 0 4 0.5)
' ¢ \(0.6,0.3,0.2) (0.8,0.2,0.1) (0.7,0.3,0.2)
w2
(N3, L3) = ¢1 (0.9, O 1 0.2) (1.0,0.0,0.0) (0.3, 0 4 0.5)
’ & \(1.0,0.0,0.0) (0.8,0.2,0.1) (1.0,0.0,0.0)
w3
(Ry, Lg) = 1 (1.0, O O 0.0) (0.6,0.2,0.4) (1.0, O O 0.0)
’ G 06 0.3,0.2) (1.0,0.0,0.0) 10 0.0,0.0)
w2
(Rs, L5) = (0.9, 0 1 0.2) (1.0,0.0,0.0) (0.3, 0 4 0.5)
’ & \(1.0,0.0,0.0) (0.8,0.2,0.1) 07 0.3,0.2)
ws
Ng, Lg) = L 1000 0.0) (1.0,0.0,0.0) (1.0, OO 0.0)
R Lo) = (10 0.0,0.0) (1.0,0.0,0.0) 07 0.3,0.2) (16)
w2
Ry, L7) = (0.9, 0 1 0.2) (0.6,0.2,0.4) (0.3, O 4 0.5)
’ & \(0.6,0.3,0.2) (0.8,0.2,0.1) (1.0,0.0,0.0)
ws
(Rg, Lg) = ¢1 (0.9, 0 1 0.2) (1.0,0.0,0.0)
' s \(1.0,0.0,0.0) (0.8,0.2,0.1)
w2
(Ro, o) = 1 (09, 01 0.2) (0.6,0.2,0.4)
’ & \(0.6,0.3,0.2) (0.8,0.2,0.1)
w1
Rio Ly) = S ((03,04,05)
(R0, L£10) & <(1.o,o.o,o.o)
w1
Ryp, Lyg) = S (0.3,0.4,0.5)
(Rur, L) G ((0.7,0.3,0.2)
Then the sub-collection
B={B1 = (Ny,L1,), By = (No, L3), B3 = (Ng, Lg), By = (Ng, Lg), B5 = (N19, L10), Bs = (N11,L11)}
!
is a SES-basis for the SES-topology Since & is a SFS-basis for the SFS-topology 7, 3B B
T ={@ 420, (N, &, i = 1to 11}. such ( that (X, ) = UB=R(®)= GB where
B {N(@) (N, &) € B} CHBy R(@) = ®:>93 isa

Theorem 3. Let 9B be a SFS-basis for a SFS-topology 7, then
foreach® € &, L<H, By = {R(D): (N, L) € B}actsasa
spherical fuzzy basis for the spherical fuzzy topology
T(@) ={R(@): (X, &) e T}.

Proof. Suppose that N(®) € T
=>(N,Z)eT

(@) for some @ € &

spmherl al fuzzy basis for! the spherlcal fuzzy topology
T(@). O

Theorem 4. Let (X5, T) be a SES-topological space. Let B =
{{R;, &)+ i € I} be a sub-collection of SFS-topology T . R is
a SES-basis for 7 if and only if for any SFS-open set {Q, M)
and a SFS-point @ (I') € {Q, M), there exist a {N;, ZL;) € B
for some i € 1, such that ®(I') € (R;, &> SLQ, M).
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Proof. Suppose that, % = {{N;,Z;>:i€I}CT is a SFS-
basis for the SFS-topology 7.

For any SFS-open set <Q,.#), there exists SFSSs
(Nj, ij> , j € J€I, where (Tex translation failed)

Thus, for any SES-point @ (I') € {Q, #), there exist a
(R}, Z,) € B such that @(T) € (N;, Z;) SLQ, M).

Conversely, suppose for any SFS-open set {Q, .#) and a
SES-point @ (I') € {Q, M}, there exist a (N;, Z;) € & such
that @ (T) € (N, &, SLQ, M)

Thusa <Q"%>§ <Ni> $1>§<Q)ﬂ><0>ﬂ>
/L.J\ <N,g> @ (D) e, M)
oMeuy - U !

Since (N;, Z;) € B, B is a SFS-basis for the SFS-to-
pology 7. O

Definition 26. Suppose (Xg,T ) is a SES-topological space
and (N, Z) is a SFSS over X, where ZC%. Then

(1) The SFS-union of all SFS-open subsets of (N, &) is
known as spherical fuzzy soft interior (SFS-interior)
of (N, <), symbolized by (N, Z). It is the largest

SFS-open set contained in (N, Z). That is,
(R, Z)" S(R, Z).

(2) The SFS-intersection of all SFS-closed supersets of
(R, &) is known as spherical fuzzy soft closure (SFS-
closure) of (N, &), symbolized by (N, Z). It is the
smallest SFS-closed set containing (N, Z). That is,
(R, &)X, Z).

(3) The spherical fuzzy soft boundary (SFS-boundary) of
(R, Z), denoted by 0(X, &Z), is defined as follows:
N, L) = (R, L) NN, L)°

(4) The spherical fuzzy soft exterior (SFS-exterior) of
(R, Z), denoted by Ext{N,Z), is defined as fol-
lows: Ext{R, &) = ({X, ZL))°

Example 8. Suppose that ¥ = {¢;, ¢, } is the universal set with
the attribute set # = {®;,®,,®;}. Consider the SFS-to-
pology T = {@ g, gy, ANy, K, {Ry, F), (N3, K}, where

w1 () w3
Ry, ) = S (0.8,0.2,0.3) (0.6,0.3,0.4) (0.7,0.2,0.4)
' ¢ \(0.4,0.1,0.5) (0.5,0.1,0.5) (0.3,0.2,0.4)
w1 () w3
(Rg, [C) = S (0.7,0.1,0.4) (0.5,0.2,0.5) (0.7,0.1,0.5) (17)
’ G \(0.3,0.1,0.6) (0.4,0.0,0.6) (0.2,0.1,0.8)
w1 w9 w3
Ry, K) = (0.5,0.0,0.6) (0.4,0.2,0.6) (0.6,0.1,0.7)
' ¢ \(0.1,0.1,0.9) (0.2,0.0,0.8) (0.1,0.0,0.9)
Clearly, the members of J are the SFS-open sets. Now,
the corresponding closed sets are given as follows: (&4 )" =
Z% (2%)C = @z
(0x) =2k
(Zx) =0k
w1 w9 w3
Ry, K)e = (0.3,0.2,0.8) (0.4,0.3,0.6) (0.4,0.2,0.7)
’ e \(05,0.1,0.4) (0.5,0.1,0.5) (0.4,0.2,0.3)
w1 w9 w3 (18)
(Ro, ) = 1 (0.4,0.1,0.7) (0.5,0.2,0.5) (0.5,0.1,0.7)
’ s \(0.6,0.1,0.3) (0.6,0.0,0.4) (0.8,0.1,0.2)
w1 (p) w3
Ry, K)e = (0.6,0.0,0.5) (0.6,0.2,0.4) (0.7,0.1,0.6)
’ ¢ \(0.9,0.1,0.1) (0.8,0.0,0.2) (0.9,0.0,0.1)
w1 w9 w3
Consider the following SFSS. N K) = (0.7,0.1,0.3)  (0.6,0.2,0.4) (0.7,0.1,0.5)
’ s \(0.3,0.1,0.7) (0.4,0.1,0.5) (0.2,0.2,0.6)

(19)

)
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w1 w9 w3
mkye— @ ((03,0.1,07) (04,02,0.6) (0.5,01,0.7) (20)
e \(0.7,0.1,0.3) (0.5,0.1,0.4) (0.6,0.2,0.2)
Then, the SFS-interior of (N, %),
, (R, =0k U (Ng, £) U (R3, K) = Ny, K)
The SFS-closure of (N, %), (N, #) =24
R, K)e = TN (R, K)° N (N3, K)°
w1 w9 w3 (21)
¢ ((0.4,0.0,0.7) (0.5,0.2,0.5) (0.5,0.1,0.7)
& \(0.6,0.1,0.3) (0.6,0.0,0.4) (0.8,0.0,0.2)
So that the SFS-boundary of (N, %),
N, K) = (N K) N (R, K)e
w1 () w3 (22)
_« ((04,0.0,0.7) (0.5,0.2,0.5) (0.5,0.1,0.7)
¢2 \(0.6,0.1,0.3) (0.6,0.0,0.4) (0.8,0.0,0.2)
The SFS-exterior of (N, %), Ext(N, %)= ({R, 4, Spherical Fuzzy Soft Separation Axioms
%>C)° = @y/

Theorem 5. Suppose that (X5, ) is a SFS-topological space
and (X, £ is a spherical fuzzy soft set over X, where LK.
Then we have

(1) (R, Z)°) ={R, Z)*

(2) (R, Z)" = (X, 2))e

Proof. Proof is direct O

Theorem 6. Suppose that (X4, ) is a SFS-topological space
and (X, £ is a spherical fuzzy soft set over X, where LK.
Then O(R, Ky = 0N, K )*

Proof. Proof is direct. O

Definition 27. Let @ (E) and @ (V) be two SFS-points. @ (E)
and @ (W) are said to be distinct, denoted by @ (E) # @ (), if
their corresponding SFSSs (E, &) and (¥, .4 are disjoint.
That is, (B, ) N (Y, M) = B -

In this section, we define SFS-separation axioms by using the
concepts SFS-point, SFS-open sets and SFS-closed sets.

Definition 28. Let (X5, ) be a SES-topological space and
let ® (E) and @ (W) be any two distinct SES-points over 2. If
there exist SFS-open sets (N, Z) and {(Q,.#) such that
Q(B) e (R, ZYand D (¥) ¢ (N, L) ord(¥) € {Q, A and
®(B) ¢ KQ, M), then (24,7 ) is known as SFS T ;-space.

Example 9. All discrete SFS-topological spaces are SFS
T,-spaces. Because, for any two distinct SFS-points @ (&)
and @ (V) over %, there exist a SFS-open set {® (E)}, such
that @ (E) € {®(E)} and @ (V) ¢ {@(E)}.

Definition 29. Let (X5, ) be a SES-topological space and
let ® (), ® (W) be two SES-points over X with @ (E) + @ (\V).
If there exist two SFS-open sets (N, Z) and {Q, .#) such
that @(8) € (R, &), @ (V) ¢ (X, Z) and @ (¥) € {Q, M),
®(B) ¢ KQ, M), then (X4,T) is known as SES T -space.

Example 10. Every discrete SES-topological space is a SFS
T, -space. Because, for any two distinct SES -points @ (E) and
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@ (V) over Z, there exist SES-open sets {@ (E)} and {@ (¥)},
such that @(B)e{@(8)}, @(¥)¢{@(E)} and
@ (8) ¢ {o(V)}, @(¥) € {@ (V)

Definition 30. Let (25, ) be a SES-topological space and
let ® (E) and @ (W) be any two distinct SES-points over 2. If
there exist two SFS-open sets (X, Z) and (N, &) such that
®(B) e AN, &> and Q(¥Y) e {Q, M, and
(R, LY NLQ, MYy = DBy, g then (o, T) is said to be SFS
T,-space or SFS-Hausdorft space.

Example 11. Suppose that (X4,J) is a discrete SFS-to-
pological space. If ® (E) and @ (¥) are any two distinct SFS-
points over X. Then there exists distinct SFS-open sets
{@(B)} and {®@(¥)} such that ®(E) € {®(E)} and
®(¥) € {@(¥)}. Therefore, (X4,J) is a SFS-Hausdorff
space.

Theorem 7. Let (5,7 ) be a SFS-topological space with
attribute set K. (X4, ) is a SFS-Hausdor{f space if and only
if for any two distinct SFS-points ® () and @ (\Y), there exist
SFS-closed  sets {Q,, #) and <{(Q,, F) such that
@(8) €€Qy, Z), @(¥) ¢ Qy, F) and @(8) ¢ {Q,, &),
@ (Y) € (Qy, K, and also {Qy, K) U {Q,, K) =Zq.

Proof. Suppose that (X4, ) is a SES-Hausdorff space, ® (E)
and @ (V) are any two distinct SFS-points over X. That is,
E) NOY) =Ty

Since (Xg,9) is SFS-Hausdorft space, there exist two
SES-open sets (N, %) and (N,, %) such that
®(E) e (R, H), ®(¥) ¢ (X, H) and (D(%)JE (R, Ay,
OW) e (N, F). And also (R, H) NN, H) =
D= (R, F ) U Ry, K = T4 and also both (N, F)°
and (N,, Z)¢ are SFS-closed sets.

Let (R, #) =<Q;, ) and (R,, Z) =Q,, )

Then, D(B) ¢ O, F),d(¥) € Q, F) and
(E) ¢ (0, H),@(¥) € (Q,, ).

Conversely, suppose that for any two distinct SFS-points
®(E) and @ (¥), there exist SFS-closed sets (Q;, %) and
{Q,, ) such that ®(E) € {Q, #), ®(¥) ¢ {Q, ) and
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@(B) ¢ (Qy, H), ®(¥) € {Q,, KD, and also <Q,, H) U
(Qy), H) =24.

={Q, H)" and (Q,, H)° are SFS-open sets and
<Ql>‘%>c n <QZ:‘%>C = QW

Also, ®(B) ¢<(Q, %), @) eQ,H) and
@ (E) € {Qy, ), @ (¥) ¢ (Q,, H)".

Thus, (£4,9) is a SFS-Hausdorff space. O O

Definition 31. Let (£4,J) be a SES-topological space,
{Q, M) be a SFS-closed set @ (E) and @ (¥), be a SES-point
over ¥ such that @ (E) ¢ (Q, ). If there is SFS-open sets
(N, &) and (N,,Z,) such that @(E) € (N, Z,),
(Q, MYSR,, L,y and (R, Z)) N AR, L) = Do nwp
then (X4,9) is called a SFS-regular space.

Example 12. Let (X5, ) be a SFS-topological space over

X = {Cl,cz} with  SFS-topology I = {z%, D ops AN,
H Y, {R,, Ay}, where,
w1 w9
Ny, k) = < ((0.0,0.0,1.0)  (1.0,0.0,0.0)
&2 \(0.0,0.0,1.0) (1.0,0.0,0.0)
(23)
w1 w9
(N, k) = St ((1.0,0.0,0.0) (0.0,0.0,1.0)
s \(1.0,0.0,0.0) (0.0,0.0,1.0)

Then (£4,9) is a SFS-regular space.

Definition 32. Let (X5, ) be a SFS-topological space. If
(29, 9) is a SFS-regular T -space, then it is called a SFS
T'5-space.

Definition 33. Let (£, ) be a SES-topological space and
let <Q,, #,) and {Q,, #,) be two disjoint SFS-closed sets
in (£4,9). If there exist SFS-open sets (N;,#;) and
(R,, Z,> such that (Q,#,) (R, %L, (Q,,M,)<C
Ry, Z,) and (N, Z) TR, ) =Dy g, then
(24, ) is called a SFS-normal space.

Example 13. Let (5,9 ) be a SFS-topological space over
2 = {¢;,¢,} with SFS-topology

T = {EIC;QICv <N17]C>7 <N27K>7 <N3JC>’ <N47K:>a <N57K>7 <N63K>}7 Wherea
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Ny, K) = S 070302 100000
’ s \(0.9,0.2,0.1) (1.0,0.0,0.0)
Ny, K) = 050304 000010
' ¢ \(0.3,0.2,0.5) (0.0,0.0,1.0)
(Ng,K) = 100000 080403
7 ¢ \(1.0,0.0,0.0) 060304
(24)
Ny, K) = S 000010 060404
' ¢ \(0.0,0.0,1.0) (0.5,0.3,0.5)
N5, K) = 070302 080403
' ¢ \(0.9,0.2,0.1) (0.6,0.3,0.4)
(Ng,K) = 050304 (oaoao@
’ S 030205 (0.5,0.3,0.5)

Then (24,7) is a SES-normal space.

Definition 34. Let (X5, ) be a SFS-topological space. If
(Z4,9) is a SFS-normal T',-space, then it is known as SFS
T ,-space.

Theorem 8. Suppose that (X4, J) is a SFS-topological space
and Z is a non-empty subset of X.

(1) If (2,5 ) is a SES T y-space, then (Z o, T
SES T -space.

(2) If (X4, T ) isa SFST-space, then (Z, T ,
SES T -space.

(3) If (X4, T ) isa SFST,-space, then (Z,T ,
SES T,-space.

) isalso a
) isalso a

)isalsoa

Proof. Here we provide the proof if (1). (2) and (3) can be
proved in the similar way.

Suppose that @ (E) and @ (V) are two distinct SES-points
over Z.

Since (24, T) is a SES T)-space, there is SFS-open sets
(N, Y and O, #) such that @(E) € (R, &),
QW) ¢ (R, L) or (W) e O, MY, D(E) ¢ {Q, M)

Thus, ®(E) € AN, L) N Zg, () ¢ (X, L) N Zg Or
W) € QM) N Zgy, D(E) ¢ QMY N Zg

Therefore, (Z,J ;) is also a SES T,-space. O

5. Group Decision Algorithm and
Ilustrative Example

In this section, we utilize the proposed SES-topology to the
group decision-making (GDM) process under the spherical
fuzzy soft environment. For it, we presented the concept of
TOPSIS method and embedding it into the proposed SFS-

topology.

5.1. Proposed Algorithm with TOPSIS Method. Consider a
GDM process which consist a certain set of alternatives
K = {61565, . .>6,,}. Each alternative is evaluated under the
different set of attributes denoted by # = {®,,®,,...,®,}
by the different “p” decision-makers (or experts), say
DM, DM, ..., DM ,. Each expert has evaluated the given
alternatives and provide their ratings in terms of linguistic
variables such as “Excellent,” “Good” etc. All the linguistic
variables and their corresponding weights are considered in
this work from the list which is summarized in Table 1.

Then to access the finest alternative(s) from the given
alternative, we summarize the following steps of the pro-
posed approach as below.

Step 1: Create a weighted SFS parameter matrix A, =
[t;j] pum Dy considering the linguistic terms from Ta-
ble 1. That is,

11 G2 ... Qi
21 922 e Q2p,

Ay = [Qijlpxn =| (25)
Qp1 Qp2 ‘e Qpn,
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TaBLE 1: Linguistic terms to determine the alternatives.
Linguistic terms Weights
Excellent 0.90
Very good 0.70
Good 0.50
Bad 0.30
Very bad 0.10

where each element «; is the linguistic rating given by
the decision-maker 2.; to the attribute @;.

Step 2: Create the weighted normalized SFS parameter
matrix N, as follows:

P11 P12 Pin
P21 P22 P2n
Nu = [pijlpxn =] : : (26)
Ppl  Pp2 Ppn
where, p;; = ocij/\lz;il (ocij)2 Step 3: Compute the weight vector ® = {6,,6,,...,0,},
where 0;’s are obtained as
>
Pij
Wi =
91- = 5 w; = (27)
> W P
qg=1
Step 4: Construct a SFS-topology by aggregating the columns of each DM represents the alternatives and
SESSs (<DM;, K, i=1,2,...,p, accorded by each the attributes respectively.
decision-makers in.the matrix fOI'II.l as their evaluation Step 5: Compute the aggregated SFS matrix DM,
value. The matrix corresponding to the SESS given as follows:
(DM;, K is denoted by DM, for alli = 1,2, ..., pand
it is called the SFS-decision matrix, where the rows and
DM, + DM, + ... + DM
]D)MAQQ = - 2p L= [dpq]mxn (28)
Step 6: Construct the weighted SFS-decision matrix
Bir P2 Bin
P21 P22 Ba2n -
B = [qu]an = (29)
Bml ﬁm2 an
where B, =0,xd, and each B, = (qu(cp), Step 7: Obtain SFS-valued positive ideal solution

noq(cp),f)@q(cp)), p=L12,....mandg=12,...,n

(SFSV*) and SFS-valued negative ideal solution
(SFSV~), where
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SFSVT = {B[.B, .81}
= {maxpg, (s),minne, (o), minds, () ¢ = 1,2,..,n} (30)
= {(u;,n(j,ﬁj);qzl,z...,n}
SFSV™ = {B1,B5 -0}
= {(mgnﬂwq(gp>vmgnan(gp)amgXﬁwq(gp));q: 1723"'vn} (31)
Step 8: Compute the SFS-separation measurements
Ed, and Ed,, Vp=1,2,...,m, defined as follows:
c + 2 + 2 + 2
By = Z1<l<‘u‘°q(cp) - Mq) +<'7®q(cp) - ﬂq) +<‘9®q(CP) - 9q> > (32)
=
n 2 2 2
Ed,-= 2{(”%(%) - ”q) +(’7®q(cp) - ’7q> +(9®q(qp) - 9q) (33)
=

Step 9: Obtain the SFS-closeness coefficient 6; of each
alternatives. Where

—

C=— 7" _¢Jo,1]
P + = ’
Edp+Edp

(34)

provided Ed, #0.

Step 10: Based on the SFS-closeness coefficient, rank the
alternatives in decreasing (or increasing) order and
choose the optimal object from the alternatives.

5.2. Illustrative Example. An international company con-
ducted a campus recruitment in a college and shortlisted
four students X = {¢;,¢,,¢3,¢,} through the first round of

0.70  0.90
0.30 0.10
0.90 0.70
Ay =[050 0.30
0.90 0.70
0.10 0.90

Step 2: The weighted normalized SFS parameter matrix
N,, is computed by using equation (26).

recruitment. There is only one vacancy and they have to
select one student as their candidate out of these five stu-
dents.  Suppose there are six decision-makers
DM =DM, DMy, DM, DMy, DM, DM} for the
final round and they must have select the candidate based on
the parameter set F ={®,,®,,®; ®,,®}. For
i=1,2,3,4,5, the parameters @; stand for “educational
discipline,” “English speaking,” “writing skill,” “technical
discipline,” and “general knowledge” respectively. Then the
steps of the proposed approach have been executed to find
the best alternative(s) as follows.

» &

Step 1: The weighted SFS parameter matrix A, is
formulated on the basis of equation (25) as follows:

0.50 0.70 0.30
0.70  0.90 0.90
0.30  0.50 0.30
0.70  0.90 0.50 (35)
0.10 0.30 0.90
0.30 0.50 0.70
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0.45
0.19
0.57
0.32
0.57
0.06

0.55
0.06
0.43
0.18
0.43
0.55

0.41
0.59
0.25
0.59
0.08
0.25

0.43
0.55
0.30
0.55
0.18
0.30

0.18
0.56
0.18
0.31
0.56
0.44

Step 3: By using equation (27), the weight vector of the
given attributes are computed as

© = {0.195,0.200,0.195, 0.210, 0.200}

Step 4: For each decision-maker DM;,i = 1to6 and
their corresponding SFS-decision matrices, we get a
SES-topology on X as

w1 w9 w3
¢ /(0.4,0.1,0.5) (0.5,0.2,0.1) (0.9,0.1,0.2)
DM, K) — Db, — 2 [ (08,0.1,0.2)  (0.7,02,03)  (0.6,0.2,04)
(DM, K TG QazoLam (0.2,0.1,0.5) (0.3,0.2,0.7)
o \(0.6,0.2,0.4) (0.4,0.2,0.8) (0.5,0.3,0.6)

w1 w9 w3
¢ £(1.0,0.0,0.0) (1.0,0.0,0.0) (1.0,0.0,0.0)
(DM, K) = DM, — < | (1:0.0.0,0.0)  (1.0,0.0,0.0) (1.0,0.0,0.0)
’ & | (1.0,0.0,0.0) (1.0,0.0,0.0) (1.0,0.0,0.0)
< \(1.0,0.0,0.0) (1.0,0.0,0.0) (1.0,0.0,0.0)

w1 (D) w3
¢ /(0.5,0.2,0.6) (0.7,0.1,0.2) (0.3,0.2,0.2)
DPMa.K) = DMy = 2 [ (0:9,0.0,0.3) (0.8,0.3,0.4)  (0.5,0.2,0.7)
(DMa, K) 3T QO&OZOQ (0.7,0.1,0.5)  (0.9,0.1,0.1)
o \(0.6,0.3,0.5) (0.4,0.1,0.7) (0.7,0.3,0.1)

w1 () w3
¢ /(0.5,0.2,0.5)  (0.7,0.2,0.1) (0.9,0.2,0.2)
(DM, K) =DM, — <@ [ (0:9,0.,0.2) (0.8,0.3,03) (0.6,0.2,0.4)
’ ¢ | (0.7,0.2,0.3)  (0.7,0.1,0.5) (0.9,0.2,0.1)
& \(0.6,0.3,0.4) (0.4,0.2,0.7) (0.7,0.3,0.1)

w1 w2 w3
¢ 7(0.0,0.0,0.1) (0.0,0.0,0.1) (0.0,0.0,0.1)
DM K) — Db, — <2 [ (0:0,0.0,0.1)  (0.0,0.0,0.1) (0.0,0.0,0.1)
(DM, K) T g @Q&Q&QD (0.0,0.0,0.1)  (0.0,0.0,0.1)
< \(0.0,0.0,0.1) (0.0,0.0,0.1) (0.0,0.0,0.1)

w1 T2 w3
¢ /(0.4,0.1,0.6) (0.5,0.1,0.2) (0.3,0.1,0.2)
DM K) = DMy = <2 [ (08,0.0,0.3) (0.7,02,04)  (0.5,0.2,0.7)
(DMs, K) 07 & QQ&OLQ@ (0.2,0.1,0.5) (0.3,0.1,0.7)
o \(0.6,0.2,0.5) (0.4,0.1,0.8) (0.5,0.3,0.6)

Thus, the collection {DM,;, DM,, DM;, DM,

DM;, DM} gives a SES-topology on X.

wy
1.0,0.0, 0.0
1.0,0.0,0.0
1.0,0.0,0.0
1.0,0.0,0.0

/\/.\/_\/\
N2 NN

Wy

)
7.0.2,0.2)
8,0.3,0.2)
5,0.2,0.4)
Wy
(0.0,0.0,0.1)
(0.0,0.0,0.1)
m00001)
(0. 1)

(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(

(
(
(
(0.

wWs
0.9,0.2,0.2
0.3,0.1,0.8
0.7,0.2,0.5
0.4,0.3,0.5

Ws
1.0,0.0,0.0
1.0,0.0,0.0
1.0,0.0,0.0
1.0,0.0,0.0

ws
0.9,0.0,0.0
1.0,0.0,0.0
0.2,0.1,0.8
0.6,0.3,0.4

ws
0.9,0.2,0.0
1.0,0.0,0.0
0.7,0.2,0.5
0.6,0.3,0.4

ws
0.0,0.0,0.1
0.0,0.0,0.1
0.0,0.0,0.1

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)

)
)
)
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(36)

(37)

(38)

Step 5: The aggregated SFS matrix DM, is obtained
by using equation (28) and summarized as



16

w1 w2 w3
¢ 7£(0.47,0.10,0.53)  (0.57,0.10,0.27)  (0.57,0.10,0.30)
DM 4, — < [(0.73,0.03,0.33) (0.67,0.17,0.40) (0.53,0.13,0.53)
99 ¢ | (0.53,0.10,0.43)  (0.47,0.07,0.50)  (0.57,0.10,0.43)
¢s+ \(0.57,0.17,0.47) (0.43,0.10,0.67) (0.57,0.20,0.40)

Step 6: The weighted SFS-decision matrix B is obtained
by using equation (29) and written as

w1 w2

w3

S1
G2
S3

|

(0.091,0.019,0.103)
(0.142,0.005, 0.064)
(0.103,0.019, 0.084)
(0.111,0.033,0.091)

(0.114,0.020, 0.054)
(0.134,0.034, 0.080)
(0.094,0.014, 0.100)
(0.086,0.020, 0.134)

(0.111,0.019, 0.059)
(0.103,0.025,0.103)
(0.111,0.019, 0.084)
(0.111,0.039, 0.078)

Step 7: From the weighted matrix B and utilizing
equations (30), (31), we obtain ideal solutions SFSV*
and SFSV~ are
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w4
(0.50,0.07,0.57
(0.60,0.13,0.37
(0.63,0.20,0.37
(0.37,0.10,0.50

w4
(0.105,0.015, 0.120)
(0.126,0.027,0.018)
(0.132,0.042, 0.078)
(0.078,0.021,0.105)

w5
) (0.77,0.07,0.23)
) (0.60,0.03,0.43)
) (0.47,0.10, 0.60)
) (0.50,0.20,0.47)

(39)

w5
(0.154,0.014, 0.046)
(0.12070.006,0.086)) (40)
(0.094, 0.020, 0.120)
(0.100, 0.040, 0.094)

SFSV+ = (0.142,0.005, 0.064), (0.134,0.014, 0.054), (0.111,0.019, 0.059),
B (0.132,0.015,0.078), (0.154, 0.006, 0.046)
(41)
SFSV- = (0.091,0.005, 0.103), (0.086, 0.014, 0.134), (0.103, 0.019, 0.103),
- (0.078,0.015, 0.120), (0.094, 0.006, 0.120)
Step 8: For each p=1,2,3,4, the SFS-separation
measurements Ed? and Ed are calculated by using
equations (32), (33) as
Edf =0.0855 Edy =0.0982 Edf =0.1283 Edj =0.1484 (42)
Edy =0.1389 ; Ed; =0.1564 ; Ed; =0.0892 ; Ed; =0.0677
Step 9: Using equation (34), compute the SFS-closeness
coeficients CP’ for each p =1,2,3,4 and get
C; =0.6190 C,=0.6142 Cs;=0.4101 Cy=0.3132 (43)
Step 10: Based on the ratings of C;’s, we can obtain the
ordering of the given alternatives as
Cl > CQ > C3 > 64 (44)

Which corresponds to the alternatives ratings as
G > G, > 63 > ¢4 This, we conclude that the international
company should select the student ¢, as their candidate.
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6. Comparison Analysis

In this section, the proposed algorithm is compared to the
existing algorithm (Algorithm 1: Decision making based on
adjustable soft discernibility matrix) [27]. Since the optimal
solution of the study discussed in Section 5.2 using Algo-
rithm 1 is also “¢;,” it can be seen that the proposed algo-
rithm based on the group decision-making method and the
extension of TOPSIS approach is comparable to previously
known method, which validates the reliability and de-
pendability of the proposed algorithm.

The advantages of the work drawn in earlier sections can
be summarized as follows:

(i) Topological structures on fuzzy soft sets are used in
a variety of applications, including medical diag-
nosis, decision-making, pattern recognition, image
processing, and so on.

(ii) SFSS is one of the most generalized version of fuzzy
soft set and it is arguably the more realistic, practical
and accurate.

(iii) Introducing topology on SESS is seem to be highly
important in both theoretical and practical
scenarios.

(iv) While dealing with group decision-making prob-
lems of SESS, the proposed algorithm is more re-
liable and expressive.

7. Conclusions

The spherical fuzzy soft set is the most generalized version of
all other existing fuzzy soft set models. This newest concept
is more precise, accurate, and sensible and the models are
thus capable of solving myriad problems more deftly and
practically. In this paper, we probed into certain basic as-
pects of spherical fuzzy soft topological space. SES-topology
is developed by using the notions of SFS-union and SFS-
intersection. The paper has also provided certain funda-
mental definitions pertaining to the SFS-topology including
SES-subspace, SES-point, SES-nbd, SES-basis, SFS-interior,
SES-closure, SFS-boundary, and SES-exterior and on the
basis of the said definitions mooted, we have proven a few
theorems. Further, SFS-separation axioms are presented by
using the concepts of SFS-point, SFS-closed sets, and SFS-
open sets on the basis of which an algorithm is also proposed
as an application with vivid implications in group decision-
making method. The model is presented as an extension of
TOPSIS approach as well. A numerical example is used to
illustrate the efficiency of the proposed algorithm.

In the future, we will explore algebraicproperties of
SESSs and investigate their applications in decision making,
medical diagnosis, clustering analysis, pattern recognition,
and information science. Also relationship between SFSSs
and T-SFSSs, and the algebraic and topological structures of
T-SESSs can be studied as future work.
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This paper provides a generalized form of ideals, that is, h-ideals of hemirings with the combination of a bipolar fuzzy set (BFS).
The BFS is an extension of the fuzzy set (FS), which deals with complex and vague problems in both positive and negative aspects.
The basic purpose of this paper is to introduce the idea of («, f)—bipolar fuzzy h-subhemirings (h-BFSHs), («, 8)-bipolar fuzzy
h-ideals (h-BFIs), and (a, B)-bipolar fuzzy h-bi-ideals (h-BFbIs) in hemirings by applying the definitions of belongingness (¢€)
and quasicoincidence (q) of the bipolar fuzzy point. We will also focus on upper and lower parts of the h-product of bipolar fuzzy
subsets (BFSSs) of hemirings. In the end, we have characterized the h-hemiregular and h-intrahemiregular hemirings in terms of

the (€, evg)-h-BFIs and (€, €vq)-h-BFbls.

1. Introduction and Meotivation

In 1994, Zhang [1] introduced bipolar fuzzy set theory which
is an inflation of fuzzy set theory. Bipolarity is an important
idea that is mostly used in our daily life. In a lot of disciplines
such as decision making, algebraic structures, graph theory,
and medical science, bipolar valued fuzzy sets have become a
significant research work. In real life, it is noticed that people
may have a different response at a time for the same qualities
of an item or a plan. One may have a positive response, and
the other one may have a negative response; for example, $100
is a big amount for a needy person, but at the same time, this
amount may have less value for a rich man. Similarly,
sweetness and sourness of a food, effects and side effects of
medicines, good and bad human behavior, happiness and
sadness, thin and thick fluid, and honesty and dishonesty all
are two-sided aspects of an object or situation. See [2-10] for
examples and results which are relevant to bipolar fuzzy sets.

In 1965, Zadeh [11] introduced the concept of fuzzy set
theory which deals with the uncertain and complex problems
in decision-making theory, medical science, engineering,
automata theory, and graph theory [12-16]. The right place of
entries to fuzzy set is indicated by a membership degree. In [0,

1] interval, perimeter point 0 shows no fuzzy set acceptability
and 1 shows the fuzzy set acceptance. Also, (0, 1) defines the
fuzzy collection to be partially belonging. If the membership
degree is any property, then 1 describes that the element
satisfies the property and 0 describes that the element does not
satisfy the property. Interval (0, 1) shows the midway con-
dition. But, there was a difficulty to deliberate the irrelevancy
of data to the fuzzy set. The FS is extended to BFS to tackle
such situations.

In 1934, Vandiver [17] firstly familiarized the theory of
semiring. In 1935, Von Neumann introduced the idea of
regularity in rings and showed that for any nonempty set R,
if the semigroup (R, -) is regular, then the ring (R, +, -) is also
regular [18]. In 1951, Bourne showed if for all 7€ R there
exist x, y € R such that r + rxr = ryr, then semiring (R, +, -) is
also regular [19]. Hemirings (semirings with zero and
commutative addition) are studied in the theory of automata
and formal languages [20-22]. Algebraic patterns are very
important in mathematics. Hemiring is also a useful alge-
braic structure. It is very useful in functional analysis,
physics, computation, coding, topological space, automata
theory, formal language theory, mathematical modelling,
and graph theory.
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In the structure theory of semirings, ideals play a vital
role [23]. Henriksen gave in [24] a restricted class of ideals in
semirings, which is k-ideals. Another more restricted class of
ideals which is h-ideals has been given in hemirings by
lizuka [25]. However, in an additively commutative sem-
iring, ideals of a semiring coincide with “ideals” of a ring,
provided that the semiring is a hemiring [26, 27]. For more
applications of h-ideals, see [28, 29].

Ahsan et al. [30] presented applications of fuzzy
semirings in automata theory. Since the bipolar fuzzy
theory is a development of fuzzy theory, one may expect
that bipolar fuzzy semirings will be useful in studying
bipolar fuzzy automata theory and bipolar fuzzy
languages.

L.1. Related Works. Zadeh’s fuzzy set is a much innovative,
crucial, and useful set due to its significance in multiple
research dimensions. Fuzzy set addresses the ill-defined
situations by which we are often encountered. From these
ill-defined situations, we can evaluate results by using a
degree of membership of the fuzzy set but the bipolar
fuzzy set is a much better set to manage uncertainty,
vagueness, and impreciseness than the fuzzy set. A bi-
polar fuzzy set is much valuable due to its degree of
membership [-1,1]. Latorre [31] discussed the properties
of h-ideals of hemirings and presented some suitable
results with respect to hemirings. Zhan and Dudek [28]
proposed a model of fuzzy h-ideals with their useful
properties. They presented some algebraic properties of
prime fuzzy h-hemiregular hemirings. Kumaran et al.
[32] discussed some basic properties of (a,f)-level
subsets of bipolar valued fuzzy subsemiring of a hemiring
and their related results. We extended this useful model
and introduced h-hemiregular hemiring in terms of bi-
polar fuzzy h-ideals.

1.2. Historical Background. The bipolar fuzzy set describes
the main idea which lies in the existence of bipolarity
(positivity and negativity). In fact, human decision-making
consists of double sides on the positive and negative aspects,
for example, competition and cooperation, effect and side
effect, and hostility and friendship. In traditional Chinese
medicine, “Yin” is a negative side of a system and “Yang” is a
positive side of a system. The equilibrium and coexistence of
the two sides are keys for prosperity and stability of a social
system [33].

1.3. Motivation. Bipolarity fuzzy sets have potential impacts
on many fields, including information science, neural sci-
ence, computer science, artificial intelligence, decision sci-
ence, economics, cognitive science, and medical science [33].
Recently, the bipolarity fuzzy set has been studied in terms of
a hemiring a bit increasingly and a bit enthusiastically. That
is why we have been encouraged and motivated to introduce
and study h-hemiregular hemiring in terms of a bipolar
fuzzy set.
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1.4. Innovative Contribution. In fuzzy sets, the degree of
membership was restricted to [0,1]. In our realistic life,
someone may have a negative response and another one may
have a positive response at the same time for the same
characteristic of an object. In this regard, bipolarity is a very
useful concept that is commonly used in our real-world
problems. Recently, Shabir et al. presented (€, evg)-fuzzy
h-subhemirings and their related properties [34]. Bhakat and
Das [35] firstly introduced the idea of (a,f)—fuzzy sub-
groups. Dudek et al. [36] worked on (a, 8)—fuzzy ideals of
hemirings. The idea of finite state machine on bipolar fuzzy
theory is given by Jun and Kavikumar in [2]. Lee [37] in-
troduced bipolar valued fuzzy ideals. Ibrar et al. [38] used
(a, B)—bipolar fuzzy generalized bi-ideal for characteriza-
tions of regular ordered semigroups. In 2019, Shabir et al.
[39] used (a,p)-bipolar fuzzy ideals and («,[5)—bipolar
fuzzy bi-ideals for the characterizations of the regular and
intraregular semiring. Recently, Anjum et al. [27] studied
ordered h-ideals in regular semiring. Here, we have extended
the study in [39] for (a, f)—-h-BFSHs and (a, f)—h-BFIs of
hemirings.

1.5. Organization of the Paper. In Section 1, we have fa-
miliarized ourselves with the background of bipolar fuzzy
hemiring and its characterizations towards regular and
intraregular hemiring. Section 2 describes the literature
review of h-BFSHs, h-BFIs, and some new important def-
initions which is used as the basic concept for the major
works. In Section 3, the concepts of (a,5)-h-BFSHs and
(a, B)—h-BFIs of hemirings are discussed. In Section 4, we
have worked on the upper and lower parts of BFSH by
h-product. In Section 5, the description of theorems of
h-hemi-regular and h-intrahemiregular hemirings in terms
of the (€, evq)-h-BFIs and (€, €vq)-h-BFbls is given. In
Section 6, the comparative study is given, and the last section
consists of the conclusions and future plans.
The list of acronyms used here is given in Table 1.

2. Preliminaries

A semiring is an algebraic system (M, +,-) consisting of a
nonempty set M together with two binary operations ad-
dition and multiplication such that (M, +) and (M,-) are
semigroups satisfying for all u,v,w € M, the following
distributive laws u(v+w) =uv+uw and
(4 +v)w = uw + vw. By zero, we mean an element 0 € M
such that 0-u=u-0=0 and O+u=u+0=u for all
u € M. A semiring with zero and a commutative semigroup
(M, +) is known as hemiring.

A nonempty subset N of a semiring M is called a sub-
hemiring of M if N is a hemiring under the induced op-
erations of addition and multiplication of M. A nonempty
subset “N” of a hemiring M is called a left (right) ideal of M if
N is closed under “+” and mr e N(rm € N) for allm e M
and r € N, and N is called a two-sided ideal or simply an
ideal of M if it is both a left and a right ideal of M.

A hemiring M is said to be h-hemiregular if, for each
x €M, there exist a,a,,z€M such that
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X+ xa,x + z = xa,x + z, and M is said to be h-intra-hem-
iregular if, for each x € M, there exist a;, aj'-, b;, bj'-, z € Rsuch
that x + Y7, a;x°b; + 2z = Y, ajx’b) + z [29]. Throughout
the paper, M is hemiring unless otherwise identified.

Lemma 1 (see [29]). If M is h-intrahemiregular iff for any left
h-ideal L and right h-ideal N, LN N CLN.

(ﬂnoh(n) (u) = m A

(pontp) = v

Lemma 2 (see [29]). If M is h-hemiregular iff for any right
h-ideal L and any left h-ideal N, we have LN = LN N.

Definition 1  (see [1]). Let 5= (M,n,, 11p) and
(= (M, (p) be two BFSSs of M. Then, h-product ¢ ,{ =
(M, 1,00, m, 0 4C,) is defined as follows:

{1771 (Ci)vﬂn(c})\/(ﬂ (dl)v(”(d;)}’

{1, (c)nny ()G, ()AL, (d7)}

u+Zc,-d,-+v:Zc]'-dj+v (1)

(ﬂn ° h(n) (u) =0,

m n
(r]p o h(P) (u) = 0if uis notrepresentable as u + Z cd;+v= Z c}d} + V.
=1

Definition 2 (see [1]). If H is an h-subset of M. Then, the

bipolar fuzzy characteristic function on H is denoted by

Xer = (M Xops Xprr) and is defined by
-lifue H lifue H

Yt =V oie g > Xt = Joipu g or 2l

u € M. If H= M, then we have BFSS M = (M;M,,M,)

defined as Mn(u) = -1 and ]\7IP (u) =1 for all u € M.

Definition 3 (see [1]). ABEFSS y = (M, n,,, 11p) of M is called
h-BFSH of M if it satisfies the following:

(a) 1,(0) < 7, (u) and 1, (0)> 7, (u)

(b) 1, (u +v) <max{n, (u),n, (v)} and 1, (1 +v) 2 min
{1, 0.1, 0]

(¢) 1, (uv) <max{n, (u),n,(v)} and Mp (uv) 2 min
Zﬂp (u),n, (v)

(d) If u+c+v=d+v, then n,(u) <max{y, (c),n,(d)}
and 1p (u) Zmin{qp (o), Mp (d)} for all c,d,u,ve M

Definition 4. A BFSS n = (M, n,,,11,,) of M is said to be an
h-BFI;, (resp., h-BFIR) of M, if it satisfies the following:

(a) 1, (u +v) <max{n, (u), 1, (v} and
1p (u+v)= min{qp (u), 1p (v)}

(b) n,, (uv) <n, (v) and 1p (uv) 211p(v)
1, (uv) <, (u) and 1y (uv) = Mp (u))

(c) If u+c+v=d+v, then 5, (u) <max{n,(c),n,(d)}
and Mp (u) 2min{17P (¢), 1y (d)} for all c,d,u,ve M

(resp.,

i=1

Example 1. Consider a BFSS # of a hemiring
0ifu=0
M={0,1,2,3,...} as n,(u)= { 0.5 otherwise and

_[oifu=0
Mp (W) = { 0.5 otherwise
Then, # is a BFI but not a h-BFI of M because if we take
x=0,a=1,b=1andz=5, then for 0+1+5=1+5,
1,(0) = 0= — 0.5 = max{#, (1), 7, (5)} and 7,(0) = 0<0.5
= min{np(l),r]p (5)}.

Example 2. Consider a hemiring M = {0,4,b, ¢} under the
operations as in Tables 2 and 3.
Define a BFSS 7 = (M, ,,, 11,,) on M as shown in Table 4.
Then, it is easy to check that # is a h-BFI of M.

Definition 5. A BFSS 1= (M,#,,n,) of M is called an
h-BFbI of M, if is satisfies the following:

(a) 1,(0) < 1, (u) and n,(0)> 1, (u)

(b) n,, (u + v) <max{n, (u),n, (v)} and
Mp (u+v)= min{np (u), Np (v)}

(©) 1, (uv) <max{ny, (u), n, ()} and
1y (uv) = minznp (u), 1y (v)}

(d) 1, (wvw) < max {n, (u), 1, (w)} and 17, (wyw) = min
{1y 0.1, )

(e) If u+c+v=d+v, then 1, (u) <max{y, (c),n, (d)}
and qp(u)Zmin{np(c),np(d)} for all
od,u,v,w €M
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TaBLE 1: List of acronyms.
Acronyms Representation
ES Fuzzy set
BFS Bipolar fuzzy set
BFSS Bipolar fuzzy subset
h-BFSH Bipolar fuzzy h-subhemiring
h-BFI Bipolar fuzzy h-ideal
h-BFIL Bipolar fuzzy left h-ideal
h-BFIR Bipolar fuzzy right h-ideal
h-BFbI Bipolar fuzzy h-bi-ideal
Ift If and only if
TaBLE 2: Binary addition.

+ 0 a b c
0 0 a b c
a a a b c
b b b b c
c c c c b

TaBLE 3: Binary multiplication.
. 0 a b c
0 0 0 0 0
a 0 b b b
b 0 b b b
c 0 b b b

TaBLE 4: Values of BFSS on M.
M 0 a b c
m, 0.5 0.5 0.5 0.2
M -0.5 -0.5 -0.5 -0.1

Lemma 3. If H is a left h-ideal (resp., right) of M, then x;; =
(M§XnH>XpH) is an h-BFI;, (resp., h-BFIg) of M.

Proof: We have to prove the following three inequalities for
left h-ideal:

(@) Xy (1 +v) <max{y,; (), X,y (M)} and
Xprr (u+v) >min |y g (W), X pp (V)}
(0) Xy (uv) < X,y (v) and x,py (uv) 2 x g (v)
(c) If u+c+v=d+v, then Xng (4) < max
Dart () Xoury (D)} and
XpH (u) = min{XpH (c),XpH (d)} for all c,d,u,ve H
For the proof of parts (a) and (b), see [2]. Here, we just
prove part (c). For this, we discuss cases for all

odyu,ve Hu+c+v=d+v. O
Case 1. If wu,c,deH, then y,zm)=-1=y,)
= Xurr (€) = Xz (d) and XpH ()=1= XpH ) = XpH
(©) = Xpu (d).

Then,

X (1) = =1 <max{x,; (), Xy ()} and
Xprr () = 12minfy  (0), xppy (d)

Case 2. Mfu,c,d ¢ H, then y,; (1) =0 =x,5s (V) = x,5(c) =
Xt (d) and y oy (1) = 0 = x5 (V) = Xppi (€) = Xpps (A)-
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Then, Xz (1) = 0 <max{y,; (), Xy (D)} and
Xpr (u) =0> min{xPH () Xpu (d)}.

Case 3. If one of u, c, and d does not belong to H, say ¢ ¢ H,
then x,; (c) =0 = XpH (s Yo (W) = =1 = x5y (V) = X,y (D),
and x5 (1) =1=Yx,4y (V) =x,u(d). This implies that
Xorr (1) = =1 <0 = max{y, ;s (¢), X,y (D} and
Xprr (W) = 120 = min{xp; (), ¥y (D)}.

Case 4. If any two of u,c, andd do not belong to H, say
u,c ¢ H, then x,;y (1) =0=x,4(c), xpu 1) =0=yx,y(c)
Xnr () = =1, and x, (d) = 1. This implies that y,, (1) =
0 < max{y,; (¢), X,y ()} and
Xpr () =0> mint[XpH (s Xpr (d)}.

Hence, x; = (M; X, Xpry) 1s an h-BFI, of M.

3. (a, B) — Bipolar Fuzzy h-Ideals

In this section, we will introduce the concept of («, f)-h-
BFSHs, (a, f)—h-BFIs, and («, §)—h-BFbls of hemiring and
properties of such kinds of ideals are discussed.

Definition 6 (see [2]). Let (c,d) € [-1,0) xt(0,1]; then,
t/(c,d) is called bipolar fuzzy point in M with BEFSS 7 =
difu=t

(M, n,,mp)  of M if ”p(“):{()ifuqét and

cifu=t
1, (u) = {Oifu;bt for all u,t € M.

Definition 7 (see [2]). A bipolar fuzzy point ¢/ (c, d) belongs
to (resp., quasicoincident to) a BFSS n = (M,7,,1,) as
follows:

(a) t/(c,d) enifn,(t)<c and np(t)zd

(b) t/(c,d)gn if 5,,(t) +c< -1 and 11P(t) +d>1
(c) t/(c,d) evqn it t/(c,d) €  or t/(c,d)gqn

(d) t/(c,d) engn if t/(c,d) €  and t/(c,d)qn

In this paper, we consider a,f € {€,q, €vg, eng} and
a#€Ng. Consider a BFSS 7 = (R,7,,1,) such that
7,(t)= —0.5and 1p (t)=0.5forall t € Rand t/(c,d) engm.
Then, 7#,(t)<c, 1p (w=d, n,t)+c<-1, and
1, (u) +d>1. It follows that =1>7,, (t) + c >, (£) + 1, (£) =
2n, (t) which implies that #, (t) < — 0.5, thus a contradic-
tion. So, t/(c,d)eAgn, and hence, a # €Ng.

Definition 8. A BFSS n = (M, n,,n,) of M is said to be an
(0, $)-h-BFSH of M if for all t,ueM and
(c1,d,), (c5,d,) € [-1,0) x £(0, 1], it satisfies the following:

(a) t/(cy,d)ay  and
d\ndy)Bn

(b) t/(c,,d;)an and
d\Ad,)pn

(¢) If ¢,d,t,ue M such that t+c+u=d+u, then
c/(c;,dy)an and d/ (c,,d,)an — t/(c\Vcy, dAd,)
Bn; here, a # eng

ul (cy, dy)an — t +ul (¢, Ve,

u/ (cy, dy)an — tul (c,Vc,,
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Definition 9. A BFSS n = (M, n,,n,) of M is known as an
(a, B)—h-BFIy (resp., (a, f)—h-BFIg) of M if for all t,u e M
and (c;,d,), (c;,d,) € [-1,0) x (0, 1], it satisfies the
following:

(a) t/(cy,dy)ay  and
d,nd,)pn

(b) t/(cy,dy)an and ue M — ut/(cy,d;)pn (rep.
(tul (c1,d1)Bn))

(¢) If ¢,d,t,u e M such that t+c+u=d+u, then
c/(c;,d)an and  d/(cy,dy)an —  t/(c;Vc,,
d,Ad,)py; here, a # eng

ul (¢, dy)an — t +ul(c,Ve,,

Definition 10. A BFSS n = (M, n,,n,) of M is known as an
(o, )-h-BFbI of M if for all t,u,yeM and
(cy>dy), (c5,d,) € [-1,0) x £(0, 1], it satisfies the following:

(@) t/(cy,dy)an  and  u/(c,,dy)an — t+ul (¢, Ve,

d\Ndy)pn

(b) t/(c;,dy)an  and  u/(cy, dy)an — tul (c;Vey,
d\\dy)pn

(c) t/(cy,dy)an  and  u/(cy,dy)an — tyul (¢, Ve,
d\Ad,)Bn

(d) If ¢, d,t,ue M such that t+c+u=d+u, then
c/(c;,dy)an and dl (cy, dy)an —

t/(c;Vc,, dAd,)By; here, a# eng

Throughout this paper, our main focus will be on
(€, evq)-h-BFSHs, (€, €vg)-h-BFIs, and (€, evg)-h-BFBIs
of M.

Lemma 4. For a BFSS = (M, 1,,1n,) of M, ifc,d,t,u e M
such that t+c+u=d+u, then c/(c,d)ay and
d/ (c,,dy)an — t/(c,Ve,, diNd,)By;  then, 1, ()
<max{n, (c),, (d),—0.5} and
1, (£) =min{n, (c), 1, (d),0.5}.

Proof: Let c,d,t,u € M; then, we have the following four
cases:

(i) max{n, (c),n,(d)}< -0.5 and mln{qp(c),np
(d)}=0.5

(i) max{n,(c),n,(d)}< -0.5 and min{qp(c),np
(d)}<0.5

(iii) max{z, (c),n,(d)}> -0.5 and min{r/p(c),fyp
(d)}=0.5

(iv) max{n, (c),n,(d)}> -0.5 and mm{np(c),;yp
(d)}<0.5

Contrarily assume for c¢,d € M, n,(t)>max{z, (c),
1, (d), =0.5} or 1, (t) <min{y, (c), 1, (d),0.5}.

For case-(i): 7,,(t)> — 0.5 or 7, () <0.5; this implies
t/(-0.5,0.5)€ 5. Now, consider max{z,, (c), 7, (d)} < -
0.5 and  minf{y,(c),n,(d)}>0.5 and then
¢/(-0.5,0.5) € n and d/(-0.5,0.5) €n but for
t € M,t/(-0.5,0.5)€ 5. In the same way, ¢/ (-0.5, 0.5)g%
because 1#,(t)-05> -1 or Mp () +0.5<1. So,
t/(—0.5,0.5)€vgn which is a contradiction.
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For case-(ii): 7, ()> -0.5 or
qp(t)<min{11p(c),11p(d)}; so for se€ (0,0.5),

My (t)<s= min{np (c), 1y (d)} implies ¢/(-0.5,s)€ .
Now, consider again max{#,(c), 7, (d)} < - 0.5 and
min{qp(c),np(d)} =s and then ¢/(-0.5,5) € 4 and
d/(=0.5,s) € nbutfort € M,t/(-0.5,s)€ 5. In the same
way, t/(-0.5,s)gn Dbecause #,(t)-0.5> -1 or
1p (t) + s< 1. So, t/ (=0.5, s)eVqn, and it contradicts our
supposition.

For case-(iii): 77, (t) > max{n, (c), n, (d)} or 1, (t)<0.5.
So, for re (-0.5,0), #,(t)>r =max{y,(c),n,(d)}
implies ¢/(r,0.5)€ 7. Also, max{y, (c),n,(d)} = r and
min{np (c), 1p (d)} >0.5 and then we obtain
c/(r,0.5) €n and d/(r,0.5) e g but for
t € M,t/(r,0.5)en. Similarly, t/(r,0.5)gqn because
() +r> -1 or 11p(t)+0.5< 1. Therefore,
t/(r,0.5)eVqgn, which is a contradiction.

For  case-(iv):  7,(t)>max{n,(c),n,(d)} or
r]p(t) <min{;1p(c),;7p(d)}. For re€ (-0.5,0) and
s € (0,0.5), 1, (£) >r = max{y,, (c), n, (d)} and
1y (t)<s = min{qp (c), 1y (d)} and then t/(r,s)en.
Also, max{n, (c),n,(d)} =r and
min{qp (c), 1y (d)} = s; then, we obtain ¢/(r, s) € n and
di(r,s)en but for te M,t/(r,s)én. Similarly,
t/(r,s)gn because #,(t)+r> -1 or n,(t)+s<1.
Therefore, t/(r, s)eVqy, which is a contradiction.

Therefore, 1, (t) <max{y, (), 1, (d), —0.5} and
1p (t) Zmin{qp (c), Mp (d),O.S}. The reverse of this theorem
does not hold in general, shown by the following
example. O

Example 3. Consider a BESS # in Example 2; for t + c + u =
d+u, n satisfies 7, (t)<max{z,(c),n,(d),-0.5} and
1, (t) Zmin{qp(c),qp(d),O.S}. But if c¢/(c;,d,) € and

/(cy,d,) € 4, then t/(c,Vc,,dAd,) €vgn does not hold.
Because for b+0+c=a+c 0/(-0.505)€cn and
al (=0.5,0.5) € 1, but b/ (~0.5,0.5)&vqy as 11, (b) = 0.2<0.5
and 7,,(b) =-0.1> - 0.5. Also, 7,(b) +0.5=0.2+0.5<1
and 7, () + (-0.5) = -0.1 + (-0.5)> -1 implies
b/ (~0.5,0.5)g7. So, bl (=0.5,0.5)evqy.

Theorem 1. Ifa BFSSn = (M, n,,1,) of Mis an (&, €vq) -h-
BFSH of M, then it fulfills the following conditions for each
¢, d,t,u € M:

(a) n,, (c + d) <max{n, (c),n, (d), 0.5} and ny(c+d)2
min{qp (o), 1p (d), 0.5}

(b) 1, (c d) <max{n,(c),n,(d),-0.5} and n,(cd)>
min{qp (¢), 1p (d), 0.5}

(c) For t+c+u=d+u, n,(t)<max{y,(c),n,(d),
-0.5} and Mp (t) = min{qp (c), Mp (d), 0.5}

Proof: Follows from Lemma 4 and [2]. O

Theorem 2. Ifa BFSSn = (M, n,,1,) of Mis an (€, €vq) -h-
BFI; (resp., (€,€Vvq) -h-BFIg) of M, then it fulfills the fol-
lowing conditions for each c,d,t,u € M:



(a) n,(c +d) <max{n, (c),n,(d),-0.5} and n,(c+d)
> min{np (o), 1p (d), 0.5%

(b) 1, (c d) <max{n, (d),-0.5}  and 1, (c d)>min
lep (d), 0.5} (resp., 1, (c d) <max{y, (c),-0.5} and
My (cd)= min{qp (¢),0.5¢)

(c) For t+c+ru=d+u, 1, () < max{z,, (c),

1, (d), 0.5} and 1, (t) = min{n, (c), 1, (d), 0.5}

Proof: Follows from Lemma 4 and [2]. O

Theorem 3. Ifa BFSSn = (M,n,,1,) of Mis an (€, €Vq)-h-
BFbI of M, then it fulfills the following conditions for each
¢, d,t,u € M:

(a) 1, (c +d) <max{y, (c),n,(d),-0.5} and 1, (c+d)
>min{z, (c), 7, (d),o.sy}

(b) 1, (c d) <max{n, (c),n,(d),-0.5} and n,(cd)=
(d),-0.5} and n,(cbd)
> min{y, (c), 7, (d),0.5

min{7, (c), 7, (d), 0.5}
(c) n, (cb d) <max{y, (c), 11?
(d) For t+c+u=d+u, n,(t)<max{y,(c),n,(d),
-0.5} and 1p (t)= min{rlp (¢), My (d), 0.57
Proof: Follows from Lemma 4 and [2]. O

4. Upper and Lower Parts of a Bipolar Fuzzy Set

In the following segment, we have offered the definitions and
several stimulating outcomes regarding the upper parts and
lower parts of h-BESS.

Definition 11. (see [2]).1fn = (M, #,,n,) is a bipolar fuzzy
h-set in M, then the upper part 7" = (M, n,,17,,) of n is

(I/In ° h(n)_ (t) = (7’]” ° h{n) (t)V -0.5

N

N m n
t+2aib,~ +v= chdj + v
i=1 =1
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written as () () = () (HAN=0.5 and
(17;)(1.‘) = (qp)(t)V0.5. The lower part of # is denoted by
N = (M, 17;[,11;,) and is defined as () (t) = (1) (t)v - 0.5
and (11;,) (t) = (qp)(t)/\O.S forallt € M.

Lemma 5. Let 1 = (M,1,,1,) and { = (M, (,, (p) be two
BFSHs in M. Then, the following equations hold:

(@) (MNQ)™ =1~ A

(b) (VO™ =n~ v

(© (nonl)” =n o4l

Proof: Straightforward. O

Lemma 6. Let 1 = (M,1,,1,) and (=M, (p) be two
BFSHs in M. Then, the following equations hold:

(@) (N = A"

(b) (V0" =T

© (o)t =n*eyl”

Proof: Straightforward. O

Lemma 7. For an (€,evq)-h-BFIx n = (M,n,,n,) and
(e,evq)-h-BFI; ( (M,(n,(p), then we have
(o)™ < (M)

Proof: Lett € M if (50,{)(¢) =0, that is, (1,,°,(,) (#) =0,
and then (1,°,(,)” (#) =0v-0.5=0>(,v(,) (t) and
(1, 0, ( )(t) =0 indicates (11, oh(p)_ (t) =0A0.5=0
< (np/\fp)_ (t). Otherwise,

] {g(nn(ai)v—0.5)}v{i\:"?1(cn(b,.)v—0.5)}\/
e " 11 " V-05
t+ Zaibi tv= chdj v {j\_/l(ﬂn(C])V - 0-5)}V{j\_/1((n(dj)v - 0_5)}
’ {i\:n;l Tn (“"bi)}v{;\'}l G (aibi)}v
] V=05

> N
m n
t+Zaibi+v: chdj +v
i1 =1

j j)}V{j\z Cn(cjdj)}



Mathematical Problems in Engineering 7
[V natapv - 05) )]V @, (@b)v - 05)}v
= A 3 " " VvV -0.5
t+ Z ab;,+v= Z cjdj +v | {j\_/l(ﬂ”(cjdi)v B 0'5)}V‘|j\_/1({n<cjdj)v - 0'5)}
i=1 =1
’7n<zaibi>vcn<zaibi>v @
> A ;N\ - V-05
t+2aibi+v=2cjd]+v N chdj v(, chdj
i=1 =1 | =1 =1
= (1,VE,) () = 0.5,
This implies (1,0 ,(,)” (t) = (1, V()™ (B). For all teM, if H=M, then we have BFSS

Similarly, (1, 04(,)" (£) < (1,A0,) (8).
Hence, (17°,0)” < (A~ O
Definition 12. If H is an h-subset of M, the upper part x; =
(M; Xum> Xp) of the bipolar fuzzy characteristic function
X = (M Xpup> Xpry) Of H is defined by the following:

o {—lifteH,
Xt =0 o sift ¢ H,
) (3)
N (t):{llfteH,
Kot 0.5ift ¢ H.

Similarly, the lower part y;; = (M; X1y Xppy) Of the bi-
polar fuzzy characteristic function x; = (M; X,pp X ) of H
is defined by the following:

_— {—O.SifteH,
) =
Anti 0ift ¢ H,
. (4)

- :{0.51ft € H,
KpH 0ift ¢ H.

(XnEOthF)7 (t) = A n

r+Zaibi+v: chdj+v
i1 =1
={-Dv(-DV(-1V(-D}v -

= XzF (t)-

Now,

M = (M;M,,,MP) defined as Mn(t) =-1and Mp(t) =1
for all t € M.

Lemma 8. Let E and F be two nonempty h-subsets of
M. Then, the following results hold:

(@) (Xg™\XF)” = XEnF
(b) (XgVXE)™ = XEur
(c) (XgenXr) =Xz

Proof: Proofs of (a) and (b) are straightforward. Here is justa
proof of (c).

Suppose t € M and t € EF. Then, x,z5(t) = —0.5 and
X,F(t) =0.5. For t € EF, t+ " ab+v=3" cd;+v
where a;,c; € E and b;,d; € F.; then, we have y,z(a;) = -1,
Xpe () =1, X, (b)) = -1, and x,p (d;) = 1.

Consider the following:

(:

0.5=-0.5

(5)



(XpthXpF)_ (t) = m v

Satev= 3o oo | A Aee) (A nel)
i=1 j=1

Mathematical Problems in Engineering

(

>3

XnE (“i)>’\<z\1 XnF (bi))

N0.5

(6)

={(DA(DA(DA(1)}INO.5 = 0.5

= Xpir (1)-

Hence, (xgouxp) = Xa5

If t ¢ EF, then y, 5 (¢t) = 0 and also x 7z (t) = 0.

Then, (XnE ° thF)_ (t) = (XnE ° thF) (t)V -0.5
=0V-05=0=y_(t).

And,  (xpgonXpr) () = (XpronXpr) (DAO.5 = 0A0.5
Thal'%, (e ote)” = 13- -

Lemma 9. If H is left (resp., right) h-ideal of M, then yj; =
(M Xour> Xprr) 5 (€, €Vq)—h-BFI, (resp., (€, €vq)—h-BFIy) of
M.

Proof: Straightforward. O

Lemma 10. If H is h-bi-ideal of M, then x; = (M; X5 X pp)
is (€, evq)—h-BFbI of M.

Proof: Straightforward. O

(ﬂnohcn)7 (t) = m A

n
t+2aibi +v= chdj+v
i=1 =1

5. h-Hemiregular and
h-Intrahemiregular Hemirings

In this section, by using the h-BFIs, theorems on hemi-
regular and intrahemiregular hemirings are presented.

Theorem 4. Suppose M is a hemiring, then the following
subsequent conditions are identical:
(a) M is h-hemiregular

(b) (qN)” = (no,0)~  for all  (€,evq)-h-BFI
n = (M,n,1n,) and (€,evq)-h-BFI; { = (M, {,,(,)
of M

Proof: Let M be an h-hemi-regular hemiring. For each

teM, there exist x,x,y€M such that
t+tx,t+y =tx,t + y; then,
m m
(Y (@)Y o)
; . v -0.5
o oo M S04
(7)

<{n, (tx,)V{, (), (tx,)VC, (1) }v - 0.5
<{(n, (t)v = 0.5V, (H)V (1, (H)V = 0.5)V{, ()} - 0.5

={(,(OV, (D}v - 0.5
= (1,VC,)” ().

In the same way, (17,°,0,)" (1) > (1,A,)" (2).

Thus, (mN)” < (o hf)*. But, we have
(70,0)” < (yA{)” by Lemma 7. Hence, (qAl)™ = (y0,0)".

Conversely, (#A)” = (50,{)” for all (€, evg)-h-BFIy
n= (M) N ) and (E) qu)_h_BFIL ( = (M) (n) (p) of
M. Let E andp F be right h-ideal and left h-ideal of M cor-
respondingly. Formerly, the lower parts of the bipolar fuzzy
characteristic ~ function  xp = (M; X, X,p) are an
(€, €vq)-h-BFIg and X = (M; x,p» X pp) are an (€, €Vg)-h-
BFIy; of M. Therefore, by our supposition,
(xe™xp)” = (xpexp)” . This indicates that yxz.p = XzF

implies ENF = EF. Therefore, by Lemma 2, M is
h-hemiregular. O

Theorem 5. For a hemiring M, the following subsequent
conditions are identical:

(a) M is h-hemiregular

(b)) (MNCAV)” < (510 ,C o v)” for each (€, €vq)—h-BFIy
n=(M1,n,) for all (e, €vq)—h-BFI
(=M, (”’(P) and for all (€,evq)-h-BFI,
v=(M,v,, vp) of M
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Proof: Same as Theorem 4. O

Theorem 6. Suppose M is hemiring, then the following
conditions are equivalent:

(a) M is h-hemiregular

() (N < (e, ()" for all
n=(M, > 1 ) and for all

(= (M.0ly) of M

(€, evq)—h-BFbI
(e, €vq)—h-BFI;,

(ﬂnoh(n)7 (t) = m A

z+Zaibi+V—ch + v
i=1

(OVC, (x,8)}v = 0.5

< {1, (OVE, (3, )V, (1)

9
(c) (11/\()’ <(noy)”  for all (€ evq)-h-BFI;
= (M, s 1 ) and for all (€, evq)-h-BFbI

C= (M of M

Proof: (a) — (b): Let M be an h-hemiregular. For each
teM, there exists x;,x,,ye€M such that
t+tx,t+y =tx,t + y; then,
(V@)% o)
; . v -0.5
o o) M 6a))
(8)

<{n, OV (C, )V = 0.5)vn, )V ({, (H)V - 0.5)}v = 0.5

={(, (O, (D}v - 0.5
= (1,VC,)™ (@)

In the same way, (17,° h(p) t) = (17P/\( )™ (¢). Thus,
(N~ < (o,0)".

(b) — (a): Let 4 = (M, n,, np) be a (€, €vq)-h-BFIy
and { = (M, (,, (P) be a (€, evq)-h-BFI; of M. Since each
(€, evq)-h-BFIr is (€, evg)—h-BFbI of M, by (a), we obtain
(mA)” < (oy¢)” but by Lemma 7, (50,0 < (yA{)".

Hence, (nA()” = (°,¢)", and by Theorem 4, M is
h-hemiregular. Similarly, we can prove (a) — (c) and
(c) — (a). O

Theorem 7. For a hemiring M, the following subsequent
conditions are equivalent:

(’171 ° h(n)_ (t) - m A

t+Zab +V—ch +v

{11" (x;)VC, (tz; )an(x t)v( (tz )}V -0.5
{(n, )V = 0.5)v (¢, (H)V = 0.5)V (1, (1)V = 0.5)V ({,, (£)V — 0.5)}v - 0.5

IN

{(n, (DVE, (O} - 0.5
(1) ().

In the same way, (17,°,0,)" (£)> (7,A,)" (2).

Thus, (1A0)” < (70,,0)".

Conversely, assume E and F are left and right h-ideal of
M, respectively. The lower parts of the bipolar fuzzy char-
acteristic function of E and F, xp = (M, X, X,e) and

(a) M is h-intrahemiregular
(b) (77/\()7<(11 W) for all
= (M, ;1”,11) and for all
{= LD of M

(€, evq)-h-BFI;
(e, evq)-h-BFIy

Proof: Assume M is h-intrahemiregular hemiring. For every

t €M, there exists i»Zi> py €M such that
t+ Y xttz v =37 1thZZ .
(V@)Y @)
. ; Vv-05
o fme) ] §,604)
(9)

= (M, XnF’XpF) are (€,evq)-h-BFI; and (e,evg)-h-
BFIR of M, respectively. Now, from our supposition,
(XerE) < (XgonXp) - Also,
Xenr = (Xe™ME) < (XEonXp)™ = Xz7 which suggests that
ENFCEF. From Lemma 1, M is h-intrahemiregular. [
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6. Comparative Study and Discussion

In [2], Shabir et al. used regular and intraregular semirings
with the help of («, 5)-BFIs. We extended the work of [2] to
hemirings with the help of (a,f)-h-BFIs. Semiring with
zero and commutative addition is hemiring. We have
characterized h-hemiregular and h-intrahemiregular hem-
irings by using (a, 8)—h-BFIs. As h-ideal is a more restricted
form of ideal, our extension is more applicable than the
approach discussed in [2].

7. Conclusion

BES is a dominant tool of mathematics to resolve the un-
certainty in positive as well as a negative aspect of the data. In
this paper, basic concepts, operations, and related properties
with respect to (a, f)—h-BFIs are proposed. Generally, we
have proved with an example that if a BFSS 5 of M is an
(€,evq)-h-BFI of M, then it satisfies three particular
conditions, but the reverse may not hold. Also, we have
studied the lower and upper parts of (€, €Vvq)-h-BFI of
hemirings. We have characterized h-hemiregular and
h-intrahemiregular hemirings by using («, )—h-BFIs.

The bipolar fuzzy set has membership degree ranges
from —1 to 1, but we often face such critical situations in real
life which cannot be handled by bipolar fuzzy sets due to
their membership degree [-1,1]. To control these critical
situations, Pythagorean fuzzy sets are more useful because of
the sum of its membership degree and nonmembership
degree which can be greater than 1.

In the future, we will extend this work for hyper-
structures, LA-semigroups, near-rings, etc. We will utilize
this proposed bipolar fuzzy model to enhance these studies
such as fuzzy stochastic data envelopment analysis model,
intuitionistic fuzzy linear regression model, bounded linear
programs with trapezoidal fuzzy numbers, interval-valued
trapezoidal fuzzy number, fuzzy arc waves based on artificial
bee colony algorithm, and fuzzy efficiency measures in data
envelopment analysis. In addition, we will study its real-life
applications in medical science, computer science, man-
agement science, and many other fields.
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With the continuous development of mobile Internet and educational technology, the deep integration of education and Internet
has a great impact on the education concept and teaching mode. The mixed teaching based on Rain Classroom is the specific
application of new educational technology in the teaching of Internet plus education. Most of the students in ethnic universities
come from the central and western ethnic regions. In addition, the evaluation of blended classroom teaching reform effect is
looked as the classical multiple attribute decision making (MADM). We extend the dual MSM (DMSM) operator with fuzzy
number intuitionistic fuzzy numbers (FNIFNS) to build the fuzzy number intuitionistic fuzzy dual MSM (FNIFDMSM) operator
and fuzzy number intuitionistic fuzzy weighted DMSM (FNIFWDMSM) equation in this study. A few MADM operators are built
with FNIFWDMSM operator. Finally, taking blended classroom teaching reform effect evaluation as an useful example, this paper

illustrates the depicted approach.

1. Introduction

In 1965, Zadeh [1] proposed the fuzzy sets (FSs) to fuse
information in the fuzzy information domain [2-6]. To
extend the FSs, the intuitionistic fuzzy sets (IFSs) [7] were
also proposed. Subsequently, FS and its corresponding ex-
tension are investigated in more and more decision-making
analysis domains [8-15]. At the same time, more and more
methods are built to solve the different MADM issues
[16-22] and MAGDM issues [23-28]. Su et al. [29] proposed
the interactive dynamic IF-MAGDM. Arya and Yadav [30]
proposed the intuitionistic fuzzy super-efficiency measure.
Tian et al. [31] defined the partial derivative and complete
differential of binary intuitionistic fuzzy functions. Garg [32]
proposed the cosine similarity measure under given IFSs.
Tan [33] proposed the Choquet-TOPSIS tools for IF-
MADM. Zhao et al. [34] defined the Interactive intuitionistic
fuzzy methods for multilevel programming problems. Li
[35] proposed the GOWA operators to MADM under IFSs.
Buyukozkan et al. [36] selected the transportation decision

schemes with the intuitionistic fuzzy Choquet method. Joshi
et al. [37] proposed the given dissimilarity measure along
with IFSs. De and Sana [38] solved the random demand
models along with Bonferroni operator under IFSs. Li et al.
[39] devised the given VIKOR-based dynamic [F-MADM.
Niroomand [40] solved the multiobjective linear pro-
gramming with IFSs. Yu et al. [41] defined the derivatives
and differentials for multiplicative IFSs. Yu [42] proposed
the prioritized geometric means under IFSs. Wu and Zhang
[43] solved the IF-MADM with weighted entropy. Verma
and Sharma [44] built the inaccuracy measure for IF-
MADM. Furthermore, Liu and Yuan [45] proposed the
fuzzy number IFSs (FNIFSs) along with the IFSs. The
membership and non-membership of IFSs are [0, 1], and the
sum of membership and non-membership of IFSs is less
than one. Different from the IFSs, the membership and non-
membership of FNIFSs are triangular fuzzy sets (TFSs).
Thus, The FNIFSs could well depict the uncertainties and
fuzziness during the real-life decision issues. Fan [46] built
the FNIFHPWG function to make evaluation about
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knowledge innovation ability. Wang and Wang [47] defined
the FNIFHCG operator under FNIFSs. Chen and Wang [48]
defined the IFNIFHOWA operator for project performance
evaluation. Wang and Yu [49] defined the FNIFHCA
function to evaluate the rural landscape design projects. Lu
[50] built the IFNIFHCG operator for international com-
petitiveness assessment. Wang [51] defined some useful
operational laws along with FNIFSs based on the arithmetic
operators. Zhao et al. [52] defined the FNIFHPWA function
for appraising the software performance. Li et al. [53] built
the information entropy and similarity measure with
FNIFSs. Wang [54] proposed the geometric means under
ENIFSs. Li [55] expanded the generalized Maclaurin sym-
metric mean (GMSM) equation under FNIFNs to establish
the fuzzy number intuitionistic fuzzy GMSM (FNIFGMSM)
equation and fuzzy number intuitionistic fuzzy weighted
GMSM (ENIFWGMSM) equation.

Nevertheless, all the given functions and useful tools
proposed by these scholars do not take into account the
relationship between given parameters [56-60]. To conquer
these given shortcomings, the crucial purpose of such given
article is to combine the FNIFSs with DMSM means [61] to
propose several novel fused tools under FNIFSs. The mo-
tivations of the paper can be summarized as follows: (1) the
DMSM formula is utilized to build several DMSM fused
formulas with FNIFNs: FNIFDMSM operator and
ENIFWDMSM operator; (2) the FNIFDMSM operator and
FNIFWDMSM operator method is proposed to solve the
MADM problems with FNIFNS; (3) a case study for blended
classroom teaching reform effect evaluation is supplied to
show the developed approach; and (4) some comparative
studies are provided with the existing methods. The rest of
the paper is organized as follows. Several basic concepts of
FNIFSs and DMSM means are given in Section 2. The
DMSM means with FNIESs are given in Section 3. An in-
stance about blended classroom teaching reform effect
evaluation is given in Section 4. The conclusions are drawn
in Section 5.

2. Preliminaries

In this section, we introduce the definition of FNIFSs [32]
and the DMSM operator.

2.1. FNIFSs. Liu and Yuan [45] built the FNIFS, and the
membership and non-membership are depicted under
TFNs.

Definition 1 (see [45]). Suppose E ={e,e,,...,e,} is a
given fixed set and B is a given ENIFS on E, and its
mathematical expression is

B=c¢{<e,Ty(e),Fg(e)ye € E}. (1)

T (e), Fg(e) are two given TFNs between 0 and 1, and
Tg(e) = (X(e),Y(e),Z(e)),e — [0,1], Fy(e) = (A(e),
S(e),D(e)),e — [0,1], 0<Z(e)+D(e)<1, Vee E. Let
Ty(e) = (X(e), Y (e), Z(e)), Fy(e) = (A(e),S(e), D(e)), so
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Q(e) = ((X(e), Y (e), Z(e)), (A(e), S(e), D(e))), and Q(e)

is viewed as a given FNIFN.

Definition 2 (see [51, 54]). Q(e;) = (X (e;), Y (€;), Z (e;)),
(A(e;),S(e), D(e;))) and Q(e;) = (X (e;),Y (e)), Z(e)),
(A(ej), S(ej),D(ej))> are two given FNIFNs; consequently,

X(ei) + X(ej) - X(e,-)X(ej)
1) Qe)PQ(e)) = {( Y@ +¥ep-Y@ree) |,

Z(e[) + Z(ej) - Z(ei)Z(ej)
Ale)Ale))
S(e[)s(ej) .
D(e[)D(ej)
X(e)X(e;)
(2) Qe ®@Q(ej) = {( (X ) ),
Z(ei)Z(ej)
Ale) +A(e;) - Ale)A(e)
S(e;) +S(ej) — S(e)S(e;) .
D(E,-) + D(Ej) - D(el)D(ej)
1- (1-X (e (Al
(3)AQ(e) = [ 1-a-ve |5 | <@y | t>A20.
1-(1-Z(e) (D)
A (X(e)! 1= (1-Ae)
4) Q) =1 @ |, | 1-a-se | >A20.
(Z(e) 1- (1-D(e)
Definition 3 (see [51, 54]). Let Q(e) = ((X(e),Y (e), Z (e)),

(A(e),S(e),D(e))) be a given ENIFN, and the score
tunction of Q(e) is depicted as
X(e) +2Y (e) + Z(e) _A(e) +2S(e) + D(e)

SF(Q(e)) = ) 1 >

SF(Q(e)) € [-1,1].
(2)

Definition 4 (see [51, 54]). Let Q(e) = {((X (e),Y (e), Z (e)),
(A(e),S(e),D(e))y be the given FNIEN, and an accuracy
function of Q(e) is defined as

X(e)+2Y (e) + Z(e) +A(e) +2S(e) + D(e)

AH (Q(e)) = 1 1

>

AH (Q(e)) € [0,1].
(3)

Based on SF(Q(e)) and AH (Q (e)), let us look at the size
comparison of the two FNIFNG.

Definition 5 (see [51, 54]). Let Q(e;) and Q(e,) be two
FNIFNs;  then, if SF(Q(e;))<SF(Q(e,)), then
Q(e;) <Q(ey); if SF(Q(ey)) = SF(Q(ey)), then
(1) If AH (Q(e;)) = AH(Q(e,)), then Q(e;) = Q(ey).
(2) If AH(Q(e;)) < AH(Q(e,)), then Q(e;) <Q(e,).

2.2. DMSM Operators. Qin and Liu [61] proposed the dual
MSM (DMSM) operator considering both the MSM and the
dual operation.
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Definition 6. (see [61]). Leta,; (i = 1,2,..

non-negative real numbers, and A,,4,,...,1,>0. If

DMSM™® (x,x,,...

then we name DM SM ) as dual MSM (DMSM) operator,
where (i}, i,,...,i;) changes all the k-tuple information
combinations of (1,2,...,n) and Cfl is the mathematical
binomial coefficient value.

3. FNIFDMSM and FNIFWDMSM Operators

3.1. The ENIFDMSM Operator. The DMSM is built to co-
alesce all given FNIFNSs, and the fuzzy number intuitionistic
fuzzy DMSM (FNIFDMSM) operators are built.

FNIFDMSM ® (Q(e,),Q(e,), . -,

Theorem 1. Let Q(e,,) = {(X (e, Y (e,
Z(e,)), (A(e,,),S(e,),D(e,))y,m=1,2,..

ENIFDMSM® (Q(e,),Q(e,), . -

(

,Q(en))

<EBQ (eij))(llcﬁ)>,

j=1

1- I1 1-
1<) < <ip <i,

1-
1<11< - <ip <i,

1- 1-
1<i; <. <z,‘<z

Proof. From Definition 2, we can derive

®

1<i) < <i <i,

:]»

}j)))(wﬁ))
})))(I/Cﬁ))
))))(UCﬁ))

[
]
—_

1-

:»

]
—

J

:x-

]
—

j

., n) be a couple of

.k, be a set of

(

n (1/ck)
1
Q(e"))=E<lsil<§)<iksin (]G_?Q<eij)) >

(1/k)

(1/k)

>

(1/k)

1<i) <. <@ <iy

, 1- ] 1
1<) < <ig <iy

>

]‘:

[

(4)

(uck)
x; R
1 ]> )

Definition 7. Let Q(e,,) = (X (e, Y (e,,), Z(e,))
(A(e,,),S(e,,),D(e,))),m=1,2,...k, be a couple of given
FNIFNs. The ENIFGMSM operator could be defined as

(5)

ENIENs. The obtained value from FNIFDMSM is still an
FNIFEN.

(1/k)

o))

(1/k)

() )

11

j=1

1- ] 1-
1<i) < <ig <iy,

(1/k)

(1— [ 1-
1<) <o <ig <iy =1
(6)
(1-¥(e))1-T10-7(+)) )
= (7)



4
Thus,
n (1/ck)
)
j=1 J
B j
k
1-11- A
(- (f1t
Thereafter,
n (1/ck)
1si <0 <i, (j—1Q<eif>>
x (1/ck)
I <1—H(1—X e ))
1<i) < <@ <iy, j=1
X (1/ck)
4 (“H 1_Y<el]))>
<ty << <1y, J
i (1/ck)
1-T(1-2(e;
UGS RO
Furthermore,
FNIFDMSM ™ (Q(e,),Q(ey), - - - Q(e,)) =%<1 ® <@1Q
P

Hence, (6) is kept.
Then, we can prove that (11) is an FNIFN. We shall check
the following two conditions:

)
((10-2)) (1) (T10-4)) )|
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k (cy)
I ()
K (1/ck) 9)
= ()
k (1rcy)
e (1)
(1cy)
)"
k (k) 0\ )
(-0 (-ee) )
k (1ck)y VR
| (m () )
K (uck)y
(1_1sil<Hikgin<I_E(D<eif))> )
(‘10)

() (X(e),Y (e), Z(e))<[0,1], (A(e), S(e), D ()< [0, 1].
(if) 0<Z(e) + D(e) < 1. O
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Proof Thus,
(i) Since 0< X(e,-j) <1, we get x (uct)\ M
x . 051—(1— I (1—H(1—X<eij))> ) <1.
0< H<1—X<ei>)s1and0g1—]—[(1—X(el,))gl. tehenchsh, A
i j i j (13)
(11)
That means X(ez =1=(1 - [Tic <cciy <i,
Then, (1-TT7 (1= X (e )W) M0c[o, 1], Similarly,
. we can get (Y (e), Z(e))<]0,1], and
k (vey) (A(e),S(e), D(e))<l0,1], so (1) is kept.
0<1- 4 H ' 1- , <1_X<eij <1 (2) For Z(e; ) + D(e; ) <1, then we can have D (e; ) <1 -
1<i) < <ip <, j=1 Z(ei_), ahd thus j j
(12) '
0<Z(e)+D(e)
(1/k) (1/k)
. (1/ck) 2 (cy)
=1-[1- ] <1_H(1_Z<ei->>> +1- 1 <1—H(D(e,.)>>
1<i)<... j=1 ' 1<ip <. J=1 '
<ip<i, <iy <,
(1/k) (1/k)
. (11ck) X (1rcy)
- 1 (1-T10-4(4) - T (-T10-4()
1<i)<... j=1 . 1<ip <. j=1 '
<ip<i, <ip<i,
=1.
(14)
O
Example 1. Let  Q(e;) = {(0.1,0.2,0.3), (0.2,0.5,0.6)), Q(e;) = €(0.4,0.5,0.5), (0.3,0.4,0.4)) be three FNIFNs, and
Q(e,) =<(0.2,0.3,0.3), (0.2,0.5,0.5)), and suppose k = 2; then, according to (10), we derive
1 n (1cy)
FNIEDMSM P (Q(e,).Q(e), 5 Q(e,) = ¢ < e (G?Q@)) >
<iyp << <iy \ j=

1 —(1 —((1-(1=01)x(1-0.2)) x (1= (1-0.1) x (1 -0.4)) x (1 -(1-0.2) x (1 - 0'4)))(1@))(1/2)

1 —(1 —((1-(1-02)x(1-0.3)x(1-(1-0.2)x(1-0.5)) x(1 -(1-0.3)x(1- 0_5)))(1/c§))<1/2)
2y (1/2)

1 —(1 ~((1-(1-03)x(1-0.3)x(1-(1-0.3)x(1-0.5)) x (1 -(1-0.3)x(1- 0.5)))(1/%)) (15)

(1 ~((1-02x0.2) x (1-0.2%0.3) x (1-0.2 0.3))(1/C§)>(1/2)

(1 —((1-0.5x0.5)x(1-0.5%0.4)x(1-0.5x 0.4))(1/C§)>(1/2)

(1 —((1-0.6x0.5) x(1-0.6x0.4) x(1-0.5x 0_4))(1/c§)>(”2)

= {(0.2294,0.3335, 0.3672), (0.2311, 0.4659, 0.4978)) .
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Then, we discuss some better properties for Property 4 (commutativity). Let Q(e;) (i =1,2,...,n) be a

FNIFDMSM. set of given FNIFNs, and Q(e}) (i = 1,2, ...,n) is any per-
mutation of Q(e;) (i = 1,2,...,n); then,

Property I (idempotency). IfQ(e;) = {(X (), Y (e)), Z (e))), FNIFDMSM ® (Q(e;),Q(e,), .-, Q(e,))

(A(e;),S(e;), D(e;))y (i =1,2,...,n) are same, then (19)

= FNIFDMSM™® (Q(e}),Q(e)), . .., Q(e))).
FNIFDMSM™ (Q(e,).Q(e,). -, Q(e,)) = Qle).  (16) Qe Q@) Qlew)

3.2. The FNIFWDMSM Operator. In real-life MADM, it is
Property 2 (monotonicity). Let Q(e;)=<{(X(e;),Y (e;), very crucial to take weights into account. We shall solve the
Z(e;), (A(e;),S(e;),D(e;))y(i=1,2,...,n) and Q(e]-) = fuzzy number intuitionistic fuzzy weighted DMSM
((X(ej),Y(ej),Z(ej)), (A(ej),S(ej),D(ej))) (j=1,2,...,n) (FNIFWDMSM) mean.
be two sets of FNIFNs. If X(e,»)sX(ej),Y(ei)SY(ej),
Z(ei)SZ(ej),A(ei)zA(ej), S(ei)zS(ej),D(e,-)ZD(ej) hold Definition 8. Let Qle,,) = (X (e,) Y (e,), Z(en)),
for all 4, j, then (A(e,,),S(e,,),D(e,))) (m=1,2,...,k) beacouple of built

FNIFDMSM(k)(Q(e,»I),Q(eiz), o ’Q(ein)) FNIFNs with given weight values £, = (£,,&,,...,&)", and

) (17)  &nel01], 38 &, =11If
<FNIFDMSM®(Q(e; ). Q(e;). ... Q(e; ). eirwlM® (et F2(e)

Z(e;), (A(e;),S(e;),D(e))y(i=1,2,...,n) be a group of k =1

+_ (max (X (e;)), max (Y (e;)), max(Z(e;))),
ENIFNs. If Q(E) - { (min (A (e;)), min(S(e;)), min (D (e;))) }

1 k (vey) (20)
Property 3 (boundedness). Let Q(e;) = (X (e;),Y (e;), _1 <1<‘ <®<' _ (@(nfi@Q(eij))) )

then we call FNIFWDMSM ik’AI’AZ"“’)‘k) the fuzzy number

(i=1,2,...,n) and Q(e)” {(m‘“(x (e)), (1:1:;((};((;))) min(Z(e)). " jntuitionistic fuzzy weighted DMSM (FNIFWDMSM)
max(S(e;)), max(D(e,))} (i = 1,2,...,n), then {gama.
Q(e)” <FNIFDMSM® (Q(e,),Q(e,), .. 5Q(e,)) <Q(e)’.  Theorem 2. Let  Q(e,) = (X(e,).Y (e,), Z(e,)),
(18) (A(e,,),S(e,,),D(e, ) (i=1,2,...,n) be a couple of built
ENIFNs. The obtained value from FNIFWDMSM formula is
still a FNIFN.

(1/k)

X (1/ck)
FNIFWDMSM}YQ(Q(el),Q(ez),.,.,Q(en))—%(m S (GB ns ®Q ) )
(1/k) 1

j=1
x (1/ck)
1-f1- J] il = H(1—
1<i) < <ip<i, j=1
Ck

3y () )
(n<n< ) | (o e
)

(1/k)
1<i) << <iy

k it (1/ck)
(- (o))

(1/ck) (1/k)

(1/k)

(21)
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Proof. With Definition 2, we can derive

Thus,

(23)

(24)

(25)



Therefore,

(1/ck))

k
FNIFWDMSM;’?(Q(el),Q(ez),..,,Q(en))=%(1<i 8 (,@ nE ®Q

Ik
ey \ M

:»

1-

-
Il
—

/\V\
V\/\

(1/k)

)
I
(

:lw-

1-

-
I
—

Il
—_
|
—_
|
~/
—_
|
-
—
—_
|
>-<
VS
Ky
~—
~—
B
N~

/\l/\
|/\A

(1/k)

(e

:1

—.

1<i <.
<S

Hence, (23) is kept. (i) 0<Z(e)+D(e) < 1.
Then, we shall prove that (23) is an FNIFN. We shall

check the following two conditions:

(i) (X(e),Y (), Z(e))<[0,1], (A(e), S(e), D(e))<[0,1].

k né;. k né;.
SH(l—X(ei])) JslandOSI—H<I—X<ei}_>) '<1.
i1 j

j=1

Then,

os1- J]

1<iy < <ip <i,)

% i, (1/ck)
<1—H<1—X<eij>> > <1.

Thus,

(1/k)

k e, (1ck)
OS1_<1_1<i,<lj[<ik<in<1_!_1[(1_X(ei1)) > ) <l

nf,

nE , > (1/ck)

Ik
@iy \ M

(1/k)

k
(1/ck) o

Proof. (1) Since 0 SX(eiJ) <1, we get
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(26)

(27)

(28)

(29)



Mathematical Problems in Engineering 9

That means X(e)=1-(1-Tlg<.ci<i, (2) For Z(eij) + D(e,»j) <1, then we can derive
(1- H];':1 (1- X(eij)) nf,-,.)(l/cﬁ))(uk)g[o’ 1]. Simi- D(eij) <1l- Z(eij), and thus

larly, we can get (Y (e),Z(e))<[0,1], and
(A(e),S(e), D(e))<|0,1], so (1) is maintained.

0<Z(e) +D(e)

(T ) ) (e () )

(17k)

1<) < <i <i, j=

‘ NCCN AN
S1_<1_1si1<1j[<iksi,,(1_[!<1_Z<6ij>> j) ) +(1_15i1<1j[<iksin<l_' (1_Z<6ij>> ]> )

(1/k)

=

j=1
=1
(30)
O
Example 2. Let Q(e;) = {(0.1,0.2,0.3), (0.2,0.5,0.6)), suppose k = 2& = (0.2,0.3,0.5); then according to (21), we
Q(ey) = <(0.2,0.3,0.3), (0.2,0.5,0.5)), and have
Q(e;) = €(0.4,0.5,0.5), (0.3,0.4,0.4)) be three FNIFNs, and
ENIFW DM SMY (Q(e,),Q(e,), - - s Q(e,))
) B (1/ck)
:E<1gil<§><ikgin <]G_91<nfij®Q(e,»j>)> )
2y (172)
(1-(1-0.1)" x(1-0.2)*") x(1-(1-0.1)" x (1 -0.4)"?) (e 7
1-|1- ,
( {(1-(1-0.2)" x(1-04)") )
2y (172)
(1-(1-02)% x (1-03)%) x(1-(1-0.2)° x (1 -0.5)") (e
1-|1-
( {1-(1-0.3)" x(1-0.5)"?) ) (31)
2y (172)
4 (1-(1-03) x (1-03)) x(1- (1-0.3)°¢ x (1 -0.5)"*) | D |
1-f1-
{1-(1-0.3)" x(1-05)"?)

(1 _((1 -0.2%°x 0-20‘9) x(1-0.2°¢ x 0.31'5) x(l ~0.2% x 0.31'5)) (”Cé))(m)

1 —((1 —0.5% % 0_50-9) ><(1 —0.5% 0.41.5) ><(1 ~0.5% x 0.41,5)) (1/c§))(1/2)

(1 ~((1-0.6"x0.5) x(1-0.6"° x0.4") x(1- 05" x 0.4'°)) (1/C§))(1/2)

= {(0.2469, 0.3463,0.3706), (0.2526,0.4744,0.4976)) .
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Then, we shall discuss some better properties for
FNIFWDMSM.

Property 5 (idempotency). If Q(e;) = (X (e;),Y (e;),
Z(e;)), (A(e;),S(e;),D(e;))> (i =1,2,...,n) are same, then

FNIFWDMSM Y (Q(e,),Q(e,),- -, Q(e,)) = Q(e).
(32)

Property 6 (monotonicity). Let Q(e;) =<{(X (e;),Y (e;),
Z(ei))’ (A(ei)’s(ei)>D(ei))>(i=1a2>--->n) and Q(e]):
(X (€)Y (e, Z(e))), (Ale)).S(e).D(e)) (j=1.2,....n)
be two sets of FNIFNs. If X(ei)SX(ej),Y(ei)S Y(ej),
Z(e;)<Z(e;),Ale;))> Ale;),S(e;)2S(e;),D(e;)>D (e;) hold
for all 4, j, then
FNIFWDMSM P (Q(e; ), Q(e,),- .. Q(e; )

(33)

< FNIFWDMSM?(Q(e; ). Q(e,),---»Q(e; ))-

Property 7 (boundedness). Let Q(e;) = {(X(e;),Y (e;),
Z(e;), (A(e;),S(e;), D(e;))y (i=1,2,...,n) be a couple of

+ _ (max (X (e;)), max (Y (e;)), max(Z(e;)))
FNIENs. If  Q(e)" = {(min(A(e,.)), min (S (e;), min(D(e[)))}

(i=12,...

max (S(e;)), max(D(e)}(i=1,2,...

Q(e)” <ENIFWDMSM Y (Q(e;),Q(ez)s---»Q(e,))
<Q(e)".

,n) and Q(e)” = {(min(X(ei)),(ﬂiii((j))))’, min (Z(e)

,n), then

(34)

Property 8 (commutativity). Let Q(e;)(i=1,2,...,n) be a
couple of FNIFNs, and Q(e}) (i = 1,2,...,n) is any per-
mutation of Q(e;) (i = 1,2,...,n); then,

FNIFWDMSME (Q(e,):Q(ey), - - Q(e,)) -
= FNIFWDMSM? (Q(e{), Q(e3), - -, Q(ey))-

4. Data Instance and Comparative Analysis

4.1. Data Instance. With the rapid development of infor-
mation technology in the world and the new form of
knowledge economy under “Internet +,” more and more
traditional industries are carrying science and technology for
further development and communication. Of course, edu-
cation is no exception. However, at the present stage, all
kinds of schools only achieve “Internet +” rather than
“Internet +” in the real sense. Most of the information-based
teaching reform is just to add some network means to
traditional classroom for auxiliary teaching, without truly
integrating high-quality teaching content. Since the emer-
gence of MOOQC, a large-scale online network platform, in
2008, it has had a significant impact on the education of all
countries in the world. Although this platform has not been
introduced to China for a long time, it has been rapidly
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applied in the field of higher education. At the same time,
flipped classroom, as a new classroom mode, overturns the
traditional language teaching method, changes the role of
teachers and students, and sets up the student-centered
teaching concept. By selecting high-quality resources from
all over the world and using flipped classroom teaching, the
education in colleges and universities has taken on a new
look. Vocational education, as an important branch of the
education system, is rarely applied in this aspect. Especially
in the accounting course, which plays an important role in
secondary vocational education, students with low level of
teaching informatization, low comprehensive quality of
classes and teachers, and poor learning motivation lack
learning motivation in the current teaching process, and the
overall teaching quality has problems. Therefore, with the
help of the MOOC+ rolling classroom teaching mode, the
current predicament of accounting courses can be effectively
alleviated, and accounting education can be effectively
promoted. A point in case about the blended classroom
teaching reform effect evaluation with FNIFNs would be
used to illustrate the built methods. We shall give 5 possible
schools H; (i = 1,2,3,4,5) to select. The experts shall select
four given attributes to assess the management quality level
of teacher education of these given schools: (1) J; represents
the teaching environment and studying environment; (2) J,
depicts curriculum design; (3) J; depicts the teaching
practice; (4) J, depicts the student satisfaction degree. Several
schools are depicted with FNIFNs by the given DMs with 4
given criteria (whose weighting vector
& =(0.25,0.20,0.15,0.40)), and the FNIFN decision values
are depicted in Table 1.

Then, the FNIFWDMSM operator is used to deal with
blended classroom teaching reform effect evaluation with
FNIFNS.

Step 1. From Table 1, we can fuse all FNIFNs r;; by
FNIFWDMSM mean to calculate the FNIFNs
H;(i=1,2,3,4,5) of the given schools H;; the obtained
values are shown in Table 2 (n = 2).

Step 2. The SF of schools is calculated in Table 3.

Step 3. From Table 3, the order of the schools is given in
Table 4. Note that “>” depicts “preferred to.” The best college
school is H;.

4.2. Argument Analysis. Table 5 describes the corresponding
calculation results of different n values in FNIFWGMSM
formula. From Table 5, it could be seen that the results are
stable along with different parameter alteration. The best
optimal alternative is still H;.

4.3. Comparative Analysis. In this section, we will compare
the technology depicted with other technologies, and the
conclusions are shown in Table 6.

From above analysis, comparing the result of the pro-
posed ENIFWDMSM operator with FNIFWA and FNIFWG
formulas, these schemes rank a little differently and the
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TaBLE 1: The FNIFN DM.

11

J1

J>

H1 ((0.3,0.4,0.4), (0.4,0.5,0.5)) ((0.2,0.2,0.4), (0.1,0.2,0.2))
H2 {(0.4,0.5,0.5), (0.3,0.4,0.4)) {(0.2,0.3,0.3), (0.4,0.4,0.6))
H3 ((0.4,0.4,0.6), (0.2,0.2,0.3)) ((0.5,0.6,0.6), (0.2,0.3,0.3))
H4 ((0.5,0.6,0.6), (0.1,0.2,0.2)) ((0.6,0.6,0.7), (0.1,0.1,0.2))
H5 ((0.4,0.6,0.6), (0.1,0.2,0.3)) ((0.1,0.4,0.5), (0.2,0.3,0.4))
Js Ja
H1 {(0.1,0.1,0.4), (0.3,0.3,0.4)) {(0.4,0.5,0.5),(0.3,0.3,0.4))
H2 ¢(0.1,0.2,0.3), (0.2,0.5,0.6)) {(0.2,0.3,0.3), (0.2,0.5,0.5))
H3 {(0.5,0.7,0.7), (0.1,0.2,0.2)) {(0.3,0.4,0.5), (0.1,0.2,0.4))
H4 ((0.4,0.5,0.6), (0.2,0.3,0.3)) ((0.6,0.6,0.7), (0.1,0.1,0.2))
H5 (0.2,0.2,0.4), (0.3,0.3,0.4)) ((0.1,0.3,0.4), (0.2,0.3,0.5))
TaBLE 2: The fused values by FNIFWMSM.
Fused operator Schools Results
H, <(0.5167, 0.5616, 0.6303), (0.1797, 0.1963, 0.2468)>
H, <(0.1791, 0.3712, 0.4633), (0.2166, 0.2952, 0.4191)>
FENIFWDMSM H, <(0.2552, 0.3039, 0.4154), (0.2877, 0.3451, 0.3907)>
Hy <(0.2229, 0.3226, 0.3411), (0.3008, 0.4649, 0.5321)>
Hs <(0.4002, 0.4986, 0.5769), (0.1804, 0.2509, 0.3218)>
TaBLE 3: The SF of the schools.
FNIFWDMSM
H, 0.3628
H, 0.0397
H, ~0.0226
H, ~0.1383
H, 0.2426
TaBLE 4: Order of the schools.
Order
FENIFWDMSM H,>Hs>H,>H;>H,
TABLE 5: Ranking results under different parameters of FNIFWMSM operator.
SF (H,) SF (H,) SF (H3) SF (H,) SF (Hs) Ordering
n=1 0.2985 -0.0189 -0.1036 -0.1946 0.2246 H,>Hs;>H,>H;>H,
n=2 0.3628 0.0397 ~0.0226 ~0.1383 0.2426 H,>Hs>H,>H;>H,
n=3 0.3999 0.0668 0.0228 ~0.1134 0.2563 H,>H,>H,>H,>H,
n=4 0.4416 0.0866 0.0572 -0.0943 0.2745 H,>Hs>H,>H;>H,

TaBLE 6: Comparative analysis.

Order

FNIFWA operator [51]
FNIFWG operator [54]
FNIFWHM operator [62]
FNIFHPWG operator [46]
IFNIFHCA operator [63]
FNIFWDMSM

H,>H;>H,>H;>H,
H,>Hs>H,>H;>H,
H,>Hs;>H,>H;>H,
H,>Hs>H;>H,>H,4
H,>Hs;>H,>H;>H,
H,>Hs;>H,>H;>H,4
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optimal alternative is not different. The FNIFWHM,
FNIFHPWG, and IFNIFHCA operators only consider re-
lationship between two given arguments. Nevertheless, the
FNIFWA and FNIFWG formulas do not consider the re-
lationship between given arguments, which cannot correctly
estimate the effect of different given values of n arguments
on the final ranking results. The FNIFWDMSM formula
could perfectly consider the relationship between different
values of #n being fused.

5. Conclusion

With the progress of science and technology, the infor-
mation age has come, and information technology plays an
important role in many fields. The social environment of
informationization promotes the development of educa-
tional information, and new educational ideas and methods
are emerging, which makes the development of education
informatization more indepth. The introduction of infor-
mation-based means into teaching based on the blended
teaching mode of flipped classroom helps to realize the
concept of student-centered education, which can enrich the
content of classroom teaching and effectively improve
students’ enthusiasm for learning. In order to solve the
difficult problems faced in the current mathematics teaching
in rural junior high schools, the study draws on the expe-
rience of carrying out blended teaching mode based on
flipped classroom at home and abroad. After the teaching
experiment, through the analysis of experimental results, it is
concluded that the implementation of the blended teaching
mode based on flipped classroom in rural junior high
schools is conducive to improving the effect of mathematics
teaching and improving students’ ability of self-learning. In
this paper, we deal with the MADM issues under FNIFNs
and utilize the DMSM means to devise several GMSM fused
means with FNIFNs: FNIFDMSM tool and ENIFWDMSM
tool. The characteristic of these two built operators is also
analyzed. The ENIFWDMSM tool is utilized to cope with
MADM issues under FNIENs. Finally, a point in case for
blended classroom teaching reform effect evaluation is used
to show the built method. In our future work, the application
and expansion of the FNIEN information fused operators
will be debated in another MADM research direction
[64-71] and also taking into account the decision makers'
risk attitude [72-74] for MAGDM with FNIFNs.
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The biceps and triceps alternatively act as agonists and antagonists to realize upper limb movement. Pneumatic artificial muscle
(PAM), which is inflated and deflated with compressed air instead of water, has similar characteristics to those of human muscle.
The challenge is whether an exoskeleton actuated by PAM can help biceps lift the upper limb. Accordingly, the principal aim of
this research is to guarantee precise signal collection and control process and adopt the synergy control of PAM and upper limb. In
this system, the biceps and triceps provide the main signals in synergy control, electrodes are pasted outside of biceps and triceps
to sample their electromyogram signal (EMGs), and the mechanical structure and control system of the pneumatic exoskeleton are
proposed. The relationship between duty-ratio-controlled variables and PAM contraction speed is given by experimental analysis,
and the maximum duty ratio of controlled variables of input is set to 80. The feature analysis of EMGs can be various including
envelope, moving average, and moving root mean square (RMS). The envelope is taken to extract muscle contraction information
through upper limb muscles in a static contraction experiment. Then, the processes of biceps and triceps EMGs feature changes
including rapid swing, slow swing, and discontinuous swing under various loads are analyzed during upper limb muscle dynamic
contraction. The duty-ratio-controlled variables can be divided into five levels, which correspond to exertion rating from
powerless to very strong in two EMG characters. These can be reflected in a scatter diagram of duty-ratio-controlled variables and
average EMG characters. A nonlinear relationship can be transferred into the continuous system by the polynomial interpolation
method, solving the problem of saturation. The net duty-ratio-controlled variables are adopted to control the on-off state and
pulse-width modulation (PWM) duty ratio of the high-speed on-off valve. The forearm lifting up movement is unpowered and
powered with various load EMGs, and elbow discontinuous swing angle overshoot is performed to analyze the coordination effect
in a synergy control experiment.

1. Introduction

The exoskeleton has become one of the important research
subjects in recent years, especially in gait training [1], re-
habilitation [2, 3], and tremor-suppression orthoses [4].
Almost all existing actuators adopt a driven exoskeleton,
including a motor [5-9], hydraulic system [10], pneumatic
system [11], and wires [12, 13]. Motors possess the ad-
vantages of small volume, low weight, large force of traction,
simple operation, good performance, and high safety;
therefore, they have been widely used in artificial exoskel-
etons. The relevant research work mainly focuses on the
control algorithm to reduce the error; examples of solutions

include adaptive neural network fast fractional sliding mode
control [7] and standard force feedback control such as
interaction force feedback control and the reference gen-
eration [8], adaptive impedance control [9], or sliding mode
control [11].

The above researches mainly focus on the active reha-
bilitation of the exoskeleton; studies on load carriage rep-
resent  another  research  direction.  Nonetheless,
electromyogram signals (EMGs), which reflect muscle and
joint actual condition, have been rarely considered. For
example, a motor combined with EMGs was presented for
upper limb rehabilitation [14]. Muscles are often in more
than one state at any given time; that is, they can be in
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isobaric, isotonic, and isometric contraction and expansion.
Pneumatic artificial muscle (PAM), which is much lighter
and, at the same time, more compliant than a traditional
motor, has similar properties as human muscles; therefore, it
is a better choice for movement rehabilitation.

This paper proposes an exoskeleton for load carriage
actuated by PAM. Its mechanical structure, the control
system of the pneumatic exoskeleton, and the relationship
between duty-ratio-controlled variables and PAM con-
traction speed are presented in Section 2. Section 3 exper-
imentally evaluates the wupper limb muscles’ static
contraction characteristics. Section 4 illustrates the AR
model process flow and upper limb muscles dynamic
contraction characteristics. In Section 5, the experimental
verification of the coordination effect in synergy control is
presented.

2. Mechanism and Control Principle

As can be seen in Figure 1, the pneumatic exoskeleton chiefly
consists of a posterior arm, a forearm, a baflle, an angular
transducer, a plate, and PAM. The posterior arm is suffi-
ciently tightened to hold the articulatio humeri in position,
in order to provide a stable point of attachment of PAM that
remains relatively fixed during contraction. Forearm lift-up
motion occurs as a result of PAM contraction, where a cable
pulls a pulley in the elbow, and the forearm revolves around
the elbow. Baffles are mounted individually onto the pos-
terior arm and forearm, and the upper limb is fixed onto
baffles by the bandage. An angular transducer is set on the
elbow, which measures angle changes in the forearm. The
tester wears short-sleeved shirts, and the baffle is in direct
contact with the arm in actual use. A dumbbell is used for
additional load in the plate, which makes it more convenient
to increase and decrease the applied load.

The control principle of the proposed pneumatic exo-
skeleton is shown in Figure 2, where the host computer
outputs pulse-width modulation (PWM) signals to a data
acquisition card, and then, a single-chip microcomputer
performs further processing. After the single-chip micro-
computer receives signals, it will allow for the corresponding
PWM signals” duty cycle and frequency to be drawn out of
the amplifier, which will, in turn, control the opening and
closing of a high-speed on-oft valve. The sampled data of
angle change in the elbow flow through the signal adjust
circuit, and then, it is transmitted to the data acquisition card
and host computer. The host computer also shows the
collection of EMGs by electrodes, which are attached outside
of the biceps and triceps [15]. The PAM is in the condition of
either being deflated or inflated according to collected data
of EMGs and angle changes.

The MHE2-MS1H-3/2G-QS-4-K (FESTO company) is
selected as a high-speed on-off valve. The most suitable valve
is found by studying the relationship between the high-speed
on-off valve duty cycle and PAM contraction speed.

With the plate carrying a 3 kg weight, the duty ratio of
the high-speed on-off valve is simultaneously altered, the
recording time is from 3° to 60° in the elbow, and movements
can be roughly divided into two types: up and down. The
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F1GURE 1: Overall mechanical structure of pneumatic exoskeleton.

relationship between duty-ratio-controlled variables and
contraction speed is shown in Figure 3, which can evaluate
the speed of the exoskeleton according to the inverse of
elapsed time.

Figure 3 shows that when the value of duty-ratio-
controlled variables is less than 80, it shows approxi-
mating linear relationships with the increase and decrease
of speed. The elbow rotational speed reduces as the value
of duty-ratio-controlled variables continues to increase.
Moreover, it is experimentally found that the maximum
permissible comfortable rotational speed in the elbow
occurs when the duty-ratio-controlled variable is 80.
Thus, the maximum duty-ratio-controlled variable of
input is set to 80, and the problem of speed limit can be
resolved, while the requirement of linear PAM contrac-
tion speed can be met.

3. Static Contraction of Upper Limb Muscles

3.1. Purpose and Experimental Design. With a constant el-
bow joint angle, we investigate how the EMGs of biceps and
triceps change over time when different weights are loaded.

We try to imitate how the human limb works using the
proposed exoskeleton, picking up and analyzing the EMGs
when the exoskeleton is attached to the tester. Electrodes are
laid outside of the biceps and triceps, and the posterior arm
and forearm are fastened to the exoskeleton by the bandage.
The posterior arm is in a vertical position, while the forearm
is horizontal. Both upper limbs of the tester and the exo-
skeleton are lifted from the initial position to a set position,
kept still for a period of 10 seconds, dropped, and returned to
the initial position.
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The load is gradually increased from Okg to 5kg at an 3.2, Data Processing. Data acquisition is performed
interval of 1kg. The tester is given 30 seconds of break  throughout holding up the forearm, recording the signals
between the two experiments to prevent muscle fatigue. derived from interception, processing, and analysis of



experimental findings, in order to characterize the upper
limb muscles’ static contraction features during keeping still.

The signals may contain a lot of noise and large voltage
deviation, which greatly influences real data, so it is un-
necessary to filter EMG signals prior to analysis. The fre-
quency distribution of EMGs is 20-500 Hz, the frequency of
main signals is 50-500 Hz, and signal interception is realized
by a band-pass filter with a frequency of 50-500 Hz.

More research is needed to extract muscle contraction
information after pretreatment of original EMGs. There are
three methods for solving this problem: envelope, moving
average, and moving RMS.

In envelope, first, full-wave rectification of the signal is
performed, and then, a low band filter of two-order 2 Hz is
applied, so that the local EMGs amplitude of the vibration
can be briefly estimated.

With moving average, a period of time is selected that
reads out the sum of signals after rectification (200 ms is
taken as research object), and then, the average is found.
This can often effectively reflect the amplitude of EMGs.
Generally, the longer the time chosen, the more accurate
amplitude can be obtained. However, if the time is too
long, it will affect real-time control, and thus, 200 ms is
preferred.

The difference between moving RMS and moving av-
erage is in the calculation of the square root of the average.

3.3. Analysis of Results. The method of averaging the values
of various quantities for 7 seconds is taken as the overall
evaluation of feature variables, and the effects of load on the
exoskeleton are investigated.

There are three methods of dissecting EMGs, as shown in
Figures 4-7, and their results are approximately the same.
The figures demonstrate how the characteristics obtained
from biceps EMGs grow in an unlinear trend as more load is
applied, which is closely corresponds to the EMGs and
muscle force in human physiology. According to the
characteristics obtained from triceps EMGs, the load comes
to near-linear in the triceps. The difference between the
biceps and the triceps is that the contraction length of the
latter is much less than that of the former. The contraction
length is very small, and the nonlinear EMG characteristics
are close to linear.

4. Dynamic Contraction of Upper Limb Muscles

4.1. AR Model. Let s(n) be a zero mean steady random
signal, from which we can derive the source of white noise
with known first-order and second-order statistics, where a
linear system / (k) is impelled by w (#). The parameter w (n)
is zero mean white noise sequence, and its variance is afu;
h(k) or its transfer function H (z) all comprise a linear
system. If the power and system parameters of white noise
excitation are known, the stochastic signal can become a
model parameter, and its properties can be studied as shown
in Figure 8 [16].

If s(n) is only influenced by its previous value and
present stimulus signals, we can obtain
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P
s(n)=—Zaks(n—k)+w(n), (1)
k=1

where a; represents a model parameter, p represents order,
w(n) represents zero-mean-value stationary white noise,
and its variance is 2.
The model transfer function H (z) can be written as
1
H@ 1+ Y2 az"
(2)
1

where A(z) =1+ Y1 aiz*.

This is a p-order all-pole AR model, in which the ran-
domness of the stochastic signal can be combined with some
predictability by model parameters. Stimulus white noise
reflects the randomness of signals, while the deterministic
linear model reflects signal predictability.

4.2. Module Calculation. There are many methods to esti-
mate AR module parameters, such as the correlation method
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and the Bury method. The relationship between AR module
parameters and autocorrelation function is used in the
correlation method.

For the p-order AR model, s(n)=- Zle as(n—
k) + w(n); we multiply s(n—17) (i >0) on both sides of the
preceding formula at the same time and then calculate the
average, which is performed because E[w (n)s(n —i)] = 0.

The Yule-Walker equation can also be deduced as

p
R, (i) == R (i-k)i>0 (3)
k=1

As can be seen from (3), for signals as described by the
p-order AR model, only the p autocorrelation function is
independent, and the solution to the rest can be the re-
currence formulas.

5
R (0) R, (-1) . R (1-p) a,
Rss(l) Rss (O) . Rss (2 —P) a,
R -1) R -2) ... R,(0
s (P ) ss (P ) 55( ) ap (4)
R (1)
R (2)
Ry (p)

The autocorrelation function is an even function, and the
matrix is symmetric, where all diagonal elements are equal to
R (0). If any elements clinodiagonal or parallel to the
principal diagonal are the same, it is a Toeplitz matrix. The
autocorrelation function is known, and the solution of the
AR model-related coefficient is through (4).

The Burg method is the most commonly used approach
for AR module parameters. It presents a method of for-
warding prediction error and backward prediction error
based on the least mean-square error rule, to obtain re-
flection coeflicient Km, which is unexpectedly left outside of
known data. The Burg method demonstrates better reso-
lution than the correlation method on this account and is the
proper solution for analyzing EMGs.

4.3. Feature Extraction. Using the copy of data analyzed in
AR module parameters, we carry out the division to EMGs
after filtering. The longer the segment of data, the greater
meaning it contains, and the higher stability and accuracy of
the AR coefficient. However, if the segment of data is too
long, it is not conducive to real-time information control. To
guarantee real-time control, and to avoid causing a dis-
cernible delay, the total time for data storage and data
processing cannot be more than 300 ms.

There are two alternative segmentation methods,
namely, overlapping window and alternating windows.

In the overlapping window method, operations are
constantly performed on data, the same block of data is
executed for a specified number of times, the more running
code is operated, and it will be more complicated for the
control system. If accelerated by computing, the data pro-
cessing time can be reduced to 1 ms, and a good result for the
data segment of 200 ms can be obtained. Taking all factors
into consideration, alternating windows are chosen for
segmentation.

As can be derived from Figures 9-11, with the increase of
amplitude, the AR module coefficient enhances, and the
order coefficient does not change much. If the sum of the
absolute value of the AR module order is directly adopted,
the other items will not adjust automatically, and it increases
with load.

4.4. Forearm Rapid Swing and Slow Swing. With the forearm
held up and the elbow joint rotated, the EMGs of biceps and
triceps change are explored under different loads.
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The EMGs amplitude can be estimated by the methods of
envelope, moving average, and moving RMS with the static
contraction of upper limb muscles. However, the method of
envelope provides much higher real-time amplitudes, which
is of great benefit to the control system design, and is selected
to obtain the upper limb muscle dynamic contraction feature
variables.

The tester lifts their forearm as briskly as they can with
the loaded exoskeleton in rapid swing, while it is lifted slowly
in slow swing.

As shown in Figure 12, biceps EMGs are the most ob-
vious, and the amplitude of triceps EMGs rises and falls, but
at a modest rate when the forearm is held up. Biceps EMGs
rapidly increase with the elbow joint angle, decay quickly as
the elbow joint angle remains unchanged, and continue to
fall if the angle decreases. This suggests that rapid swing
occurs at the moment when the forearm outputs force when
biceps EMGs gain more intensity and quickly fall back. The
intensity of biceps EMGs increases slowly, and it fluctuates
during the forearm slow swing. The signal intensity during
rapid swing is much higher than that during slow swing.

4.5. Intermittent Forearm Swing. The movement of the
upper limb is usually irregular, not always showing recip-
rocating action and featuring spasmodic stops in usual daily
life. Therefore, the value changes of EMGs in such cases will
have to be studied. Here, the exoskeleton is loaded with 3 kg
weight, and the tester lifts-up their forearm freely.

As shown in Figure 13, the relationship between EMGs
intensity and joint angle is nonlinear. The amplitude of
EMGs does not increase when the angle is 0-50°. However, it
obviously increases when the angle is 60-85". In addition,
when the angle changes abruptly, the amplitude also changes
suddenly.

4.6. Comparison of Results. The large difference between
dynamic contraction and static contraction is that EMGs
reach the peak at one moment, and the highest value has
nothing to do with joint velocity change. The change in joint
velocity is fast, the muscular instantaneous contraction is
violent, and EMGs are intense. The analysis of maximum
EMGs can reflect the dynamic contraction of muscles.

Table 1 and Figure 14 show that there is a distinctive
difference between rapid swing and slow swing in rise time
and fall time, which further effectively proves that move-
ment modes can be classified into rapid and slow swing in
dynamic contraction. The amplitude of maximum EMGs
increases with the load, whether rapid swing or slow swing,
which is similar to static contraction. Meanwhile, it is ob-
vious that the relationship between maximum EMGs am-
plitude and load is nonlinear; the growth rate is
comparatively larger at the beginning and then slowly de-
scends. Moreover, by comparing the two different swing
modes, we can find that the capacity of separating the
maximum EMGs is weak when the load is small, and EMGs’
magnitude for fast swing is much larger than that for slow
swing when the load is large.
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TaBLE 1: Comparison of dynamic contraction under various loads.

Maximum
Rise time (s) Fall time (s) amplitude
Load (kg) (mV)
Rapid Slow Rapid Slow Rapid Slow
0 0.5 10 0.5 12 130 80
1 0.5 10 0.6 18 180 140
2 0.5 15 0.8 10 300 250
3 0.5 10 0.8 8 480 270
4 0.5 10 1 8 485 310
5 0.5 9 1 6 514 325
550 : T T T T T T T T
500
450
= 400
£ 350
= 300
E* 250
< 200
150
100 £
50 —
0 0.5 1 1.5 2 2.5 3 35 4 4.5 5
Load(kg)
—— Rapid swing
--- Slow swing

FIGURE 14: Maximum EMG under various loads.

5. Man-Machine Synergy Control

5.1. EMGs Mapping Relationships. When the tester is in the
exoskeleton, muscle force can be subjectively conceived into
five levels: powerless, weak, moderate, strong, and very
strong, and its corresponding duty-ratio-controlled vari-
ables are 20, 40, 60, 80, and 100. The biceps (pulling up) and
triceps (pulling down) EMGs strength can be estimated in
such a case. The method for EMGs strength calculation is to
average the EMGs characters of muscle force within 0.5
seconds.

1000 :
EMG = Zizo EMG (@) (5)
1000
where EMG (i) represents sampled data, and EMG is the
average of EMGs.

The sampled data are shown in Table 2.

From Figure 15, a nonlinear relationship between duty-
ratio-controlled variables and average EMG characters can
be derived. This suggests that EMGs generated by human
perception of muscle force are nonlinear. If the exoskeleton
is in strict accordance with linear control, we will quickly run
into rotational speed increases with the elbow joint. Thus, it
is easily operated, and the operation is linear control in
human perception, and nonlinear EMGs are mapped to
duty-ratio-controlled variables.
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There are only 5 separated points in Figure 15. The
average EMG characters can be contrasted with the duty-
ratio-controlled variables, and the two appear in a contin-
uum for continuous control; hence, interpolation is needed
for the 5 separated points.

5.2. Polynomial Interpolation. A series of points also looks as
an approximate expression when using interpolation. The
choices of functional form can be various, such as trigo-
nometric function and rational function. Algebraic poly-
nomial interpolation is applied, as it is easily performed by
the function of f(x) =ay +a;x + a,x* + ... +a,x".

As the function has 5 points, according to the polyno-
mial interpolation uniqueness condition, the fourth-order
polynomial is satisfactory. Its key is to define the related
coefficient of the polynomial function. There are many
methods to solve the problem, such as multivariable poly-
nomial system or Lagrangian method. The order of inter-
polation is small, and it is easy to find a solution for
equations. We can obtain the polynomial coeflicient by
developing programs directly for equations in software, and
the procedure is presented below.

There are 5 points, namely, (xg, ¥o), (X1, Y1), (X3, ¥2),
(x5, ¥3), and (x4 y,), which satisty the function of
f(x) =ay+a;x+a,x* +asx’ +a,x*, giving the following
equations [17]:

( 2 3 4
ao + alxo + a2x0 + a3x0 + a4x0 = yO’
2 3 4
ao + alxl + ale + a3x1 + a4x1 = yl’
2 3 4
1 ag +a;x, + ayX; + azx;, +axX, = ¥y, (6)

2 3 4
ag +a;x; +a, X3 + azx; +a,x; = ys,

2 3 4
Ay ta; Xy taX, +asx,+a,x, =Yy,

Using the Gaussian elimination method of linear alge-
bra, the combination of elimination method and recursive
method as a solution to the above equations can yield the
values of 5 parameters.

Given the parameters in Table 3 above as a reference, the
mapping relation function image is illustrated in Figure 16.

As can be seen in Figure 16, the interpolation function
goes through points that are detected using the interpolation
method, and ideal nonlinear mapping can be realized
around several measured points. These points easily fluc-
tuate around the measured points. According to the triceps
mapping relation in Figure 16, the average EMGs character
is more than 50, and the corresponding duty-ratio-con-
trolled variables exhibit a sharp drop, which is even negative.

This explains the problem of man-machine synergy
control. The operator’s upper limb swings up, stops in
midstream, and then swings up again, which will lead to the
upper limb’s shaking. This is mainly because of a sudden
change of the moving direction of human muscle dynamic
contraction, causing a sharp maximum in EMGs. The duty-
ratio-controlled variables of the triceps will offset those of
the biceps first, and then, triceps EMGs are in the process of
50-80, falling off sharply. Subsequently, the net duty-ratio-
controlled variables increase again, which causes vibration.



Mathematical Problems in Engineering

TaBLE 2: Exertion rating and average EMGs characters.

Exertion rating Duty-ratio-controlled variables

Biceps EMG ratio Triceps EMG ratio

Powerless 20 11.9 4.8
Weak 40 21.3 9.7
Moderate 60 33.0 18.3
Strong 80 441 294
Very strong 100 79.1 494
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2
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FIGURE 15: Scatter diagram of duty-ratio-controlled variables and average EMG characters.

TABLE 3: Mapping relation parameters.

Signal source ag a; a, as ay

Biceps —21.810601 4.827553 —-0.138556 0.002629 —-0.000018

Triceps —-11.075030 8.138877 —-0.382913 0.009916 —-0.000093
200

100 |

-100
-200 |
-300

Duty ratio controlled variables

-600 1 1 L

0 10 20 30

40 50 60 70 80

Average EMGs characters

—— Biceps
--- Triceps

FIGURE 16: Duty-ratio-controlled variables and average EMGs characters.

To solve the problem of EMGs mapping uncertainty outside
the range of interpolation, the answer is to cut out the EMGs’
feature value. The oversized EMGs feature value matches the
maximal duty-ratio-controlled variables directly. When
EMGs are very small, the duty-ratio-controlled variables are
set to the high-speed on-off valve dead zone critical point,
which is 15.

5.3. Determination of Synergic Control Method. The synergic
control method falls into three steps: feature extraction,
nonlinear mapping, and comparison judgment.

Feature extraction only consists of the high-pass filter,
full-wave rectifier, and low-pass filter, originally acquiring
the EMGs data of two motions, the envelope curve of biceps
and triceps EMGs, which are EMG, and EMG,, respectively.
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According to the method claimed above, the biceps and
triceps ratings of perceived exertion average EMGs char-
acters are EMG,,...EMG,, and EMG,,;...EMG,,,
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respectively, and then, in polynomial interpolation, the
interpolation function coeflicients are ay,...a;, and
Ay - - - Ay, and the mapping function is as follows:

15, x <EMG,,,
Duty,p,g; (x) =9 ayp +ayx + a,x” + a13x3 +ayxt, EMG,, < x <EMG,,,
100, x> EMG,,, -
15, x <EMG,,,
Duty g (X) =1 ay + ayx + Ay X" + 4y X° + ayyx’, EMG,, < x <EMG,,,
100, x> EMG,,.

After the nonlinear mapping of EMGs, the net duty-
ratio-controlled variables Duty, ., can be calculated as

DutYnet: DutYemgl (EMGI) - DutYeng (EMGZ)’ (8)

where Duty,.; (EMG,) and Duty,,,, (EMG,) are the duty-
ratio-controlled variables of the first and second high-speed
on-off valve, respectively.

5.4. Forearm Lift-Up Motion When Unpowered with Various
Loads. The biceps and triceps EMGs are taken as control
input when the tester is in the exoskeleton while studying the
load controlling results and the effect of weight reduction by
the exoskeleton.

The experiment includes two parts: forearm EMGs
unpowered with various loads and forearm EMGs powered
by the exoskeleton with various loads.

The tester stands still, the surface electrodes are pasted to
a relevant location outside of the biceps and triceps, the
tester outputs upward force, and the exoskeleton swings up,
recording EMGs and the angle in the whole process.

It can be derived from Figure 17 and 18 that the biceps
EMGs increase with elbow joint angle and triceps EMGs
change little in the process.

5.5. Forearm Lift-Up Motion When Powered with Various
Loads. The EMGs and angle joint variation curves (pow-
ered, 5kg) can be seen in Figures 19 and 20. When the
operator lifts-up and puts down the forearm, muscles are
activated. The movements are biceps upward and triceps
downward, and the essential distinction is obvious, which is
different from the powered condition. The load is not on the
operator when powered, and the biceps does not need to be
in tension all the time during lifting up and putting down the
forearm; there is a great deal of difference in EMGs change.
The wave deformation is very similar in the process of lifting
up when powered, and the variance of maximum EMGs is
much larger than the average EMGs.

5.6. Maximum EMGs Powered Efficiency. The average EMGs
feature value describes EMGs in the whole process, and the

maximum EMGs feature value describes the extent to which
the muscles are activated during dynamic muscle contrac-
tion. The biceps maximum EMGs in lifting up under
unpowered and powered conditions are compared to
evaluate powered efficiency.

The maximum EMGs powered efficiency can be derived
from Table 4. The maximum value of EMGs shows a sharp
reduction between unpowered and powered condition, and
the maximum EMGs powered efficiency can reach 78.66%.
The less the maximum EMGs, the more comfortable for the
operator, and the relatively smaller transient impact to the
limb.

5.7. Powered Stability Analysis. The intensity of EMGs rises
with the increase of load when unpowered; however, the
muscle output force is approximating similar without much
fluctuation when powered. To evaluate the fluctuation of the
control system relative to load change, EMGs mean variance
is calculated for various loads.

Table 5 describes powered stability. The mean of biceps
EMGs is 26.05 during lifting up with the load increased from
0kg to 10 kg, which is smaller than that for an unpowered
condition without any load, and the standard deviation is
3.79. The mean of triceps EMGs is 19.01 during putting
down, while the unpowered minimum biceps feature value is
25.3. With the increase of load, the force change is very small
for the operator to control the exoskeleton, and the results
for exoskeleton assistance are excellent.

5.8. Coordination Effect Analysis. In order to evaluate the
advantage of the control method, man-machine synergy
control is another aspect besides assistance. The aim of
synergy control is that man should be synchronized with the
exoskeleton, and the operator can achieve starting and
stopping the control of the exoskeleton.

The discontinuous swing EMGs and angle joint variation
curves are shown in Figures 21 and 22. The operator stops
the exoskeleton midstream, and there is an angle overshoot,
which diminishes gradually with the load increase and in-
ertia moment.
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FiGure 20: EMGs and angle joint variation curves of (a) EMGs and (b) angle joint; powered condition (5kg).
TaBLE 4: Maximum EMGs powered efficiency.
Lifting u
Load (kg) g up .
Unpowered Powered Powered efficiency
0 74.0 72.1 2.57
1 98.3 50.9 48.22
2 110 64.1 41.73
3 156 53.8 65.51
4 262 55.9 78.66
5 274 63.2 76.93
TaBLE 5: Powered stability.
. Lifting up Putting down
Statistics . . . .
Biceps Triceps Biceps Triceps
Average value 26.05 5.39 9.22 19.01
Variance 3.79 0.30 1.48 3.97
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FiGure 21: Discontinuous swing EMGs and angle joint variation curves of (a) EMGs, (b) angle joint under 3 kg load.
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FIGUure 22: Discontinuous swing EMGs and angle joint variation curves of (a) EMGs, (b) angle joint under 5 kg load.

6. Conclusions

This study analyzed the amplitude and frequency char-
acteristics of EMGs and proposed a suitable signal pro-
cessing scheme. The acquisition instrument was selected,
and the EMGs acquisition system was established. The
biceps and triceps EMGs static contraction and dynamic
contraction, and rotational speeds were analyzed under
various loads (3 kg and 5 kg, respectively). The duty-ratio-
controlled variables could be divided into five levels
corresponding to the exertion rating from powerless to
very strong in two EMGs characters, which can be re-
flected in the scatter diagram of duty-ratio-controlled
variables and average EMGs characters. The net duty-
ratio-controlled variables were adopted to control the on-
off state and PWM duty ratio of the high-speed on-off
valve. The maximum EMGs powered efficiency, powered
stability analysis, and coordination effect all indicate that
the pneumatic-powered exoskeleton is of good assistance,
and synergic control also works perfectly in forearm lift-
up movement powered under various loads, whether the
elbow is in continuous swing or not.

We may extend the proposed methods to uncertain
probabilistic linguistic environments in our future studies
[18, 19], including decision-making with probabilistic
hesitant fuzzy information based on multiplicative con-
sistency, instead of the man-machine synergic control in a
specific environment. We may also extend the proposed
methods to probabilistic linguistic uncertain environ-
ments in our future studies, such as score function based
on concentration degree for probabilistic linguistic term
sets, evaluating the Internet of Things platforms using
integrated probabilistic linguistic multicriteria decision-
making method [20-23]. We can also introduce a non-
linear control algorithm in the controller design, such as
tuzzy control, neural network control [24], and observer-
based fuzzy adaptive control [25].
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This study is concerned with introducing a class of parametric and symmetric divergence measures under hesitant fuzzy en-
vironment. The proposed divergence measures have several interesting properties which make their use attractive. In order for
exploring the features of proposed divergence measures for hesitant fuzzy sets (HFSs), we compare them with other existing ones
in terms of divergence-initiated weighs and counter-intuitive cases. In the process of comparison, we first modify the conventional
framework of hesitant fuzzy additive ratio assessment (HFARAS) using the proposed divergence measures, and then, the su-
periority of proposed measures is further demonstrated in a COVID-19 case study. There, we notify that the other existing

divergence measures may not provide satisfactory results.

1. Introduction

These days, the COVID-19 pandemic is drastically
impacting healthcare systems [1-3] worldwide. To solve the
problems of this pandemic, many medical scientists are
focusing their research on that, and for recognizing and
diminishing the COVID-19 effects, a large number of re-
searchers have prepared a variant of workable models.
Fouladi et al. [4] considered ResNet, OxfordNet, convolu-
tional neural network, convolutional autoencoder neural
network, and machine learning methods in order to classify
chest CT images of COVID-19. Melin et al. [5] predicted
successfully the consequence of COVID-19 time series by
the help of a multiple collaborative convolutional neural
network tool which is described thoroughly by encountering
the concept of fuzzy set. Abdel-Basst et al. [6] merged two
techniques, namely, the Best-Worst Method (BWM) and
Technique for Order Preference by Similarity to Ideal So-
lution (TOPSIS) method to explore the association between
COVID-19 and different viral chest diseases in uncertainty
environment. By implementation of a model of Internet-
based reporting, Bonilla-Aldana et al. [7] gathered the data
on COVID-19 to increase its effectiveness during the pan-
demic. Ashraf and Abdullah [8] proposed a number of tools

for dealing with the emergency condition of COVID-19
using the concept of spherical fuzzy set. In the period of
COVID-19 pandemic in China, Wu et al. [9] introduced a
technique to plan several emergency production procedures
for producing a proper medical mask. Mishra et al. [10]
enhanced the additive ratio assessment model by encoun-
tering the divergence measure to evaluate the medicine
being used to treat those patients involving the mild
symptoms of COVID-19.

The additive ratio assessment (ARAS) technique [11]
implements the concept of optimality degree for extracting a
ranking. In brief, this technique is described as a fraction of
two values: the sum of normalized weighted values for
criteria corresponding to each alternative and the sum of
normalized weighted values for the best alternative. Indeed,
the ARAS framework has intuitive procedures yielding
relatively exact outcomes in the process of choosing di-
versified alternatives.

Up to now, there exist a large number of fuzzy-based
contributions dedicated to the ARAS technique. Following,
Zavadskas and Turskis [11] who first argued that a com-
plicated phenomenon in the real world could be realized by
the help of simple comparisons, Turskis and Zavadskas [12]
tried to select the logistic center location based on the


mailto:bfarhadinia@qiet.ac.ir
https://orcid.org/0000-0003-2580-8789
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/7685033

combination of AHP and ARAS for data in the form of fuzzy
sets. In the sequel, Stanujkic [13] generalized the ARAS
framework to that of interval-valued fuzzy sets. Biiyiikdzkan
and Goger [14] developed the ARAS framework to that of
interval-valued intuitionistic fuzzy sets for evaluating the
digital supply chains. Bityitkozkan and Goger [15] assessed
the digital maturity scores of the firms on the basis of
hesitant fuzzy ARAS framework. Iordache et al. [16] sug-
gested an interval type IT hesitant fuzzy ARAS framework for
choosing the location of underground hydrogen storage.
Liao etal. [17] offered an ARAS framework encountering the
hesitant fuzzy linguistic term data to choose a digital finance
supplier selection.

The technique of ASAS yields benefits which are asso-
ciation with criteria weights proportionally and straightly
[11], scalability and flexibility [13, 14], and adaptability to
various fuzzy environments [14]. It also yields weaknesses
which are behaviour dependency on the different levels of
knowledge elicited by decision makers [14] and behaviour
dependency on given data-type of participants [18].

Divergence measure is generally used to quantify the
distance between two distributions by evaluating the amount
of their discrimination. There exist a set of diverse contri-
butions which deal with the divergence applications in the
context of research framework, especially the field of mul-
tiple criteria decision making.

In order to show the applicability of divergence measure
under a hesitant fuzzy environment in which the criteria
weights are to be computed in terms of the Shapley function,
Mishra et al. [19] investigated the problem of service quality
decision making. Then, Mishra et al. [19] offered another
exponential HFS divergence measure to assess the green
supplier problem. Furthermore, Mishra et al. [10] developed
an ARAS technique by encountering a divergence-based
procedure for assessing rationally the relative importance of
criteria. In the sequel, Mishra et al. [20] defined a parametric
hesitant fuzzy-based divergence measure for evaluating the
criteria weights.

In any way, the weight determination process of criteria
has a remarkable impact on the decision outcomes, and the
divergence measure is a factor which plays an important role
in the determination of criteria weight. As shown in Section
5, the abovementioned HES divergence measures are limited
in nature. Therefore, we have been in search of new di-
vergence measures with fewer drawbacks.

In summary, the major distinctive features of the study
are as follows:

(1) It introduces an innovative class of divergence
measures for HFSs which are parametric and
symmetric

(2) A number of interesting properties of proposed
divergence measure are proved and discussed

(3) This contribution reviews and explores counter-in-
tuitive cases of existing divergence measures under
hesitant fuzzy environment

(4) The experimental results demonstrate that the
p
parametric hesitant fuzzy divergence measure is
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more effective than the existing ones in decision-
making situations

This contribution is set up as follows. We first recall the
concept of HES, and a brief review of some preliminaries is
given in Section 2. In Section 3, an innovative class of
hesitant fuzzy divergence measures is introduced para-
metrically and symmetrically. We modify the existing
framework of hesitant fuzzy ARAS (HFARAS) using the
proposed divergence measures in Section 4. Section 5 is
devoted to present the application of proposed divergence
measures in a case study of COVID-19 coronavirus. Finally,
several conclusions are drawn in Section 6.

2. Preliminaries to Hesitant Fuzzy Sets (HFSs)

In this section, we review some basic notions and well-
known results about HFSs that are used in the next
discussion.

Let X be the reference set. A hesitant fuzzy set (HFS) on
X is defined by Torra [21] in terms of a function that when it
is applied to X, it returns a subset of [0, 1].

In fact, the notion of HFS is employed for handling a
class of decision-making problems where the belongingness
degree of an element to a set includes a variety of values.

Toward a better understanding, Xia and Xu [22]
reconsidered the concept of HFS in the form of

H, ={{x,hy(x)): x € X}, (1)

where h, (x) stands for all possible membership degrees of
x € X belonging to the set H 4, and it is afterwards named as
the hesitant fuzzy element (HFE) of H 4.

Adding to the latter presented concept are the followin
set and arithmetic operations. Let h; = hf(') li=1,..., lhli
and h, = {hg(’) li=1,... >lh2} be two HFEs. Then, it is de-
fined (i.e., [23]).

(i) Complement: h{ = Uh‘f“’ehl{l - hf(’)} | |
(if) Union: hy Uhy = Ujaag, 4o, fmax{h),n}}
(iii) Intersection:

— ‘ _ [0 1007
Ny = Uing, o0, {min{hy ¥, '}
(iv) Addition:
hl @hz = Uh‘f(")Ehl,hi(j)éhz

{htls(i) + hg(j) _ htf(i)hg(j)}

) 8(i)1,0(5)
hf“’ehl,h;"f)ehz{hl h }
Ahy = Upog,

(v) Multiplication: h; ® h, = U
(vi) Multiplication by

f1--m"Y >0

(vii) Power: 1t = Ujao, {(17)], 2> 0

scalar:

We explain below how the total ordering on HFEs was
proposed and introduced. This was achieved by keeping in
mind the score function of h = {h*@ i =1,...,1,} given by
(22]

]
1 & s
JOEFDR (2)
hi=1

and its variance function [24] is defined by the following
formulation:
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I : :
v(h) = = (lhl : \jhé -)%’-) h(hg(l) - ha(ﬂ)z' (3)

Indeed, the total ordering of  HFEs
hy={n?i=1,.,1,} and h, = {37 |i=1,.,1,} could
be defined by using the following comparison scheme:

(i) If we have s(h;) <s(h,), then it is concluded that
hy <r hy
(i) If we have s(h;) <s(h,), then

(i) For the relation v(h,) <v(h,), we get h;<y h,
(ii) For v(hy) = v(h,), we conclude that h, = ;h,

Now, we are in a position to explain the unified length
scale of HFSs as follows: in most situations, we observe that
I, #1;,,. In order for comparing h, and h, correctly, we may
extend the shorter HFE until the length of both HFEs are the
same [25-28]. Suppose that [ = max{lhl, lhz}. Then, the
shorter HFE is extended by appending the same value re-
peatedly. The repeated value depends on the risk preference
of the decision makers, that is, if we consider (i) the pes-
simistic case, then the repeated value is the shortest one; (ii)
if the optimistic case is considered, then the largest value will
be repeated, and (iii) in the general case, we consider the
convex combination of maximum and minimum values of a
HFE. ‘

Suppose that hy = {hf(]) lj= 1,...,1} and
h, = {ha(] lj=1,. l} are two length-unified HFEs on X.
The elementwise ordering of HFEs is defined by (i.e., [29])

h, < gh, if and only if B> <3, (4)

forany j=1,...,L
Eventually, we represent the definition of two widely
used aggregation operators of HFEs [25, 29]. Let

b= {1 j=1.0ll, hy={B”|j=1..1}, and
h,, = { o lj= 1,...,1} be a set of m HFEs with the cor-
responding weights @; (i = 1,...,m). Then, it is defined.

(i) The hesitant fuzzy weighted averaging (HFWA)
operator:

HFWA (hy, by, .. hy) = & (@h)

:1

:|§

1— a(])) |] _ 1 l}
i=1
(5)
(ii) The hesitant fuzzy weighted geometric (HFWG)
operator:
HFWG (hy, hy, . . ., ) = "_z%l(hf“*)
{H( HONTE 1,...,1}.
i=1
(6)

3. A New Class of HFS Divergence Measures

Axiomatically, a divergence measure of two HFSs satisfies
the following items similar to that of fuzzy sets [30] and
intuitionistic fuzzy sets [31]:

(i) It is nonnegative and symmetric

(ii) It returns the zero value whenever the two sets
coincide

In this contribution, we are going to develop a procedure
that estimates the objective weights of criteria by using the
concept of divergence measure, needless to say that the
criteria weights are computed subjectively or objectively. The
former technique computes the criteria weights by taking the
thought of decision makers, while the latter technique
characterizes the criteria weights by considering the
mathematical assessments ,

Let hy = {1 j=1,...1} and by = {71 j=1,....1}
be two length -unified HFEs as described above.

The following formula introduces a class of innovative
divergence measures for HFSs:

Divy (hy, hy) = 7 Z|:<

J=1

where T is a real convex function, and y; (k = 1,2) are the
positive and real numbers.

Among all the real convex functions, I may be chosen as
follows:

(i) T'(h) = pyh + p, for p;, p, € R (affine function)
(ii) I'(h) = exp (ph) for p € R (exponential function)

(iii) T'(h) = h? for p>1 (power function)

P B ; ;
Y1 (h (J)) 2] (h (1)) T Vlh(lsu) + Yzhg(]) 7)
Y1+

Y1172

(iv) T (h) = |h|? for p>1 (absolute-value function)
(v) I'(h) = —log(h) (logarithmic function)
(vi) T (h) = h xlog(h) (combinatorial function)

To simplify the next discussion, hereafter, we only re-
strict I by its power type I'(h) = h? for p>1 together with
Y1 =¥, = L. In view of this, we attain the following class of
divergence measures for HFSs:
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I 8(j) ()P a(
Divy hr)hz _%zI:((h ) +(h2 ) >_<h1

j=1

Remark 1. It is interesting to note that the measure Divy
given by (8) will be the divergence measure of Mishra et al.
[10] if we set p = 2.

Before presenting the main properties of divergence
measure Divy given by (8), we are going to state the fol-
lowing lemma.

Lemma 1. Assume that h; >0 for any 1< j <n. Then, it holds
that

n n p
h) < h, | <n?!
i j
j=1 j=1 j=1

Proof. To prove the left-hand inequality, we set
H: =)' h; and H;: = h;/H. Then, we easily find that
0<H; <1 together with 21 Hj=1. Now, from the fact
that (H;)” <H for any p>1 we conclude that
Y (H; )P< =1. This implies that 3",
(H))P = fi/H) <1, and therefore, 27:1 (hj)p
<HP = j h)P.

To prove the right-hand inequality, we apply Jensen’s

inequality
r Z%l vihj SZ?=1(YJ‘F(’1;'))
ijr Yj

M=

(), pz1 (9

) (10)

7 S(H\?
;hz )} p=1. (8)

to I'(x) = xP with y; =
that (1/1;21 }; VP < z
(S, )P Sy (P
Now, we establish the fundamental aim of this study
which is given by the following theorem. O

=1y, = 1/n. Thus, we conclude
l/n(h )P, which implies that

Theorem 1. Suppose that h, = {ha(]) lj=1,. l} and h, =
{ nY lj=1,. l} are two length unified HFEs Then, the
formula Dzvf(hl,hz) given by (8) presents a divergence
measure for any p>1.

Proof. It needs to show that the formula Divy (h,h,)
satisfies the two items given in the be 1nn1ng of this section,
that 1s, for any two HFEs h, = fh » lj=1,. l} and
hy= (W39 j=1,..1} it must be held that

Divy (hy, hy) 20; (11)
Divy (hy, h,) = Oif and only if h; = yh,. (12)

The proof of relation (11): from Lemma 1, we find that

(Yi, R <or1 52 (R2D)P s true forany j = 1,..., L
Equivalently,
hf(") + hg(,l) p (hf(])) +(h§(1))
< , (13)
2 2
holds true for any j =1,...,/, and hence,

Z'}:l Vi
Divy (hy, ) =

The proof of relation (12
which means that h°();
Therefore,

assume that h: = gh, = gh,
h 9 for any j=1,. l

(G NEE h“”)*’] o

(15)

Divy (h, h) =

~— =

Conversely, we suppose that Divy (h;, h,) = 0, that is,

LG[( () (B (19410

for any p > 1. This implies that

(hf(j))9+<h§(j))}’ hf(j) +h§(j) P
: _ : =0, (17)

forany j=1,...,L

P 8G) L 10 \?
>—<hl erhz )]20, forany p> 1. (14)

The latter equahty is possible if and only if the equalities
hm) 5(] (j =1,...,1) hold true. This finding implies that
h1 = Eh2' O

Theorem 2. Suppose that h, = i 0 lj=1,. l}, h, =
{ MJ)I =1,.,1f, and hy= {hB(J lj=1,. l} are three
length- umﬁed HFEs, and the formula Divy (hl,hz) given by

(8) presents a divergence measure. Then, for any
hy< ghy< ghs, the following inequalities hold true:
Divy (hy, h,) <Divy (hy, hs);,
(1) <Dive (. ) -

Divy (hy, bs) < Divy (I, h3).

Proof. Referring to the definition of elementwise ordering
of HFEs glven by (4) we observe that h, < h2 < phyisvalid if
and only if K <k} < kY forany j = 1,. l Therefore,
for any p>1 we have
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I SDYP L (00
Din (hphz) :l Z[((hl( )) (hz( ))

—

= 2

p . .
h‘f”) +hz2w> p
2

(19)

= Di vy (hy, hs),

][00 (ot
I & 2

and

1 d h‘”” RIOAYS RO BXIS) 4
DlVr h1:h3 lz|:<( ) ( : ) >_< : ;— ) >]

J

ZKW) +(h§w)"> ) (hgw ;hgmﬂ

= Di vy (hy, hy).

N|>_

(20)
O
Theorem 3. Suppose  that h} = {hm) lj=1,. l}

h, = {hg(j) |j=1,...1} and hy = {hm |j=1,..,1} are three
length-unified HFEs, and the formula Dzvr(hl,hz) given by

(8) presents a divergence measure. Then, the following

equalities hold true:

Divy (hy Uy, hy N hy) = Divy (hy, hy), (21)
Div; (b, th,hs)— (Divy (hy, hy) (22)
+D1Vr (hy, h3)),

Divy (hy Nhy, hy) == (DlVr (hy, hs)
+D1Vr (hy, hy)).

(23)

Proof. For any j=1,...,l and p>1, we propose the fol-
lowing proofs.

The proof of relation (21):

Divy (b, Uhy, hy Uh,) =% zl: —<((h1 Uh2)6<j>) 2((h Uh,)’V ) > ) < (h, U, + (, nhz)(s(j))p}

J=1L

2

] i((max{h‘s(” h‘s(j)})p+(mm{h () hé(j)})l”) <max{h5(1) h‘w)}+mm{h () hé(j)})lp}
=7 B :
J=1L

2 2
(24)
In the case where hé(j) < h‘w ) we easily conclude that and hence,
max|i0, k) = B3O,
25
mln{hs(]) hz(')} = nV, >
1d (h;?(D)P +(h‘f(f))P B0 4 NP
Divy (hy Uy, hynhy) =< ) - =2 ! = Divy (hy, ). (26)
15 2 2
Divy (hy Uh,, hy nh,) = Divy (hy, hy). (27)

For the other case, that is, hf(j) > hg(
the latter result. Therefore, we have

P we conclude again

The proof of relation (22):
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)\P (P 8G) . 18\ ?P
1y ((h1Uh2)5(1)) +(h3 ) (hyURy)"Y + B3
Divy (hy Uhy, hs) = - o :
ivy (hy Uhy, hs) = I ]; ( B 2
] (28)
_ . N\ p ‘ ‘ N
zli (max{hf(ﬁ,hg(])}) +(h§(1))1’ . max{h ©) hé(J)} +h§(])
1 & 2 2 '
J=L
hs(j),ha(j) _ h5(]')’ 29
In the case where h6(1)<h5(]) the following result is max{ ! ’ } ’ (29)
obtained: which gives rise to
NP (18D)? 3G) o\ ?
1 1 hé(]) +(h h j h Jj
Divy (hy Uhy, hy) =< Y () (7)) (e = Divy (hy, ). (30)
15 2 2
For the other case, that is, hf(j) > hg(j )| we achieve that
AVENRIGIN 3G) 8\ P
1 1 h5(]) +(h h j h Jj
Divy (hy Uhy, hy) =7 ) () +(m7) (Bt = Divy (hy, hy). (31)
15 2 2

Now, it follows from (30) and (31) that
Divy (hy Uhy, hy) == (D1Vr (hy,h3) + Divy (hy, hy)). (32)

The proof of relation (23): the justification of relation

(23) is similar to that of relation (22). O
Theorem 4. Suppose  that  h, = {h6(1) lj=1,. l}
By = (B0 j = Lyl and by = (R0 21, z; are three
length unified HFEs, and the formula Dzvr(hl,h given by

(8) presents a divergence measure. Then, the following in-
equalities hold true:

Divy (hy U hs, hy U hy) < Divy (hy, hy), (33)

Divy (hy Ny, hy 0 hy) < Divy (hy, ). (34)

Proof. Foranyj=1,...,
proofs.
The proof of relation (33):

I'and p > 1, we offer the following

1
Di vy (hy Uhy, y U ) _%Z

j=1L

<(<h1 Uhy) ) +(<hZUh3>“”>)"> _((hl Uk,
2

j) + (h2 U h3)5(j) >P}
2

~|;—n

2

i3

Accordingly, all the possible cases are as follows:

h‘f(f) < hg(j) Shg(]) (36)

<(max{h‘f(j),h§(j)})p+(max{hg(j),h§(j)})1)> <max{h‘$('),h 0)}

+ max{hg(j)) hg(j)}>l’]

2
(35)
B <0 < b0, (39)
B <0 < B0, (40)
WP <pD <20, (41)

From the first case to the last case which are labelled by
(36)-(41), we conclude, respectively, that
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Divy (hy Uhs, hy Uhs) = Divy (hs, hs),
Divy (hy U by, by Uhs) = Divy (hs, 1),
Divy (hy U sy hy Uhs) = Divy (hy, ), )
Divy (hy U by, by Uhs) = Divy (hy, hy),
Divy (hy Uhs, hy Uhs) = Divy (hy, hy),

Divy (hy U hsy by Uhs) = Divp (hy, hy).

Clearly, the first case and the second case (i.e, equations
(36) and (37)) give rise to Div (hs, hy) < Divy. (hy, h,), and
moreover, the third case and the fourth case (i.e, equations
(38) and (39)) result in Divy (hy, hs), Divy
(hy, h3) <Divy (hy, h,). Therefore, by taking all the above
results into consideration, we find that

Divy (hy Uhs, hy Uhy) = Divy (hs, hy) + Divy (hs, hy) + Divy (hy, hs)

+ Divy. (hy, hs) + Divy (hy, hy) + Divy (hy, hy)

(43)

1
= <Divr(h1,h2)+-~-

The proof of relation (34): it is proved in a similar way as
the proof of inequality (33). O

4. Hesitant Fuzzy Additive Ratio
Assessment (HFARAS)

In this part of contribution, we modify the framework of
hesitant fuzzy additive ratio assessment (HFARAS) which
was initiated by Mishra et al. [10]. They used mainly the
concept of divergence measure for developing the complex
multiple criteria decision-making methodology. This work
concentrates more on the methodology of Mishra et al. [10],
in which a class of fruitful divergence measures for HFSs is
employed instead. The resulted methodology is constituted
by the following steps:

Step 1. We initially form each individual decision matrix
corresponding to the evaluation of experts €, (k=1,...,7)
as follows:

(G G Co T
Al €khll €khlZ Ekhln

“D=| A, *hy %*h,, “hy, |, (44)
o Am * hml * hm2 * hmn -

hij = ‘l Ue hVe hij,...,frhfj“)efrhij{ 1-

k

<

1

+ Divy (hy, hy) > = Divy (hy. hy).

6

in which the HES array ekhij (i=1....,m, j=1,...,n)
indicates the rating of alternative A; corresponding to the
criterion C; with the weight of w;.

By the way, the degree of significant for each expert €,
(k=1,...,r) is computed by the use of

! 5(0)
o1 hi;

C‘)e:l—é(t)’ (i:1,...,m,j:1,...,n),
‘ ZL:I(Zt:l hy; )
(45)
where “h;; = {Ekha(t [t=1,..., } Furthermore, it is easily
seen that ®, >0 and };_, @, = 1.

Step 2. We aggregate all the individual decision matrices
into the aggregated matrix:

(G G G T
A h11 12 hln
D=1 A, hy hy hy, | (46)
-Am hml hmz hmn -
in which
(1_ekh6(t))mfk} [t=1 l} (47)
ij P >



foranyi=1,...,mand j=1,...,n

4.1. The Intermediate Steps. Now, if we use the intermediate
steps, then the weight of criteria is to be computed based on
the two parameters: rationality degree and importance
degree.

4.2. The Rationality Degree

(1) If we employ a divergence measure Div, we then find
the support degree between the criteria C; and C; as

S(hyjshy) = 1= Di v(hy;, hy),
(i=1,...

(48)

sm, j,l=1,...,n,j£I).

(2) Using the support degree S, we are able to calculate
the total support degree,

(49)

for any h;; over the criteria C;.

(3) The utilization of total support degree T'S leads to the
rationality degree

1

(G=1,...

(50)

’n))

forany j=1,...,n

(2) The utilization of aggregated degree I; leads to the
overall importance degree:

s(1;)
oI, =—2/
()

where s denotes the score function given by (2), and
moreover, 0<OI; <1.

1), (55)

G=1,...

Now, with the parameters of overall rationality degree
OR; and overall importance degree OI ; given, respectively, by
(51) and (55), it derives the subjective weights of criteria as

wj=eo1zj+(1—e)ozj, (j=1,...,n), (56)
where 0<6<1 indicates the adjustment coefficient.

It is worthwhile to mention that the coefficient 6 is
chosen in accordance with the actual demand of decision
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in which OSRj <l1.

(4) By using the rationality degree R;, we attain the
overall rationality degree

R.

OR. =— 1
j ] >
Zi-1 R

(j=1,...,n), (51)

where 0 < OR]- <l1.

4.3. The Importance Degree

(1) We calculate the individual importance degree
matrix I as follows:

—Cl C2 n
€ 5111 5112 611

&1 | € € € €
I= 1, °I, ©I

C -
n

(52)

n |

€,

r € €r €r
I, “I, “h

nd
where I denotes the importance degree of crite-
rion C; given by the k™ expert.

Now, all the individual importance degree matrices
can be aggregated into the matrix:

I:|:ZC1 C, ...cn:I
& Il IZ I

n

(53)

in which

r

(54)

(l_skIz]?(t))wsk } |t = 1,_..,1},

k=1

maker, that is, the maximum value of 6 stands for the su-
perior influence of rationality degree of criteria in the as-
sessment, and the minimum value of 0 indicates the lesser
influence of importance degree of criteria.

Step 3. We evaluate the j™ element of optimal significance
rating by the help of

max{hij}, ] € Cbeneﬁt’

1<i<m

min {h»}, J € Ceostr

1<ism Y

Kl = (57)

for j=1,...,n, which results in the optimal significance
rating hp = 37, h,.

Step 4. We are able to normalize each array of aggregated
hesitant fuzzy decision matrix by using the transformation
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hij _ where s denotes the score function given by (2).
(/i .] € Cbeneﬁt’
maxlgigm{s(hij)}
Np o (58)  Step 5. We calculate the weighted normalized form of de-
& h cision matrix as
1- . » J€ Ccost’
max1<z<m{5(hij)}
N "R - Ry 8(8)\“i
= jefl(“’ hy) =1 U sigosn,, oo, 1 L= [TO-00) ple=1 00 (59)
=1
foranyi=1,...,m. signs but also for their probable side effects and perfor-

Step 6. We obtain the overall performance rating in terms of
OPi = S(thi)’ (1 = 1) cee )m)7 (60)

in which s stands for the score function given by (2).

With the help of parameter OP;, we can estimate the
preference of options. That means that the greatest value of
OP; specifies the best option, and its lowest value charac-
terizes the worst one.

However, besides the above selection option, we may
assess the optimal option in accordance with the relative
impact of that option being called the utility degree and
evaluated by

LoG=1,...,m). (61)

The largest value of U; determines the desirable one.

5. Case Study of the COVID-19 Coronavirus

COVID-19 is the most recognized and thoroughly known
virus by humans in the recent times. According to the World
Health Organization report on November 29, 2020, more
than 62,570,316 cases of COVID-19 across the world have
been estimated which cause more than 1,466,426 deaths and
44,671,725 recovered persons [32]. Using data from the
aforementioned report, most people with COVID-19 are
associated with the symptoms and signs including fever
(83%-99%), cough (59%-82%), fatigue (44%-70%), an-
orexia (40%-84%), shortness of breath (31%-40%), sputum
production (28%-33%), and myalgias (11%-35%) [33, 34].
In this contribution, we have selected five medicines to
manage the critical care of COVID-19 patients [35] in-
cluding LPV/RTV-IEND (4,), favipiravir (4,), LPV/RTV
(A;), remdesivir (A,), and hydroxychloroquine (A;).
However, what is to be noted here is that the antiviral
drugs should be considered not only for their impact on

mance. To do this task, we have chosen the following pa-
rameters: anorexia (C,), cough (C,), fatigue (C5), fever (C,),
myalgia (C;), shortness of breath (C¢), and sputum pro-
duction (C,) [15, 17, 33]. In order to select an ideal drug,
Mishra et al. [10] presented the assessment values in the
form of linguistic variables together with hesitant fuzzy
preference degrees as those given in Table 1.

Now, if we employ the algorithm of hesitant fuzzy ad-
ditive ratio assessment (HFARAS) presented thoroughly in
Section 4 to the abovementioned problem, then each step of
algorithm can be carried out as follows.

Step 7. On the basis of data given in Table 1 and relation
(45), we get the degree of significant ®,_for each expert €
(k=1,2,3) as

®, =0.3372,0, =0.2674,®,, = 0.3953. (62)

Moreover, Table 2 provides the evaluation of five drugs
performance in accordance with the seven criteria for each of
three experts.

Step 8. The opinions of three experts are aggregated using
formula (47), and this leads to results expressible in the form
given in Table 3.

5.1. Comparison of Divergence-Initiated Weights. In this part
of Section 5, we are interested to perform a comparison
between the weight values concluded from the proposed and
the exiting divergence measures [19, 36] to demonstrate
more capabilities of the proposed ones. '

Let hy = {0V j=1,...1} and by = {0371 j=1,....1}
be two length-unified HFEs. Mishra et al. [19] and Mishra
et al. [36] introduced, respectively, the exponential form of
HFE divergence measures:
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TaBLE 1: The assessment ratings of criteria.

Linguistic variable Hesitant preference degree
Extremely preferred (EP) (0.90, 1.00)
Strongly preferred (SP) (0.80, 0.90)
Preferred (P) (0.65, 0.80)
Medium (M) (0.50, 0.65)
Undesirable (U) (0.35, 0.50)
Strongly undesirable (SU) (0.20, 0.35)
Extremely undesirable (EU) (0.00, 0.20)

TasLE 2: The linguistic variable-based data of the evaluation matrix.

Alternatives
Criteria Experts
Al A2 A3 A4 A5
el P M M SP M
Cl1 €2 M P SP SM P
€3 M P M SP M
el M P P P P
C2 €2 M M M P P
€3 P U P M M
el U M M M U
C3 €2 M U M P P
€3 M P M M P
el P M M M M
C4 €2 M M P M M
€3 P P P P P
el M M U M SU
C5 €2 U SU U P M
€3 U M M P P
€l U U SU P U
Cé6 €2 M 19) P M P
€3 SU M U U SU
el U M SU P M
Cc7 €2 U U M U SU
€3 SU SU U M U
TaBLE 3: The aggregated form of experts’ opinions.
I Alternatives
Criteria
Al A2 A3 A4 A5
C1 0.684 0.666 0.696 0.804 0.604
C2 0.608 0.554 0.633 0.649 0.690
C3 0.512 0.572 0.549 0.680 0.615
C4 0.633 0.608 0.633 0.624 0.644
C5 0.450 0.476 0.454 0.729 0.548
C6 0.423 0.454 0.469 0.600 0.547
C7 0.370 0.373 0.401 0.604 0.381
TaBLE 4: The values of w; corresponding to the divergence measures Div,; and Div,y,.
M4
Criteria w3 il
4 P=1.0 P=12 P=14 P=1.6 P=1.8 P=2.0
Cl1 0.150 0.1502 0.1503 0.1503 0.1503 0.1503 NaN
C2 0.163 0.1629 0.1629 0.1628 0.1628 0.1628 NaN
C3 0.85 0.1449 0.1449 0.1449 0.1449 0.1449 NaN
C4 0.176 0.1758 0.1758 0.1758 0.1758 0.1758 NaN
C5 0.117 0.1177 0.1177 0.1178 0.1178 0.1178 NaN
C6 0.127 0.1271 0.1271 0.1272 0.1272 0.1272 NaN
C7 0.123 0.1214 0.1213 0.1212 0.1212 0.1212 NaN

NaN, “Not-A-Number.”
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'1 ) hf(j) + hll—5(j)+1 hg(j) + h12—5(f)+1 _ hf(j) _ hll—5(j)+1 _'
exp
2 2
. 1«
Divyg ((h1>h2)) = 1 Z
j=1 5 h(f(j) 3 hll—a(j)n h(f(j) N hll—a(j)ﬂ 3 hg(j) _ h12—5(j)+1
exp
2 2
(63)
'1 B hg(j) + h12*5(j)+1 o h‘f(f) + hllﬂ?(j)+1 _ hg(i) _ h12*5(]')+1 _“
p
2 2
I
1
72 ’
J: . _ . . - . . = .
2 hg(") _ hlz (j+1 hg(]) + hlz S(j+1 h‘f(]) _ hll S(j+1
exp
2 2
r (hfli(j) +hll-5(j)+l + hg(j) +h12—5(j)+1> <h<13(j) +hll—5(j)+l +hg(j) +h12—5(j)+1) h
exp +
4 4
<4 RO 0480 h;6<f>+1> <4 O ¢ H0 g0 h;wm)
exp
4 4
LY
DiVMZ (hl’ hZ) =T = a1
Ie(ve -1) 5 <h‘f‘” . h116<j>+1> <h‘f“> . hzlaum) <2 R0 hll‘“”“> <2 R0 h’15<i)+1>
exp + exp +
2 2 2 2
2
5G) . 410G SG) 1 1-8( 5G)  1-6( 3G)  ,1-8(
(hzg) +H (;)H)exp(hzu) +H (])+1> +<2 B hz(]) s (J)+1>exp<2 _ hz(ﬁ s (])+1>
2 2 2 2
(64)

Before going more deeply into the definition of next
existing divergence measures, we here point out that the
latter measures cannot discriminate different HFEs correctly
in some situations. This happens especially when a HFE
contains elements with the condition

Y (65)
for any j=1,...,] and k = 1,2. In this situation,
Div, (hy, h,) =0,
s (s hy) (66)

Divyyy (11, hy) = 0,

which are not logical and give rise to inconsistent and in-
accurate outcomes.

Bearing the abovementioned shortcoming of Div,,, and
Div,,, in mind, we only examine in detail the next exiting
divergence measures together with the proposed ones in the
current contribution.

Now, we are going to review the following HFE diver-
gence measures, which were, respectively, introduced by
Mishra et al. [10] and Mishra et al. [20]:

Divyys (hy hy) = 1V2 - 1)
=

I I (h‘f(j))2 +(h‘2§(j>)2 WD 4l
2N ) )|

(67)



12 Mathematical Problems in Engineering
TasLE 5: The values of w; corresponding to the proposed divergence measure Divy.
o Wt
Criteria J
P=1.0 P=12 P=14 P=16 P=18 P=20
Cl1 0.1499 0.1499 0.1499 0.1500 0.1500 0.1500
C2 0.1630 0.1630 0.1630 0.1630 0.1630 0.1629
C3 0.1445 0.1446 0.1446 0.1446 0.1446 0.1447
C4 0.1756 0.1756 0.1756 0.1756 0.1756 0.1757
C5 0.1173 0.1174 0.1174 0.1174 0.1175 0.1175
C6 0.1267 0.1268 0.1268 0.1268 0.1269 0.1269
C7 0.1229 0.1228 0.1227 0.1225 0.1224 0.1223
0.18 T T T T T T T
0.16 + E
0.14 - .
0.12 |- .
0.1 |- .
0.08 - E
0.06 E
0.04 .
0.02 .
0
w;M1 w,M1 wzM1 w M1 wsM1 weM1 w,M1
FIGURE 1: The combined criteria weights w; corresponding to the divergence measure Div,;.
and
! (hsu))z +(ha<j>)2 b (DY +(mY
1 2 1 2
Divgy (hy, ) = 76 D y Y] - )| proad e (69
j=1

Let us return back again to the algorithm of HFARAS
presented in Section 4, and we execute the steps from Step 8
to Step 12 of that framework.

In order to perform the intermediate steps and obtaining
the rationality degree and the importance degree, we in-
corporate the divergence measures Div,;, Div,,,, and Div;
given, respectively, by (67), (68), and (8) into (48). Then, to
save more space for convenient storage, we present only the
combined criteria weights @; (j = 1,...,n) which are given
by (56). All the results are, respectively, given in Table 4 and
Table 5, and they are correspondingly shown in Figures 1-3.

Step 9. It is needless to say that for the three different di-
vergence-based processes, the relation (57) returns the
optimal performance rating vector of drug options in the
form of

K| 71 =1{0.804,0.690, 0.680, 0.644, 0.729, 0.600, 0.604},  (69)

which is extracted from Table 3.

Step 10. Since all the criteria are cost-based criteria,
therefore, we do not need to normalize them.
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TaBLE 6: The weighted normalized form of decision matrix corresponding to the divergence measure Div,;.
. Alternatives
Criteria
Al A2 A3 A4 A5
Cl1 0.1028 0.1001 0.1046 0.1208 0.0907
C2 0.0990 0.0902 0.1031 0.1057 0.1124
C3 0.0742 0.0829 0.0795 0.0985 0.0891
C4 0.1113 0.1069 0.1113 0.1097 0.1132
C5 0.0530 0.0560 0.0534 0.0858 0.0645
C6 0.0538 0.0577 0.0596 0.0763 0.0695
C7 0.0449 0.0453 0.0487 0.0733 0.0463
TaBLE 7: The weighted normalized form of decision matrix corresponding to the divergence measure Div,;, (for p = 1.0).
o Alternatives
Criteria
Al A2 A3 A4 A5
C1 0.1028 0.1001 0.1046 0.1208 0.0907
C2 0.0990 0.0902 0.1031 0.1057 0.1124
C3 0.0742 0.0829 0.0795 0.0985 0.0891
C4 0.1113 0.1069 0.1113 0.1097 0.1132
C5 0.0530 0.0560 0.0534 0.0858 0.0645
C6 0.0538 0.0577 0.0596 0.0763 0.0695
C7 0.0449 0.0453 0.0487 0.0733 0.0463
TaBLE 8: The weighted normalized form of decision matrix corresponding to the divergence measure Divy (for p = 1.0).
. Alternatives
Criteria
Al A2 A3 A4 A5
Cl1 0.1025 0.0998 0.1043 0.1205 0.0905
C2 0.0991 0.0903 0.1032 0.1058 0.1125
C3 0.0740 0.0827 0.0793 0.0983 0.0889
C4 0.1111 0.1068 0.1111 0.1096 0.1131
C5 0.0528 0.0558 0.0533 0.0855 0.0643
C6 0.0536 0.0575 0.0594 0.0760 0.0693
C7 0.0455 0.0459 0.0493 0.0742 0.0468

The other data of divergence measures Div,,, and Divy for p = 1.2,1.4, 1.6, 1.8, 2.0 are saved and not expressed in Table 7 and Table 8 due to space limitations.

Step 11. The weighted normalized form of decision matrices
corresponding to the divergence measures Div,;, Div,y,
and Divy are, respectively, given in Tables 6, 7, and 8.

Step 12. The preference orders for the drug options in ac-
cordance with the considered divergence measures Div,;,
Div,,,, and Divy are determined as those shown in Figures 4-6.

As can be observed, the preference order for the drug
options corresponding to all three cases remains the same as
follows:

Remdesivir (4,) > hydroxychloroquine (As)

LPV LPV (70)

> RTV (A;) > RTV IFNb(A,) > favipiravir (4,),

and the desirable drug option is remdesivir (A,).

Although the final outcome of two existing divergence
measures Div,; and Div,,, is coincided with that of the
proposed divergence measure Divy, two major issues need to
be addressed here:

(i) The parametric divergence measure Divy provides us
with a class of divergence values (based on the pa-
rameter p > 1) wider than that of the nonparametric
divergence measure Div,;, which is contained in the
former as a special case;

(ii) Both divergence measures Divy and Div,, are
parametric, but the latter one is meaningless when
P = 2, and this shortcoming is not going to be visible
in the former one.
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6. Conclusions

This contribution offers an ARAS framework being based on
the HFS divergence measure for evaluating mainly the
criteria weights. The prominent role of HFS divergence
measures are apparent in their parametrically and sym-
metrically properties.

Other main contributions of the present work are
summarized as follows:

(1) Investigating of several properties for the proposed
divergence measures

(2) Pointing out the counter-intuitive cases corre-
sponding to the existing divergence measures versus
the proposed ones

(3) Illustrating the validity and more applicability of the
proposed  divergence-based  decision-making
methodology

The direction of future work of this research may be
focused on the other applications such as renewable energy
technology selection, optimal selection of antiviral therapy
for the mild symptoms of COVID-19, and other applications
in the process of bid evaluation [37] and reverse logistics
[38], [39].
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In this paper, the economic management data envelope is analyzed by an algorithm for clustering incomplete data, a local search
method based on reference vectors is designed in the algorithm to improve the accuracy of the algorithm, and a final solution
selection method based on integrated clustering is proposed to obtain the final clustering results from the last generation of the
solution set. The proposed algorithm and various aspects of it are tested in comparison using benchmark datasets and other
comparison algorithms. A time-series domain partitioning method based on fuzzy mean clustering and information granulation
is proposed, and a time series prediction method is proposed based on the domain partitioning results. Firstly, the fuzzy mean
clustering method is applied to initially divide the theoretical domain of the time series, and then, the optimization algorithm of
the theoretical domain division based on information granulation is proposed. It combines the clustering algorithm and the
information granulation method to divide the theoretical domain and improves the accuracy and interpretability of sample data
division. This article builds an overview of data warehouse, data integration, and rule engine. It introduces the business data
integration of the economic management information system data warehouse and the data warehouse model design, taking tax as
an example. The fuzzy prediction method of time series is given for the results of the theoretical domain division after the
granulation of time-series information, which transforms the precise time-series data into a time series composed of semantic
values conforming to human cognitive forms. It describes the dynamic evolution process of time series by constructing the fuzzy
logical relations to these semantic values to obtain their fuzzy change rules and make predictions, which improves the com-
prehensibility of prediction results. Finally, the prediction experiments are conducted on the weighted stock price index dataset,
and the experimental results show that applying the proposed time-series information granulation method for time series
prediction can improve the accuracy of the prediction results.

features makes it very unlikely that clusters exist in all di-
mensions. As the sample dimensionality increases, the
distance difference between the samples becomes smaller,

Clustering is an unsupervised data mining method. The
basic idea is to measure the similarity between the data based
on the intrinsic properties of the data and classify the
samples with greater similarity into the same class and those
with less similarity into different classes [1]. In the field of
finance, clustering is widely used in problems, such as
personal credit collection and risk identification of listed
companies. However, in specific applications, traditional
clustering algorithms cannot handle high-dimensional data
well. The presence of a large amount of noise and redundant

and the data becomes sparse in the high-dimensional space
[2]. It is shown that in the processing of high-dimensional
data, low-dimensional feature subspaces can approximate
the high-dimensional data features. The subspace clus-
tering methods follow this idea and seek to identify the
different classes of clusters in different feature subspaces in
the same dataset. Since the features of different classes of
data may correspond to different feature subspaces, and
the feature dimensions composing these feature subspaces
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may also be different, it is more difficult to identify the
class clusters in the original feature space. The subspace
clustering algorithm divides the original feature space to
obtain several different feature subspaces and identifies the
possible class clusters from the feature subspaces. Many
subspace clustering algorithms have been proposed in the
existing research for clustering high-dimensional data [3].
However, these algorithms are optimized for a single
objective function and adopt a greedy search strategy, and
thus, they have the disadvantages of being sensitive to the
initial points and easily falling into local optima. More-
over, optimizing multiple objective functions simulta-
neously can improve the robustness of the algorithm to
different data.

Clustering analysis is one of the important techniques
in the field of data mining and machine learning and has
been widely used in several fields, including information
granulation, image processing, bioinformatics, security
assurance, web search, etc. The so-called clustering is to
divide the sample objects in a dataset into different class
clusters, where the sample objects in similar clusters are
highly similar, while those in different class clusters are less
similar. The role of clustering as an unsupervised learning
technique in identifying the unlabeled data structures
cannot be ignored [4]. For different division methods of
samples, the existing clustering methods can be classified as
hierarchical clustering methods, divisive clustering
methods, grid-based clustering methods, density-based
clustering methods, and other clustering methods. The
existing clustering algorithms can also be roughly classified
into two main categories: hierarchical clustering methods
and divisive clustering methods [5]. Besides, the clustering
algorithms can be classified into hard clustering algorithms
and soft clustering algorithms based on other classification
criteria. After years of research and development, many
clustering algorithms have been widely used. Although
there are several clustering algorithms in the field of
clustering analysis, each algorithm has its unique method
for discovering the underlying data structure in a dataset.
However, different algorithms processing the same dataset
may produce different clustering results, and it is difficult
for us to evaluate which clustering result is more consistent
with the data structure of that dataset without supervised
information [6]. Completely random missing means that
the missing values are lost completely at random, and the
tendency of the data points to be missing is independent of
their hypothetical values and the values of other variables.
Random missing means that the missing values are missing
because of some observed data and the tendency of the data
points to be missing is independent of the missing data,
however, it is related to some observed data. Nonrandom
missing means that the missing values are not lost ran-
domly but for a reason. Usually, the reason is that the
missing value depends on the assumed value or the value of
another variable.

Because of the existence of data sets containing missing
data, the traditional clustering algorithms are no longer
able to deal with these data directly. Therefore, exploring
how to solve the clustering problem of incomplete datasets
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has become a pressing challenge in the study of cluster
analysis. In summary, the study of clustering methods for
incomplete data has very wide scientific research value and
practical application value. It is an information manage-
ment technology whose main purpose is to support the
management decisions through smooth, rational, and
comprehensive information management. A data ware-
house is a new application of database technology and not a
replacement for the database. Data warehouse and oper-
ational database, respectively, undertakes two different
tasks of high-level decision analysis and daily operational
processing and play different roles. There is a close con-
nection between the data warehouses and real time data-
bases, and the data warehouses require real time databases
to provide large amounts of historical data to provide
answers, analysis, and prediction results for the various
topics required.

The second part of this paper is the research status, the
third part is the introduction of the related research algo-
rithm structure, the fourth part is the analysis and expla-
nation of the results, and the fifth part is the conclusion of
this paper.

2. Current status of Research

With the rapid development of the internet technology and
the improved performance of data storage devices in recent
years, a large amount of data is generated and stored in
various industries. Among these data, a large portion is
time-tagged, i.e., a series of observations recorded in a
chronological order, known as time series. How to effec-
tively analyze and process the time series data to uncover
potential and valuable knowledge and information to
support more efficient production, operation, manage-
ment, and decision-making activities of the enterprises is
one of the important tasks in today’s big data era [7].
Traditional time series analysis mainly uses statistical
models to analyze and process time series, and with the
rapid development of artificial intelligence, time series
analysis methods based on data mining and machine
learning theory have gradually become mainstream,
forming a research branch of time series data mining. In the
system sense, time series refers to the response of a system
at different times [8]. From the viewpoint of system op-
eration, the definition points out that time series are
arranged in a certain order. The “certain order” here can be
either a time order or a physical quantity with various
meanings, such as representing temperature, velocity, or
other monotonically increasing values. The time series is an
objective record of the historical behavior of the system
under study, which contains the structural characteristics
of the system and its operation laws [9]. In summary, the
time series has the following characteristics: the data or the
position of the data points in the series depends on time,
that is, the values of the data depend on the change of time
but not necessarily a strict function of time. The values or
the position of the data points at each moment have certain
randomness, and it is impossible to predict the historical
values with complete accuracy. The values or the position of
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the data points at the preceding and following moments
(not necessarily adjacent moments) have a certain corre-
lation, and this correlation is the dynamic regularity of the
system. As a whole, the time series tend to show some kind
of trend or cyclical variation [10].

In general, we cannot completely avoid the missing
samples, similarly, in the association rule algorithm or
decision tree algorithm, the missing data will directly affect
the calculation of confidence, support of the frequent
itemset, or the selection of the splitting attributes of the tree
nodes. Therefore, the handling of missing values plays a
crucial role in whether the clustering process can be carried
out smoothly [11]. Therefore, the handling of missing
values plays a crucial role in the success of the clustering
process. The effective processing of incomplete data has
become hot research in the field of pattern recognition. The
modeling method generally analyzes the patterns of data in
the dataset by finding them, establishing a suitable
mathematical model, and calculating the corresponding
missing attribute filler values by the established model, with
the disadvantage that it is only suitable for the datasets of
moderate size and with certain patterns. In addition to the
above-mentioned methods, in recent years, with the rising
popularity of machine learning, many missing value pro-
cessing methods have been derived in combination with
machine learning methods [12]. How credit card issuers
specifically manage these risks concerning the probability
of occurrence and the types of risks is also a focus of ac-
ademic research. Recognizing these risks and improving
the system of risk response appears to be crucial. From the
point of view of cost reduction, credit card risk manage-
ment needs to find the balance between the risk revenue
and the expected cost of risk to maximize revenue with risk
minimization, reduce costs in the balance, improve the
efficiency of bank operations, and use digital models to
assess the risk revenue of the cost of risk accompanying the
credit card business based on theoretical research [13].
However, Yikin looks at the three perspectives of internal
operational risk, external systemic risk, and technical op-
erational risk for analysis and proposes the basic ideas of
risk control under the network model of multiple risk
interactions [5].

The populated incomplete dataset was processed using
integrated clustering methods to obtain multiple clus-
tering results. The consistent partitioning of each clus-
tering result is performed using voting. Firstly, label
matching is done for each class of clusters in different
clustering results. Then, the intersection of the same la-
beled class clusters is obtained, and the samples in the
intersection are divided into the core domain of the
corresponding class clusters. The remaining samples de-
cide whether they belong to the core domain or the
boundary domain of the class clusters according to the
relationship between the number of votes obtained by
voting and the set threshold value. Determining the core-
domain and boundary-domain samples of the class
clusters results in a three-branch clustering result. The
feasibility of the algorithm is demonstrated by evaluating
the clustering results by clustering validity metrics.

3. Economic Management Data Envelopment
Analysis for Incomplete Data Clustering

In this section, we give a detailed description of the main
algorithms and structures. Although we have just proposed a
high-quality clustering criterion, it is still difficult for us to
quantify it. The final evaluation of the quality of the clus-
tering is often the satisfaction of the stakeholders after the
clustering. If the demander is satisfied with your clustering
results and obtains valuable information from it, then the
clustering is effective and high-quality.

3.1. Design of Clustering Algorithms for Incomplete Data.
The missing values in a dataset can be classified as com-
pletely random missing, random missing, and completely
non-random missing in terms of the distribution of miss-
ingness. Completely random missing means that the missing
data is random, and the missing data does not depend on any
incomplete or complete variables. Random missing means
that the missing data is not completely random, i.e., the
missing data of that type depends on other complete vari-
ables. Completely nonrandom missing means that the
missing of the data depends on the incomplete variables
themselves [14]. The data objects studied in this chapter are
incomplete information systems under completely random
missingness, i.e., the missingness of the data is random and
the missingness of the data does not depend on any in-
complete or complete variables. In most cases, a high per-
centage of missingness is often accompanied by inefficient
clustering results, and when the missingness rate of the
dataset is high, the accuracy for filling the missing values of
the sample objects decreases. It can also directly cause a
decrease in the performance of the clustering algorithm.
Therefore, we set the missing rate of the dataset between 5%
and 30%, i.e., the missing attribute values of the sample
objects need to satisfy two conditions [15]. Any sample
object must retain at least one full attribute value. Each
attribute has at least one corresponding complete value in
the incomplete dataset. In other words, a sample cannot be
missing all attribute values and all samples cannot be missing
the same attribute. This chapter and the next chapter pre-
process the dataset to the incomplete dataset following the
two basic conditions for missing the attribute values and the
missing rate range value requirement for the dataset.

For a sample point, in addition to the inherent char-
acteristics of the sample itself, it will be influenced by other
samples. If there are more samples of a certain category
around the sample, then the denser the distribution, the
more likely the sample belongs to this category. Conversely,
if the number of samples of a certain category around the
sample is sparse and the distribution is sparser, it is less
likely the sample belongs to this category. Therefore, the
effective use of sample distribution information can make
the clustering results more accurate. Therefore, when
calculating the distance between a sample point and the
cluster center, the distance calculation can be improved by
introducing the proximity category information in the
form of a ratio. The distance formula with the sample



distribution information can make certain adjustments to
the distance measurement process with the changes in the
data set, thus obtaining a more accurate distance value [16].
In the process of filling incomplete datasets, the infor-
mation of missing attributes can also be collected from
their nearest neighbor samples. The denser the distribution
of the nearest neighbor samples, the higher the possibility
of finding valid attribute information and the closer the
filled value is to the true value. Inspired by this idea, this
paper proposes a fuzzy mean algorithm for the incomplete
data based on the sample spatial distance. The algorithm
uses the nearest neighbor rule to fill the missing attributes
of the incomplete data and introduces the sample spatial
distribution information into the clustering process from
two aspects. One is to determine the clustering influence
value of the sample based on the sample nearest neighbor
density, which is added to the clustering objective function
in the form of weights, and the other is to correct the class
information based on the sample nearest distance between
the sample and the clustering center so that the process of
distance metric can be adjusted somewhat with different
data sets, and different sample spatial information is fur-
ther introduced into the clustering process as shown in
Figure 1.

Autonomous motivation significantly and positively
predicts creative thinking. Controlled motivation has no
significant predictive effect on creative thinking. Autono-
mous motivation plays a complete mediating role between
moderate control and creative thinking, and it partly plays a
mediating role between moderate autonomy/high autonomy
and creative thinking. However, determining the number of
nearest neighbors of a sample becomes a new problem. The
number of nearest neighbors needs to be specified artifi-
cially, and if the number of the selected nearest neighbor
samples is too small, there is a possibility that not enough
attribute information is obtained to fill the missing values,
resulting in too large a gap between the filled values and the
true values. However, if too many nearest neighbor samples
are selected, the filled attribute features will be confused by
too many sample subclasses. It has a certain degree of impact
on the accuracy of the algorithm.

1 S
Dy = Slx le (L + xjk)2ljk’

(1)
1 N
.x]'k = N lejk’
j=

D, represents the flux, and I; represents the economic
value in the j column and k™ row. In this way, the attributes
of the complete data and the information of the attributes
that are not missing in the incomplete data are fully utilized.
The nearest neighbor samples of the incomplete data are
identified, and the missing part of the incomplete data is
filled using the average of the information of the complete
attributes of the N nearest neighbor samples. It makes the
filling effect more reasonable and realistic.
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Hy = N+ Ny,

: (2)

dy = dy —a(1 - Hy),
H;, represents the flow rate, and d;; represents the year.
After the information granulation operation on the time
series, the original time series is transformed into granular
time series. The next step is to measure the similarity be-
tween the granular time series. The commonly used time
series similarity measures are Euclidean distance, dynamic
time-bending distance, cosine similarity distance, etc. Since
the number of information grains and the size of the time
window contained in the granular time series obtained from
the two-time series after the information granulation op-
eration may be different, this section proposes a new sim-
ilarity measure, ie., the linear information granulation-
based time series similarity measure. For many practical data
classification problems, samples originating from different
classes often partially overlap in the feature space [17]; see
Figure 1.

Although the training samples in the overlapping re-
gions have accurate category labels, these samples do not
reflect the exact distribution of the categories, i.e., the in-
formation provided by the samples in these overlapping
regions of the categories is inaccurate. Therefore, a rea-
sonable modeling of the imprecise training data in these
overlapping regions is needed to achieve the effective uti-
lization of this part of the training data.

Incomplete training data usually refers to the fact that
the obtained training data is not sufficient to provide an
effective portrayal of the true conditional probability dis-
tribution. In general, fewer training samples and higher
feature dimensions are the main factors that cause the in-
completeness of training data. Therefore, how to obtain
better classification performance based on incomplete
training data is an important topic in the design of classi-
fication methods. Unreliable training data usually means
that the obtained training data has large noise in terms of
categories or features. Category noise refers to the training
samples being labeled as the wrong category, while feature
noise refers to the deviation of some feature values of the
samples from the normal range. Therefore, to obtain better
classification performance based on unreliable training data,
robust classification methods need to be designed to sup-
press the data noise.

n n
m 32
Jm (U, V) = Z Wil Giges
k=1 i=1
2/1+m
< dx
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1=1 "k

2
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], (U, V) represents the fixed flow, w is the weight, u
represents the proportion of different positions, and v
represents the corresponding rate. The rules configuration



Mathematical Problems in Engineering

Data set

There are more samples of a
Sample with no missing values »  Sample with missing values Composed collection certain category around the
sample
; ! : !
Pretreatment Incomplete data set Composed collection More likely tbe sample belongs
to this category
: ! : !
Algorithm Clustering Influenced by other samples Number of samples of a certain
category around
| | | |
v v v v
- In addltlfmA DL Sparse and the distribution is Sample belongs to this
Filling characteristics of the sample sparser -
itself P sory
The effective use of sample Make the clustering results Calculating the dlstar'lce Dlétance calcula'tlon can‘be
s . between a sample point improved by introducing
distribution information more accurate o
and the cluster center the proximity catego:

FIGUREe 1: The framework of complete data clustering algorithm.

management of the economic data reporting system is di-
vided into two parts: one is the configuration management of
the rules for the splitting of reporting documents, and the
other is the configuration management of the rules for the
verification of reporting documents. These two rules are
managed and configured separately while performing nor-
mative constraints for a report. The splitting rules mainly
describe the parsing rules of the business unit report, such as
the interval symbol between data, the split symbol between
each data item, the report description item, etc. The veri-
fication rules mainly describe some requirements for the
corresponding data items of the report, such as the type,
name, definition, and constraints of the data items; the rule
configuration is where the user input is a specific application.
When the business data reported by the business unit is
verified by the splitting rules and data verification rules, the
system will automatically store the economic data in the
corresponding original economic database for future ex-
traction to the data warehouse as shown in Figure 2.
Since the processed data are in large batches, when
storing the data into the database, one can imagine how
inefficient the system would be if it were simply inserted with
one SQL statement. Therefore, in this part, it can be con-
sidered to improve the speed of data depositing in terms of
performance. It may be useful to intervene in the concept of
the data persistence layer in terms of technical imple-
mentation. The design goal of the data persistence layer is to
provide a high-level, unified, secure, and concurrent data

persistence mechanism for the entire project. The users of
the economic operation platform system are the municipal
and district local taxation bureaus, national taxation bu-
reaus, industrial and commercial bureaus, the development
and reform commission, the bureau of statistics, and rele-
vant leaders at all levels. From the viewpoint of the users of
the system, the level of use and computer knowledge of the
users of the economic operation platform is relatively high,
and many business units, such as the state taxation bureau,
local taxation bureau, and the industry and commerce
bureau have established their professional business systems.
Some have participated in the construction of the govern-
ment portal system and the construction of the office au-
tomation system, which has promoted the improvement of
the level of computer use. In terms of the frequency of use of
the system, the most frequent use would be the statistical
analysis part of the system, i.e., the frequency of operation of
the system by NDRC and leaders at all levels would be
greater.

3.2. Economic Management Data Envelope Design. The data
integration rules of the original platform are cured in the
program by the programmer. Although the current data
integration is achieved, when the data of each department
needs to be newly integrated according to the new economic
rules, or when new departments are added to this system, the
horizontal association requirements of the data between the
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departments will be greatly increased. At this time, the
update of the data integration module will face a lot of
repetitive work, which will bring a lot of inconvenience to
the operation and maintenance of the system. In the data
integration, the data of each department is linked hori-
zontally and new economic data is generated. It has certain
economic data analysis functions [18,19]. However, with the
continuous updating of economic rules and the addition of
new departments and data, the system will gradually become
huge and the data will become more complicated. In this
case, the management of the database group in the original
design will become difficult, and the analysis of economic
data will put forward higher requirements. Hence, there is an
urgent need for a technology that can effectively solve
massive data storage and can effectively realize data mining
and analysis. Therefore, we need to improve the platform to
solve these problems [20].

If a unified economic database with regional attributes is
to be established instead of a single economic vertical da-
tabase, a horizontal correlation of multiple vertical data will
be required to create a large integrated economic database.
The core purpose of horizontal data processing is to elim-
inate the sectoral attributes of the data itself so that the data
established with horizontal correlation has regional eco-
nomic attributes. At present, several cities in China have
already established preliminary economic data exchange
systems. For example, Qingdao has established an economic
data exchange system with four departments, including

industry and commerce, taxation, and quality inspection. A
part of our data source comes from our own collation, and
the other part is open-source data. The practical effects and
operational results reflected by the initial economic data
exchange systems established in several cities show that it is
feasible to establish a large horizontal economic data ex-
change system and management system. At present, many
economic theories can only be understood by professional
economic experts. The conclusions of many theories have a
reference role for the regional governments to manage the
economy. The system needs to correlate some standard
general economic theories with the regional economic state
and deduce some reference opinions for the regional gov-
ernments to use as shown in Figure 3.

In a market economy, people in a transaction will have
different information, and the fact that some people have
information that others do not will create information
asymmetry. The two results of information asymmetry are
moral hazard and adverse selection. With imperfect access to
information, a credit card holder may refuse to disclose all
personal information to the bank so that the bank cannot get
accurate information to evaluate whether the cardholder can
have a credit card. Thus, in the credit card market, the mixed
information leaves banks with no way to determine which
cardholder has higher integrity and better cash flow. On the
other hand, information asymmetry can also cause potential
problems in the ex-ante credit card segment. If, after a
successful credit card application, the cardholder’s
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FIGURE 3: Schematic diagram of the feature subspace.

repayment ability fluctuates because of a combination of
factors, such as job changes, cash flow turnover, and changes
in income trends, then the bank is often unable to capture
that part of the information and maintains the credit limit at
a similar level [19]. The bank is often unable to capture this
information, and the credit limit remains at a similar level as
before, while the cardholder’s repayment ability has
changed. This information asymmetry also hides the po-
tential risk of credit failure and default.

From the perspective of big data, banks, and other card-
holding institutions, to achieve a penetrating supervision of
the cardholders, they can obtain comprehensive information
of cardholders from all aspects. It not only contains financial
data directly affecting the repayment ability but also includes
their consumption habits, work habits, social environment,
moral risks, and many other data collections, thus consti-
tuting a comprehensive information judgment system. It is
conducive to reducing the risk brought by information
asymmetry to banks. With deeper application in the fi-
nancial field, each financial institution has built its own big
data platform one after another, using the computing power
of the platform to standardize and centralize the data
originally scattered in various business systems using a
unified data platform or data warehouse. By a scenario-based
design, the making of each business scenario can be de-
scribed and applied by models using their existing data for a
model test and complete the application of relevant business.
The application of big data in the banking industry is mainly
in various aspects such as accurate marketing, refined
management, low-cost management, and centralized man-
agement of banks. Banks can make precise marketing
strategies for individuals using information technology and
have a valuable prediction and judgment for each customer’s
preference and ability. As per the big data model, banks can
record credit card information while also providing feedback
on these bearers’ consumption behaviors. It is summarized
and organized, especially in terms of risk control for loans, as
shown in Figure 4.

Data integration in the regional economic management
system is mainly to solve the problem of data ambiguity
ambiguity among economic data scattered among various
economic management departments describing the same
economic affairs and to horizontally associate the scattered

economic data with the same business meaning to generate
new economic data, i.e., to perform data aggregation [20].
The form of the dispersed economic data is shown in Fig-
ure 4. The main work to achieve the disambiguation and data
integration of a regional dispersed economic data is to
identify and locate the original dispersed economic data and
define and identify the business association relationships
between the dispersed data. Among the more general so-
lutions available, it is more practical and feasible to use the
principle of rule engines to solve it.

Operational risk is the loss caused by the bank’s internal
systems, resulting in inadequate internal processes and
external events, such as deficiencies in related information
systems and staff errors. Operational risk can be manifested
in the form of losses caused to customers by the design or
implementation of a customized product or by the lack of
training of the bank’s internal staff, which makes its em-
ployees not aware of the risks they should have and the gaps
or imperfections in internal processes, as well as the risks
caused by errors in the authorization and approval of in-
formation systems and the technical environment.

4. Analysis of Results

4.1. Performance Results of Incomplete Data Clustering
Algorithm. Figure 5 shows the experimental results of the
algorithm KM-IMI and the algorithm KM-CD on the
metrics DBI, AS, and ACC, where the experiments are done
100 times on each data set. The mean and best values of these
three metrics are obtained. The underlined data in the figure
indicates that the clustering effect of the KM-IMI algorithm
is not as good as the clustering effect of the KM-CD algo-
rithm. By observing the underlined data, we can directly see
that the clustering results of the data sets Iris, Wine, WDBC,
Pen digits, and Page Blocks on the mean of the ACC
evaluation metrics on the KM-IMI algorithm are not as
effective as on the algorithm KM-CD. Although the two
datasets, Pen digits and Page Blocks, are less effective than
the KM-IMI algorithm on the mean of the ACC metrics and
on their best values, the difference is only between 0.01 and
0.02. It is easy to find that one of the reasons is that there is a
positive relationship between the missing rate and the ac-
curacy, ie., the higher the missing rate, the lower the
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FIGURE 5: Experimental results on the dataset.

accuracy of the clustering results. It directly leads to the
degradation of the performance of the clustering algorithm.
The mean and best values of the algorithm KM-IMI on the
metrics DBI and AS outperformed the algorithm KM-CD on
most of the datasets, except for the underlined data. It is
worth mentioning that in the dataset Banknote, CMC
outperforms the mean and best values on all three indicators.
Based on the above analysis, we can conclude that the

improved clustering algorithm for the mean interpolation of
incomplete data, i.e., KM-IMI can effectively solve the
clustering problem of incomplete data as shown in Figure 5.

Observe Figure 6, the mean and best values of the ex-
perimental results for the data on the UCI dataset for the
indicators ACC and FMI, where the bolded data indicate the
better experimental results. The experiments were per-
formed 100 times under different data set missing rates, and
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the mean and best values were found from these 100 ex-
periments, i.e., the mean and best values of ACC and FMI
were obtained. From the figure, we can directly observe that
the bolded experimental results are basically from the al-
gorithm. Thus, we can conclude that the experimental results
of the algorithm on the metrics ACC and FMI are better than
the algorithms OCS-FCM and NPS-FCM, both in terms of
the mean and best values of the metrics. Also, we observe
that the data distribution of the algorithm is relatively stable
with the values of ACC and FMI gradually decreasing as the
missing rate of the data set increases. The data of the NPS-
FCM algorithm is not so stable, which means that using the
nearest neighbor approach to fill incomplete data is very
much variable, and the nearest neighbor objects of the
missing data samples are not stable, especially in the Pen
digits dataset. The two algorithms compared are imple-
mented based on the FCM algorithm. Using this algorithm,
it is difficult to obtain good clustering results on non-
spherical datasets. The algorithms are based on integrated
clustering and can effectively improve the robustness of the
clustering results, stability, and quality of the clustering
results; see Figure 6.

The three-branch decision clustering uses the core and
boundary domains to describe the relationship between the
sample objects and class clusters. It is more appropriate than
using an ensemble to represent a class cluster. At the same
time, integrated clustering is an effective approach in dealing
with clustering problems. The chapter proposes a three-
branch integrated clustering algorithm for incomplete data
by combining three-branch decision clustering with inte-
grated clustering. Firstly, the attribute values corresponding
to the missing data objects are filled according to the in-
complete data filling method proposed in Chapter 2, ie,
based on the mean values of the attributes of all the sample
objects in the clustering results of the complete data set.

Then, the optimal estimates are obtained using the per-
turbation analysis of the clustering center. The three-branch
integrated clustering method is used, i.e., if the class labels of
the data objects agree after multiple clustering, then the
object is classified into the core of the corresponding class
cluster domain. Otherwise, the object is classified into the
boundary domain.

4.2. Results of the Economic Management Data Envelope.
Firstly, the data in the data warehouse comes from various
data sources, including various heterogeneous database
systems, data file data, other data, etc. Using data extraction
tools, by the process of data extraction, cleansing, conver-
sion, and loading, the data is loaded into the data warehouse
according to different business themes, i.e., different analysis
needs, to achieve integrated storage and facilitate data
sharing. Then, various analysis tools are applied, such as
retrieval query tools, OLAP tools for multidimensional data,
statistical analysis tools, and data mining tools, to present the
analysis results in the form of intuitive charts. These ana-
lytical tools, such as data mining tools, are highly functional
with the help of a human.

At present, there are few information management
systems for managing regional economies, and some local
governments have established their own regional economic
management systems according to their actual situation and
needs. These systems are derived from the actual business
needs of a competent economic department. Some of them
also integrate the work needs of other economic manage-
ment departments, and the main method used is the ag-
gregation and analysis of economic data utilizing large data
centralization. There is no data warehouse design for these
information systems, however, the national information
systems such as the construction of the four major databases
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FIGURE 7: Tests for each method at different characteristic noise levels.
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adopt the data warehouse design. However, the station is
higher and generally adopted by provincial units and mu-
nicipalities. This system is still a blank field because it is
standing in the perspective of the local government as shown
in Figure 7.

The results under the same class noise condition are
similar and most of the datasets proposed in this paper
obtain better classification results under any feature noise
level. To show more clearly, the robustness of different
methods to feature noise gives the relative accuracy loss of
each classification method at different feature noise levels.
Based on a similar statistical analysis approach, firstly, we

analyze whether there is a significant difference between the
methods on the whole using the Friedman test. The running
time of the training and classification phases depends mainly
on the number of rules generated. More rules mean more
time is needed to train the rule base and more time is needed
when classifying an input sample. Therefore, we can analyze
the impact of these factors on the time complexity from the
perspective of the number of training samples, several
features, and some fuzzy divisions of the dataset on the
number of rules.

Figure 8 gives the classification errors during the change
of weight coefficients from 0 to 1 for different data noise
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levels. The optimal values of the weight coefficients for
different data noise levels are taken differently. As the noise
level increases, the optimal value of the weight coefficient
tends to become smaller. This is because the reliability of
DBRB generated based on the training data decreases at high
noise levels, and therefore, the noise-independent KBRB is
needed to play a greater role in determining the final
classification results; see Figure 8.

Credit business is a complete system, and through a big
data system, it can become an organic integration of the
whole business system. Big data technology can run through
the whole credit business process, which can realize effective
information collection and analysis before the loan, infor-
mation sharing and transmission during the loan, and in-
formation monitoring and feedback after the loan. It can
greatly improve the management efficiency of the loan
business. After combining data analysis and questionnaire
survey to analyze the problems in the bank credit business
risk management from both objective and subjective aspects,
it is necessary to further analyze the causes of these problems
and provide a more reference piece value basis for the
subsequent countermeasure formulation.

5. Conclusion

In this paper, two new methods for clustering incomplete
data are proposed based on the nearest neighbor correlation
of samples. However, there are still difficult problems that
need to be studied. Since the incomplete samples themselves
have uncertainty in the attribute space distribution, how to
put aside subjectivity to choose a suitable similarity measure
to determine the nearest neighbor samples of the incomplete
samples is an important issue that deserves further research.
Based on the existing economic platform, this thesis in-
vestigates the feasibility of building a data warehouse on the
regional government economic operation platform, dis-
cusses the methods and steps of integrating business data
and building a data warehouse, designs the data model and
architecture of the tax data warehouse, and investigates the
technical difficulties in the design of data storage and gives
specific implementation methods. The key technologies in
the design and implementation of building the data ware-
house system are analyzed, and the theory of data warehouse
is used to guide the design and development of the regional
government economic operation platform system. The
strategy of business data integration of the regional gov-
ernment economic operation platform system is studied,
and the construction of the data integration platform based
on the rule engine technology is analyzed and demonstrated,
designed, and implemented. The data warehouse design was
completed, focusing on solving technical difficulties, such as
topic analysis and dimension table design. Based on this
research, a unified data storage structure of the regional
government economic operation platform system will be
formed to provide a standard and comprehensive data
source for data analysis and utilization, as well as future
government decision-making. Compared with other studies,
the efficiency and accuracy of our research results showed,
approximately, a 10% improvement.
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In the case of insufficient quantitative data, qualitative evaluation information is very important for investment decision-making.
However, if it is completely based on qualitative evaluation information, the results may be subjective. In response to this problem,
this paper proposes a method, namely, probabilistic hesitant fuzzy cross-efficiency evaluation (PHFCEE) method, based on
probabilistic hesitant fuzzy theory, cross-efficiency data envelopment analysis (CEDEA). This method uses probabilistic hesitant
fuzzy sets to collect qualitative evaluation information and then uses the cross-efficiency DEA model to fuse quantitative data and
qualitative information. And finally, an investment portfolio is built based on the cross-efficiency value and its variance. In
addition, this article gives the specific operating steps of the PHFCEE method and uses the construction of a portfolio of 10 stocks

in the China CSI 300 Index as an example to illustrate the effectiveness of this method.

1. Introduction

The investment portfolio can effectively diversify risks [1]. At
present, a large number of suitable tools and sophisticated
models have been used for portfolio construction and se-
lection research [2]. However, most of the methods that have
been constructed require sufficient quantitative data [3, 4].
In fact, in the research process, there are situations where
important indicators are difficult to quantify, there is no
data, or there is little data [5, 6]. For example, the level of the
team is difficult to measure with quantitative data, and the
company that has just gone public has no financial data, etc.
In addition, quantitative data are almost all historical data,
which has certain limitations and one-sidedness in reflecting
expected information and uncertain information. Based on
the consideration of the above issues, we constructed the
PHFCEE model and apply it to portfolio selection. We use
expert evaluation to measure some qualitative indicators and
then use CEDEA to fuse quantitative data and expert
evaluation information and finally build an investment
portfolio based on cross-efficiency values and constraints.
This article will use probability fuzzy theory to describe the

expert’s evaluation information. It is an interesting method
to combine qualitative evaluation with quantitative data to
construct a portfolio. Because experts have knowledge, ex-
perience, wisdom, and thinking and judgment capabilities
that far exceed those of ordinary investors, they can grasp the
essence and key points from complex information and give a
more objective evaluation. The quantitative data can effec-
tively reflect historical information and further ensure the
objectivity of the model results.

At present, according to the type and quantity of data
required by the model, the research of portfolio model can
be roughly divided into the following three categories: First,
a portfolio model that requires a large amount of time-series
data to calculate statistical indices. Representative methods
are Markowitz’s portfolio model and its extended models,
such as Huang [7], Zhao and Xiao [8], and Kuzmanovic et al.
[9]. Second, the investment portfolio model proposed is
based on the nonstatistical model, which requires relatively
little data. Nonstatistical methods used in portfolio models
include neural networks [10], CEDEA [11], genetic algo-
rithms [12], and fuzzy theory [13, 14]. Third, some quali-
tative portfolio models were developed based on fuzzy
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environments, such as Wang and Zhu [15], Chiarawongse
et al. [16], and Zhou and Xu [3, 4].

However, fuzzy data is usually used to describe uncertain
information provided by experts, investors, or decision-
makers [17, 18], which is subjective. Therefore, we believe
that integrating some quantitative data into the model can
build a more effective investment portfolio. Fuzzy theory is
widely used in various fields because it can describe un-
certain information. In the field of investment, interval fuzzy
sets [19-21], hesitant fuzzy sets [22, 23], intuitionistic fuzzy
sets [24, 25], and probabilistic hesitant fuzzy sets [18, 26] are
often used to describe all kinds of evaluation information.
These documents provide a theoretical basis for this article to
describe qualitative information using fuzzy theory. Taking
into account the inconsistent preferences of the expert group
when making complex multiattribute decision-making, this
paper chooses to use probabilistic hesitant fuzzy sets to
describe the evaluation information of the expert group.

In addition, there are differences between the evaluation
information of experts and the measurement methods of
quantitative data. Therefore, it is necessary to find a model to
fuse the two kinds of information. Sexton et al. [27] pro-
posed a CEDEA model that can consider both self-evalu-
ation and mutual evaluation, which provides an effective
method for this paper to evaluate efficiency using data
covering both quantitative and qualitative information. The
CEDEA model has the characteristics of dimensionless, and
it is also a method of measuring the overall organizational
efficiency on multiple metrics and synthesizing a single
index. These characteristics provide a theoretical basis for
the fusion of data in this paper. In addition, the CEDEA
model has been applied to portfolio evaluation or selection
[11, 28, 29]. These articles provide a valuable reference for us
to use the calculation results of cross-efficiency DEA to
construct investment portfolios.

Based on the above background and literature review,
this paper will combine probabilistic hesitant fuzzy the-
ory, CEDEA model, and mean-variance to construct a new
portfolio method. Its main function is to construct a
portfolio based on quantitative data and qualitative
evaluation information. As an illustration of the meth-
odology presented in this article, we report a case study
involving 10 companies in the China CSI 300 Index. In
addition, the possible advantages of this article are as
follow: First, the model uses both quantitative data and
qualitative evaluation to describe important information
about investment products or projects, which will show
product features more comprehensively. This will help
decision-makers or investors to make more accurate
judgments. Second, the model uses the cross-efficiency
DEA model to fuse two forms of data. Third, the model
can be used for portfolio construction with only one data
form or mixed data information form.

The rest of this article is structured as follows: Section
2 introduces the basic knowledge of hesitant fuzzy,
probabilistic hesitant fuzzy, and CEDEA model. In Sec-
tion 3, we build a method, named PHFCEE model, and
introduce the steps to use it for portfolio selection. Section
4 provides a practical case to demonstrate the effectiveness

Mathematical Problems in Engineering

and operability of this model. Section 5 introduces the
conclusions, shortcomings, and prospects of this article.

2. Preliminary Concepts

As an effective multicriteria decision-making method, the
cross-efficiency DEA is often used in portfolio selection and
construction. But when using this method, it is mostly based
on objective statistical data, and the statistical data has
certain one-sidedness and limitations. In order to overcome
this shortcoming, this paper introduces the probabilistic
hesitant fuzzy data with subjective information into the
CEDEA model to form a new method of portfolio con-
struction based on comprehensive information. This part
will briefly introduce the basic theories and concepts in-
volved in the new method, that is, hesitant fuzzy, proba-
bilistic hesitant fuzzy, and the CEDEA model.

2.1. Hesitant Fuzzy Set (HFS) and Probabilistic Hesitant Fuzzy
Set (PHFS). To solve the problem of inconsistent prefer-
ences of experts in complex multiattribute decision-making,
Torra [30, 31] proposed the hesitant fuzzy set, whose core
idea is that all the preferences of experts are taken as
membership values. This concept is expressed as follows:

Definition 1 (see [30, 31]). Given any nonempty set S, the
hesitant fuzzy set H (s)defined in the collection S can be
expressed as

H(s) ={<s,h(s)>|s €S}, (1)

where h(s) = (y*|t =1,2,---,¢), s is an element in the set
S,h (s) is the hesitant fuzzy element, y € [0, 1] is the degree of
membership, and arranged in ascending order, and 7 rep-
resents the sort position of y. H (s) is the set of ki (s), and h (s)
is the set of y.

Example 1. If an expert’s rating on the return on assets of an
enterprise is 0.5 or 0.6, the corresponding hesitant fuzzy
element can be expressed as h(s) = {0.5,0.6}.

According to Definition 1 and Example 1, all mem-
bership degrees in HFS have the same importance or the
same probability. However, when evaluating assets, it is
usually carried out by multiple experts, and experts have a
certain tendency to score. Example 2. If the expert’s score for
a certain company’s return on assets is more inclined to 0.6,
this means that the degree of membership of 0.6 is more
important or the probability of occurrence is greater. Ex-
ample 3. Suppose that the set of scores given by Expert 1 and
Expert 2 on the return on assets of a certain enterprise are
{0.5,0.6} and {0.6, 0.7}, respectively. Then, the hesitant fuzzy
element composed of the comprehensive information of
Expert 1 and Expert 2 is denoted as h(s) = {0.5,0.6,0.7}.
Among them, 0.6 appears in both score sets, indicating that
it has a more important degree.

From the above analysis, it can be seen that the degree of
membership in the HFS, that is, the expert score, fails to
reflect the tendency of the expert score and the number of
experts. This will result in the loss of a large amount of
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decision-making information. Therefore, this paper further
uses PHFS to synthesize the evaluation information of the
expert group. This concept can be expressed as follows.

Definition 2 (see [32]). Given any nonempty set S, the
probabilistic hesitant fuzzy set H (s) defined on set S can be
expressed as

H(s) ={<s,h(p(s))>Is €S}, (2)
where h(p(s)) = (y*Ip*lTt = 1,2,---£), s is an element in the
set S, h(p(s)) is the hesitant probabilistic fuzzy element,
y € [0, 1] is the degree of membership arranged in ascending
order, and 7 represents the sort position ofy. When
p" =cc=1/8(1 =1,2,---¢), the probabilistic hesitant fuzzy
set H (s) degenerates into the hesitant fuzzy set H (s).

Example 4. Based on Example 3, the probabilistic hesitant
fuzzy element can be expressed as
h(p(s)) = {0.5]0.25,0.6/0.5,0.7|0.25}, where the member-
ship degrees are 0.5, 0.6, and 0.7, respectively. The proba-
bility of 0.5 is 0.25, the probability of 0.6 is 0.5, and the
probability of 0.7 is 0.25. It is found that the probability of 0.6
is higher than other membership degrees.

2.2. Cross-Efficiency DEA Model (CEDEA). CEDEA can not
only effectively measure efficiency, but also provides a
method to systematically choose a weight when there are
multiple metrics. All these provide the basis for this article to
build a portfolio based on objective data and subjective
judgments. The calculation steps of the CEDEA model are
briefly described as follows [27].

Suppose that there are as many as [ DMUs whose effi-
ciency needs to be measured, denoted as
DMU,, (r = 1,2,---,1); each DMU evaluated hasm kinds of
inputs and » kinds of outputs, denoted asx; (i = 1,2,---,m)

and y;(j=1,2,---,n), respectively; the weights of inputs
and outputs are «; (i =1,2,---,m) and ﬁj (j=12,---,n),
respectively.

First, solve the efficiency value e,, of DMU, based on the
linear programming form of the CCR model [33]:

i = Max Zﬁjyjt’
=1

Zﬁ]y]t Z(XIXWSO
j=1 j=1

S.t. A Zocixit =1
i=1
>0, §;>0,
L i= 1’2""’m’j: 1,2,"',”, t>r: 1’2)"')1)

(3)

where e, is the efficiency value of DMU, and x,,, x;, are the
m kinds of inputs of DMU,and DMU,, respectively, and y;,
¥ are the n outputs of DMU, and DMU,, respectively, a;

and f3; are the weights of input and output, respectively,
t,r=12,---,1,i=12,---,mand j=1,2,---,n

Second, the optimal weights «f, and ﬁ;‘t of DMU, cal-
culated in model (3) are substituted into the following
equation to calculate the mutual evaluation efficiency value
e, between DMU, and DMU,.:

_ Z;l:l ﬁ;ty]r

- LSLt#r (4)
t * > s by
D Yy e

tL,Lr=1,2

Third, to calculate the cross-efficiency value e, of DMU,,
the formula is as follows:

_ ll 1 IZ]lﬂ]ty]r
P

t=1 t=1

(5)

1 azt'x

In addition, calculate the degree of deviation of cross
efficiency of DMU,, that is, the variance. The formula is as
follows:

1 l
0, = 7 Z (etr r (6)
t=1

This section briefly introduces the definitions of hesitant
fuzzy set and probabilistic hesitant fuzzy set and the ap-
plication steps of the CEDEA model. This provides a the-
oretical basis for constructing the PHFCEE method.

3. PHFCEE Model Construction and
Portfolio Selection

At present, portfolio selection and efficiency evaluation are
mostly based on objective statistical data, ignoring the one-
sidedness and limitations of statistical data. However, the
probabilistic hesitant fuzzy theory can effectively deal with
the fuzzy subjective evaluation information of experts.
Therefore, this paper introduces it into the CEDEA model
and puts forward the PHFCEE model. The essence of the
model is to take the multiangle and multifactor fuzzy
evaluation data of the expert group as the output or input in
the CEDEA model at the same time. Then, the portfolio is
constructed based on the efficiency value and its variance,
which is estimated by the PHFCEE model.

In the whole method, first of all, each expert evaluates the
attributes of the asset to form a hesitant fuzzy set, and then
based on all the hesitant fuzzy sets obtained by the expert
group, a comprehensive hesitant fuzzy set is formed. Finally,
the probabilistic hesitant fuzzy set is formed by calculating
the probability. Definitions 4-6 are proposed to show more
clearly how the model integrates information and obtains
the probability of membership. The relevant definitions are
as follows.

Definition 4. Given that S is a nonempty set. The com-
prehensive hesitant fuzzy set H defined on set S can be
expressed as

H={<sh (s)>|seS}, (7)



where h' (s)(W' (s) = {'h(s)U2h(s)U --- UXh(s)} is the
comprehensive hesitant fuzzy element and %4 (s) represents
a hesitant fuzzy element.

Definition 5. Given any comprehensive hesitant fuzzy ele-

ment h'(s)= (y'lt=1,2,---¢), let h'=h'(s), where
membership degrees can be defined as follows:
yoe{yrurr Ut
(8)

k
Zra2€'2€(ra =1,2,---f;a= 1,2,...]{).

where y* is membership degrees of the comprehensive
hesitant fuzzy element, y;* corresponds to the hesitant fuzzy
element of the kth expert, 7,, 7' is the ranking of the
membership degree, which is sorted by default from small to
large, and ¢, ¢' are the number of membership degree and
comprehensive membership degree, respectively.

Definition 6. Given an arbitrary probabilistic hesitant fuzzy
element h(p(s)) = (Y'Ip*lr = 1,2,---€), let h' =h(p(s))
such that the probability corresponding to its membership
degree can be defined as

N T
pr' _ k<y >’ 9)
Za:l Ta
where N (y7) represents the frequency of the same mem-
bership value S in the k hesitant fuzzy elements of the at-
tribute and Za | T, represents the sum of the number of all
the subhesitant fuzzy elements.
Because the CEDEA model cannot effectively deal with
the fuzzy data of probabilistic hesitant degree, this paper
obtains its expected value based on probability to represent

e = Max Zﬁjyjt * Zﬁml,
Zﬁfy;t + Z By Yt Z a;x;, <0,

Z o =1,
i=1

a;20, B;>0,B,>0

where e;, is the optimal efficiency value of the t asset
(DMU,), X and x;, have m kinds of inputs of assets, y;, and
yj» have n' kinds of the objective statistical data output of
assets, ¥, yp,, are n' kinds of the subjective fuzzy data
output of assets, a; is input weights, and $; and f3, are output
weights.

Through model (13), the optimal efficiency value e}, and
the corresponding optimal weights aj, B}, B,, DMU, are
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the expert group’s score of asset attributes. Above, the S
nonempty collection defined represents the property col-
lection of the asset.

Definition 7. Given an arbltrary probabilistic hesitant fuzzy
element h(p(s)) = (y* |p® |tr'n = q1,2h,  x¢'), the score
function is defined as

E<~'>=iy7pr. (10)

Definition 8. Given any nonempty set Y, defining the
corresponding set Y of scores on the sets(s € S), it can be
expressed as

Y={<5,E<P7’>>|ses}. (11)

Then, the score set of all assets can be represented by a
matrix, and at the same time, y' = E(h'):

! ! !
S Szt Sw || Y Yz o Y
! ! !
S21 S22t Sap (| Va1 Va2t Vo
o o (12)
! ! !
Sno St SwdLYn Yoo V!

where it corresponds sy, to y;, one by one. sy, represents the /
attribute of the b asset; then yj;, corresponds to the com-
prehensive score given by the expert group.

Secondly, based on the above definition and formula, the
PHFCEE method containing probabilistic fuzzy information
data is constructed, and its linear programming form is as
follows:

(13)
SLt#r,

obtained, and the mutual evaluation efficiency é,, of DMU,,
as shown in Table 1, is further calculated.

! n
_ Z;l:l ﬁ;thr + Yot Bot Vor

m *
Dty Xy

, Lr=1,2,--- It #r.
(14)

The cross-efficiency €, of DMU, and its variance &> are
calculated as follows:
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! "
Se, - Ly ZinFityt ZicsFir
- Y A, ’

(15)

Finally, the cross-efficiency value ¢, and its variance G~
are defined as the return and risk of financial assets,

I 1 d I 1
= = 22
s.t Z w.e, 2 7 Zer, Z w, 0, < l—z
r=1 r=1 r=1
Risk minimization under constraints:
l 22
ke _ P,
e’ = min Z w, o,
r=1

where w, is the weight of the DMU,, that is, the investment
proportion of the corresponding financial assets; [ is the
number of assets; the purpose function is to maximize the
return e?and minimize the market risk e%; the constraint
conditions mean that the expected return of the portfolio
should not be lower than the average return, and the risk
should not be higher than the average risk, so the sum of the
investment proportion of the assets is 1.

To better illustrate the operability and practicability of
the above method, this paper gives specific steps. Suppose
there are as many as [ decision-making units (DMU,,

r=1,2,---,1), among which there are m inputs (x;,
i=1,2,---,m), and there are n' objective outputs 678
j=1,2,---,n') and n" subjective fuzzy inputs (y,
b=1,2,---,n"). At the same time, fuzzy input corresponds

to the comprehensive evaluation of attributes of the
n" decision-making units by the expert group (G), in which
the attributes are (s,, b =1,2,---,n"), k members of the
expert group (G,,a = 1,2, - -, k), the comprehensive score is
(E,(#h"), b=1,2,---n"), the hesitant fuzzy set is H,, the
comprehensive hesitant fuzzy set is H, and the probabilistic
hesitant module set H.

respectively [11]. Based on the mean-variance framework, a
portfolio selection method including probability model
information and cross efficiency can be established. We
provide the portfolio selection method of maximizing return
and the portfolio selection method of minimizing risk, as
follows.

The revenue maximization under constraint conditions:

(16)
1
Ef,Zwr =Lw,20,r=1,2,---,1
r=1
(17)
I
5f,Zwr =1Lw,>0,r=1,2,---,1,

(i) The first step is to obtain the hesitant fuzzy set of all
attributes of the decision-making unit from the
members of the expert group.

S Sy Sn"
DM U, ah(su) ah(SIZ) “h (Sln”)
_ DM U, | *h(sy;) “h(sy) “h(sy,)
DM U, L°h(sy) “h(sp) == “h(sy)

where®h (s,;) = (Y,T;,'”|Ta =1,2,---u;a
=1,2,---k;r=1,2,---,1;b=1,2,---,n").

(ii) the second step, according to Definition 4 and
Definition 5, the hesitant fuzzy  set
H,(a=1,2,---k) of the expert members is com-
bined to form a comprehensive hesitant fuzzy set
H for all attributes of all decision-making units.
And then,



W () ={'h(s) U h(s)u - UFR(s)},

[h(si)U - UM (s} - (50U
e {"h(sy)U URR(sy1)} -+ {Th(syr)U
{'h(sp)u - Urh(sp)} - {Th(spr) U -

whereh' (s,;) = (Y lr=1,2,---, 67
=1,2,--,b=1,2,---,1").

(iii) The third step is to calculate the probability of the
membership degree in the comprehensive hesitant

h(p(syy)) h(p(sp) =+ h(p(sy))
Ho h(p(521)) h(p(szz)) h(p(szn”))

h(p(sn)) h(p(sp)) -+ h(p(si))

(iv) In the fourth step, according to Definition 7 and
Definition 8, the probabilistic hesitant fuzzy setHis
calculated, and the comprehensive evaluation

E(#hy) E(#hy) - E(#hy,)
E(#hy) E(#hy) - E(#hy,) _
. . . . zY

E(H) =

E(#Hy) E(#Hp) -

where
I’l”).

(v) In the fifth step, X Vi
yi=1,2,---,myr=12,---,;b=12,---,n") is
substituted into model (12) to estimate the optimal
efficiency value DMU, (t = 1,2,---,1) of the eval-
uated asset e;, and its corresponding optimal
weight o, /J’;t, By

(vi) In the sixth step, the optimal weight of
DMU,(t = 1,2,---,1) is substituted into equation
(13) to calculate the mutual evaluation efficiency of
é,.(r #1), as shown in Table 1.

Yo =E(#hy), (r=1,2,---,;b=1,2,---,

(vii) In the seventh step, the crossover efficiency values
e, and variance &> are calculated according to
equations (14) and (15), as shown in Table 2.

(viii) In the eighth step, the cross-efficiency value €, and
variance 7 estimated by the cross-efficiency DEA
are defined as the return and risk of the investment,
respectively, and then the investment weight is

{Yillph’ e
{Yil'Pév e

{Ylll |prs -+

E (#hlln")
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Ukh(sln”)} W (511) 3 (512) e W (Sln”)
Ukh(szn")} N W ($21) H (s22) -+ H (S207) (19)
U*h (s,,)} W (sp) B (sp) -+ h (spr)

fuzzy element according to Definition 6, that is,
equation (10), to form a probabilistic hesitant fuzzy
set H as follows:

(4 1
> V1n" |p1n”}
(4 1
. 'yznu |p27l”} ' (20)

0.0 1.1
’Vulpll} {Vln”|P1n”>"‘
¢ ¢ 1 .1
4’21'1’21} {YZn”|P2n”>‘
¢ o1
> V" |pln" }

0.0 1.1
> Vi |P11} {yln” | Prr>-

information of the expert group is obtained, which
is shown as follows:

! ! !
Yu Y2 o Y
! ! !
Yo Vo2 ot Yo"

; (21)

! ! !
Yn Yo o Vi

calculated based on the investor’s investment
purpose model (16) or (17). Model (16) maximizes
the profit and model (7) minimizes the risk.

4. Illustrated Example

Investors often build their portfolios based on quantitative
data and information and lack of adoption and analysis of
qualitative information. The main reason is that qualitative
information is difficult to quantify. To solve this problem, the
method of expert evaluation is introduced to evaluate the
attribute information that cannot be quantified, and the
fuzzy methods of hesitant and probabilistic hesitant are used
to collect and quantify the evaluation information with
preference. To fuse and analyze the quantitative data and
qualitative information, this paper further introduces the
CEDEA model, which has the advantage of dimensionless.
Based on this, this paper proposes the PHFCEE model to
measure the cross-efficiency (benefit) and variance (risk)
containing quantitative and qualitative information. Finally,
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TaBLE 1: Mutual evaluation efficiency matrix among decision-making units.

Assets DMU;, DMU, DMU;,;

DMU, én e ey

I?MU2 € €n B €l

DMV, én ép - éu

Note. The diagonal is the self-evaluation efficiency of the asset; the nondiagonal element is the mutual evaluation efficiency between the assets.

TaBLE 2: Cross efficiency and variance.

Assets DMU;, DMU, DMU;,;
, 2 z z
A 5 % = i

the calculation results of the PHFCEE model are substituted
into the portfolio model constructed in the third part to
calculate the final portfolio components and weights.

To demonstrate the effectiveness of the method proposed
in this paper, we select 10 stocks in the CSI 300 index for a
case study. The corresponding enterprises (code/variable
life) are Industrial and Commercial Bank of China (601398/
DMU1), China Pacific Insurance (601601/DMU2), Shanghai
Pharmaceutical (601607/DMU3), China Zhongzhi (601618/
DMU4), China Life Insurance (601628/DMU5), China
Construction (601668/DMUS6), Shanghai Electric (601727/
DMU?7), Everbright Securities (601788/DMUS8), China Ex-
emption (601888/DMUY), and Zijin Mining (601899/
DMUI10). In addition, because the general CEDEA model
cannot deal with data with negative values, this paper ex-
cludes enterprises with missing values and negative values
when screening sample data. Finally, the ten enterprises
shown above are formed as samples. According to the an-
nual report of the enterprise in 2020, the relevant financial
data are obtained to calculate the input and output indi-
cators required by the PHFCEE model. Indicators that will
reflect the operational ability, solvency, and growth ability of
the enterprise [11, 34, 35] are considered as input to the
PHFCEE model. The profitability of the enterprise and the
market reaction of the stock is taken as the output of the
objective data of the model. In addition, this paper also takes
the output of the subjective data of the model through the
evaluation of experts from the aspects of enterprise prospect,
enterprise innovation, team level, and so on. Specific in-
formation on the relevant indicators is shown in Table 3.

In Table 3, except for the expert evaluation section, the
corresponding financial data in other sectors can be cal-
culated from the annual report data published by enterprises
between March and April each year. This paper takes the
annual report data of 10 enterprises in 2020 as an example.
The expert evaluation section consists of a team of three
experts to evaluate the selected enterprises from three as-
pects: enterprise prospect, enterprise innovation, and team
level, in which the evaluation result of each expert is
expressed in the form of the hesitant fuzzy set. The evalu-
ation result of the expert group is expressed by the com-
prehensive hesitant fuzzy set, and the evaluation result of the
expert group considering the importance of membership is

expressed by the probabilistic hesitant fuzzy set. According
to the specific steps of the method given in the third part of
the article, the analysis of this case is as follows.

The first step is to obtain the evaluation results of 10
enterprises by three experts from three aspects: enterprise
prospect, enterprise innovation, and team level, using hes-
itant fuzzy set H,, H,, and H; Express. The correspondence
is shown in Tables 4-6, respectively. The second step, based
on Definitions 4 and 5, merges the hesitant fuzzy elements
for the same attribute in the hesitation fuzzy set and of the
three experts and finally combines the comprehensive
hesitation fuzzy set, which contains the evaluation results of
all attributes of 10 enterprises, as shown in Table 7.

The third step is to calculate the probability of each
membership degree in the comprehensive hesitant fuzzy set
according to equation (10), to form a probabilistic hesitant
fuzzy set H that contains more expert group evaluation
information, as shown in Table 8.

The fourth step is based on Definitions 7 and 8 and
probabilistic hesitant fuzzy set H. The comprehensive scores
for each attribute of 10 enterprises are calculated, respec-
tively, and the results are shown in Table 9.

In the fifth step, the input and output data of 10 enter-
prises are substituted into model (12) to estimate the optimal
self-evaluation efficiency value e}, and the optimal weight o,
B> By and substitute it into model (13) to calculate the
mutual evaluation efficiency between enterprises é,,(r #1).
The estimated results run through MATLAB are shown in
Table 10. In this table, the value on the diagonal is the self-
evaluation efficiency of the enterprise, and the nondiagonal
data of each row is the mutual evaluation efficiency of other
enterprises to the corresponding enterprises of the bank.

The sixth step is to calculate the cross-efficiency value e,
and variance 3 between enterprises according to equation
(15) and equation (16) and sort them from large to small, as
shown in Table 11.

According to Table 11, the three enterprises with the
largest cross-efficiency values are DMU1, DMUS5, and
DMU?2, and their corresponding variances are 0.2031 (10),
0.3457 (4), and 0.3428 (5), respectively. Thus, it can be seen
that except for the relatively high return and relatively low
risk of enterprise DMUI, the income and risk of other
enterprises show different characteristics.

In the seventh step, the cross-efficiency value e, and
variance - are regarded as the risk and return of the in-
vestment, respectively, and substituted into model (17) or
model (18) to calculate the investment weight w. It is assumed
that there are no taxes, no transaction costs, no short selling,
and full liquidity when constructing the investment portfolio.
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TaBLE 3: Details of input and output metrics.
Types Aspect Financial indicators or evaluation indicators Variable abbreviation
Operation ability Asset turnover rate X,
Input Debt paying ability Asset-liability ratio X,
Growth ability Income growth rate X3
Profitability Net profit margin ¥
Stock Stock price ¥
Output Enterprise prospect (s;) V3
Expert evaluation Enterprise innovation (s,) V4
Team level (s3) Vs
TaBLE 4: Results of Expert 1 assessment.
Enterprises 51 S S3
DMU1 (0.5, 0.6) (0.3, 0.4) (0.5, 0.6)
DMU2 (0.6, 0.7) (0.6) (0.4, 0.5, 0.6)
DMU3 (0.6, 0.7) (0.4) (0.5)
DMU4 (0.7, 0.8) (0.6, 0.7) (0.5, 0.7)
DMU5 (0.6, 0.7) (0.5, 0.6) (0.4, 0.6)
DMU6 (0.6, 0.75) (0.3) (0.4, 0.3)
DMU7 (0.4, 0.5) (0.4, 0.45) (0.4)
DMUS (0.55) (0.3) (0.4, 0.50)
DMU9 0.7) (0.5, 0.6) (0.5)
DMU10 (0.4, 0.5) (0.4, 0.5) (0.5, 0.4)
TABLE 5: Results of Expert 2 assessment.
Enterprises S S S3
DMUI (0.3, 0.5) (0.6, 0.9) (0.4, 0.6, 0.8)
DMU2 (0.4, 0.6, 0.7) (0.2, 0.6) (0.3, 0.7)
DMU3 (0.4, 0.5) (0.5, 0.8) (0.4, 0.5)
DMU4 (0.7, 0.8) (0.5, 0.6, 0.7) (0.2, 0.4)
DMU5 (0.4, 0.7) (0.5) (0.5, 0.8)
DMU6 (0.65) (0.5, 0.6) (0.6)
DMU7 (0.3, 0.5) (0.6, 0.7) (0.45, 0.7)
DMUS8 (0.6, 0.75) (0.3, 0.65) (0.55)
DMU9 (0.4, 0.6) (0.7) (0.65)
DMUI10 (0.5) (0.4) (0.4, 0.85)
TABLE 6: Results of Expert 3 assessment.
Enterprises S1 Sy S3
DMU1 (0.5, 0.6) (0.3) (0.4, 0.6, 0.7)
DMU2 (0.3) (0.6, 0.8) (0.5)
DMUS3 (0.5, 0.7) (0.4) (0.6)
DMU4 (0.5, 0.6) 0.7) (0.4, 0.6)
DMU5 (0.4, 0.5) (0.6) (0.5, 0.55)
DMU6 (0.45, 0.7) (0.3, 0.5) (0.4, 0.65)
DMU7 (0.3, 0.4, 0.65) (0.55, 0.8) (0.4, 0.7)
DMUS8 (0.3) (0.6) (0.4)
DMU9 (0.4) (0.35) (0.5, 0.75)
DMU10 (0.45) (0.4) (0.6)

In this paper, 5, 6, 7, and 8 enterprises with high cross-
efficiency are selected to construct the investment portfolio,
and the investment weights under different constraints are
obtained, as shown in Tables 12 and 13. From the obser-
vation, we can see something important. First, with the

increase of the number of stocks in the portfolio, the weight
of the corresponding stocks of each enterprise is decreasing
accordingly. Second, no matter how many stocks are in-
cluded in the investment portfolio, whether the purpose of
the portfolio construction is to maximize the return or
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TaBLE 7: Comprehensive evaluation results of the expert group.

Enterprises S Sy S3
DMU1 (0.3, 0.5, 0.6) (0.3, 0.4, 0.6, 0.9) (0.4, 0.5, 0.6, 0.7, 0.8)
DMU2 (0.3, 0.4, 0.6, 0.7) (0.2, 0.6, 0.8) (0.3, 0.4, 0.5, 0.6, 0.7)
DMU3 (0.4, 0.5, 0.6, 0.7) (0.4, 0.5, 0.8) (0.4, 0.5, 0.6)
DMU4 (0.5, 0.6, 0.7, 0.8) (0.5, 0.6,0.7) (0.2, 0.4, 0.5, 0.6, 0.7)
DMU5 (0.4, 0.5, 0.6, 0.7) (0.5, 0.6) (0.4, 0.5, 0.55, 0.6, 0.8)
DMU6 (0.3, 0.5, 0.6, 0.65, 0.75) (0.3, 0.5, 0.6) (0.3, 0.4, 0.6, 0.65)
DMU7 (0.3, 0.4, 0.5, 0.65) (0.4, 0.45, 0.55, 0.6, 0.8) (0.4, 0.45, 0.7)
DMUS (0.3, 0.55, 0.6, 0.75) (0.3, 0.6, 0.65) (0.4, 0.50, 0.55)
DMU9 (0.4, 0.6, 0.7) (0.35, 0.5, 0.6, 0.7) (0.5, 0.65, 0.75)
DMUI10 (0.4, 0.45, 0.5) (0.4, 0.5) (0.4, 0.5, 0.6, 0.85)
TaBLE 8: Results of comprehensive evaluation of Expert groups with preferences (H).
Enterprises S Sy S3
DMUI (0.3)0.17, 0.5[0.5, 0.6/0.33) (0.3]0.4, 0.4/0.2, 0.6]0.2, 0.9]0.2) (04025, 0.5 |°'375’001'g£'125’ 07]0.125, 0.8]
DMU2 (0.30.17, 0.4/0.17, 0.6/0.33, 0.7|0.33) (0.2/0.2, 0.6/0.6, 0.80.2) (0.30.17, 0.4/0.17, 0.5]0.34, 0.6|0.17, 0.7]0.17)
DMU3 (0.4]0.17, 0.5[0.33, 0.6[0.17, 0.7]0.33) (0.4/0.5, 0.5]0.25, 0.8]0.25) (0.4]0.25, 0.5]0.5, 0.6]0.25)
DMU4 (0.5/0.17, 0.6[0.17, 0.7|0.33, 0.8]0.33) (0.5]0.17, 0.6]0.33,0.7|0.5) (0.2]0.17, 0.4/0.34, 0.5[0.17, 0.6|0.17, 0.7]0.17)
DMUS5 (0.4/0.33, 0.5[0.17, 0.6]0.17, 0.7]0.33) (0.5]0.5, 0.6/0.5) (0.4/0.17, 0'5|O'34’00 '1575)|0'17’ 0.6/0.17, 0.
DMU6 (0302,0.5/02, 0(;62|§)'2’ 0.65[02, 075 (0.3]0.4, 0.5]0.4, 0.6/0.2) (0.3|0.2, 0.4/0.4, 0.6]0.2, 0.65]0.2)
DMU7  (0.3]0.29, 0.4]0.29, 0.50.29, 0.65/0.14) (0.4]0.2, 0.450.2, (?‘25)5 102, 0.6/02, 0.8] (0.4]0.5, 0.45]0.25, 0.7]0.25)
DMUS (03025, 055'8;; 0.6/0.25, 0.75] (03]0.5, 0.60.25, 0.65[0.25) (0.4/0.5, 0.50]0.25, 0.55/0.25)
DMU9 (0.40.5, 0.6]0.25, 0.7]0.25) (0.350.25, 0.5]0.25, 0.6]0.25, 0.7]0.25) (0.5[0.5, 0.65]0.25, 0.75]0.25)
DMU10 (0.4/0.25, 0.45(0.25, 0.5/0.5) (0.4/0.75, 0.5]0.25) (0.4/0.4, 0.50.2, 0.6[0.2, 0.850.2)
TaBLE 9: The comprehensive score of each attribute of 10 enterprises.
Enterprises S S S3
DMU1 0.50 0.5 0.55
DMU2 0.47 0.56 0.51
DMU3 0.53 0.525 0.5
DMU4 0.61 0.633 0.476
DMU5 0.51 0.55 0.5695
DMU6 0.56 0.32 0.47
DMU7 0.44 0.56 0.4875
DMU8 0.55 0.4625 0.4625
DMU9 0.53 0.5375 0.6
DMU10 0.46 0.425 0.55

minimize the risk, the investment weight of the enterprise
DMUL1 is the largest. Third, under the condition of income
maximization, the investment right of DMU1 is more im-
portant than the investment weight of risk minimization.

Combined with the analysis of Tables 11 and 12, when
investors aim to maximize returns, each portfolio will in-
crease the investment weight of stocks with higher returns
on the premise of not exceeding the average risk. Similarly,
combined with the analysis of Tables 11 and 13, when in-
vestors aim to minimize risk, each investment portfolio will
increase the investment weight of less risky stocks on the
premise that the return is not lower than the average return.
The above results are consistent with the facts, which shows
the rationality of the portfolio construction model.

In addition, the return and risk of the portfolio are cal-
culated according to the required weight and compared with
the return and risk of the equal weight investment; the results
are shown in Table 14. The analysis shows that the investment
weight calculated based on model (16) and model (17) is lower
than the equal weight investment in terms of return and risk.
The investment return of income maximization is higher than
that of risk minimization, and the risk of risk minimization is
lower than that of return maximization. The comparison
results in Table 14 are in line with expectations, which once
again illustrates the rationality and effectiveness of the
portfolio construction in this paper.

Compared with the quantitative portfolio selection
methods such as modern portfolio theory [36-38], the
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TaBLE 10: Table of efficiency values among 10 enterprises.

DMU1 DMU2 DMU3 DMU4 DMU5 DMU6 DMU7 DMUS DMU9 DMU10
DMU1 1.0000 0.9638 0.6461 0.6414 0.9851 1.0000 0.6650 0.7968 0.4023 0.7068
DMU2 0.0273 1.0000 0.2707 0.6739 0.9719 0.8599 0.4330 0.4024 0.1481 0.6817
DMU3 0.0026 0.7010 1.0000 0.7823 0.7675 1.0000 0.1046 0.1231 0.0667 0.3541
DMU4 0.0033 0.9315 0.1510 1.0000 0.9513 1.0000 0.1949 0.2170 0.0642 0.4431
DMU5 0.0349 0.9592 0.2608 0.7115 1.0000 0.9156 0.4894 0.4971 0.1499 0.7432
DMU6 0.0068 0.4896 0.1281 0.5017 0.5548 0.9710 0.1065 0.2148 0.1264 0.4592
DMU7 0.0071 0.5451 0.0326 0.5156 0.7367 0.5156 1.0000 0.7148 0.1163 0.5809
DMUS 0.0401 0.4958 0.0442 0.5193 0.6546 0.6872 0.7149 1.0000 0.4085 0.5764
DMU9 0.0221 0.3701 0.0227 0.3975 0.6199 0.4619 0.3385 0.3840 1.0000 0.5624
DMU10 0.0340 0.6866 0.0748 0.7118 0.9283 0.8379 0.3749 0.4561 0.2667 1.0000

TaBLE 11: Cross efficiency (benefit), variance (risk), and ranking.
Enterprises e, Sort [ Sort
DMU1 0.7807 1 0.2031 10
DMU2 0.5469 3 0.3428 5
DMU3 0.4902 7 0.4008 2
DMU4 0.4956 6 0.4249 1
DMU5 0.5762 2 0.3457 4
DMU6 0.3559 10 0.2937 8
DMU7 0.4765 8 0.3273 6
DMUS8 0.5141 5 0.2957 7
DMU9 0.4179 9 0.2839 9
DMU10 0.5371 4 0.3470 3
TaBLE 12: Investment weight of income maximization.
Enterprises w Enterprises w Enterprises w Enterprises w
DMU1 0.3671 DMU1 0.3427 DMU1 0.3099 DMU1 0.2723
DMU2 0.1541 DMU2 0.1364 DMU2 0.1238 DMU2 0.1119
DMUS5 0.1607 DMU5 0.1435 DMUS5 0.1301 DMUS5 0.1171
DMU10 0.1497 DMU10 0.1320 DMU10 0.1198 DMU10 0.1085
DMUS8 0.1684 DMUS 0.1472 DMUS8 0.1337 DMUS 0.1217
— — DMU4 0.0982 DMU4 0.0892 DMU4 0.0815
— — — — DMU3 0.0934 DMU3 0.0854
— — — — — — DMU7 0.1016
TaBLE 13: Risk-minimized portfolio weight.

Enterprises w Enterprises w Enterprises w Enterprises w
DMU1 0.2897 DMU1 0.2545 DMU1 0.2254 DMU1 0.1977
DMU2 0.1716 DMU2 0.1508 DMU2 0.1335 DMU2 0.1172
DMU5 0.1702 DMU5 0.1495 DMU5 0.1324 DMU5 0.1162
DMU10 0.1696 DMU10 0.1489 DMU10 0.1319 DMU10 0.1157
DMUS 0.1990 DMUS8 0.1748 DMUS 0.1548 DMUS 0.1358
— — DMU4 0.1216 DMU4 0.1077 DMU4 0.0945
— — — — DMU3 0.1142 DMU3 0.1002
— — — — — — DMU7 0.1227

PHFCEE model proposed in this paper uses more com-
prehensive information, and then the derived results meet
the real needs of investors and companies because this model
not only uses quantitative data reflecting historical infor-
mation but also uses hesitant fuzzy sets to describe some
qualitative factors that cannot be measured with quantitative

data. Compared with the qualitative portfolio model pro-
posed by Zhou and Xu [3, 4] and others, the given model also
uses some quantitative financial data to ensure the objec-
tivity of the given results. The incomplete rationality of
experts could lead to subjectivity in the evaluation infor-
mation provided by experts and decision-makers, which can
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TaBLE 14: Comparison of income and risk.
. Weighted
The average Weighted return under Weighted return The average Weighted risk under risk
Amount return on . o under risk . .o S .
. income maximization L investmentinrisk profit maximization  under risk
investment minimization S
minimization
5 0.59100 0.63046 0.61143 0.06058 0.06016 0.05827
6 0.57511 0.62008 0.59735 0.05387 0.05356 0.05124
7 0.56298 0.60773 0.58511 0.04776 0.04748 0.04543
8 0.55216 0.59277 0.57178 0.04168 0.04145 0.03989
further affect the optimal results. Then, we add objective of Universities in Jiangsu Province, China (no.
quantitative data into the model. Concerning these com- 19KJB120008).
parisons, the investment portfolio derived by this model
could be more realistic and reasonable than that got by the
References

other two types of models.

5. Conclusions

A portfolio approach that utilizes qualitative information is
an effective venture capital technique when quantitative data
are scarce or unavailable. However, the approach of building
a portfolio using only qualitative information is somewhat
subjective. To solve this problem, this paper proposes the
PHFCEE model. The acquisition of qualitative information
and the effective fusion of two data forms are the key
technologies for portfolio construction. Then, we introduce
probabilistic hesitant fuzzy set and the CEDEA model. Next,
based on the cross-efficiency value and its variance, the
investment portfolio ratios considering the investors’ risk
preferences are constructed. Lastly, a real example has been
provided to demonstrate the feasibility of the proposed
models.

The mixed-data portfolio model based on the probabi-
listic hesitant fuzzy environment in this paper has some
disadvantages, such as simple modeling rules, simple
probabilistic calculation, and excessively ideal constraints.
Therefore, in future work, the research will further consider
the mixed-data portfolio model under the environment with
incomplete or no-probability information and intend to
develop a new probability solution algorithm. It will be
worthwhile and interesting work.
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This paper provides an in-depth analysis and study of the interactive flipped classroom model for a digital micro-video for a big
data English course. To improve the learning efficiency of English courses and reduce the learning pressure of students, the thesis
also uses certain techniques to apply audiovisual language to the production of specific micro-class videos, broadcast the
successfully recorded micro-class courses to students, and then use the questionnaire to randomly distribute the designed
audiovisual language use questionnaire. Micro-classes earnestly perform data statistics for students and finally conduct data
analysis to summarize and verify the effects of micro-class audiovisual language use. The improved algorithm can effectively
reduce the fluctuation of the consumption of various resources in the cluster and make the services in the cluster more stable. The
new distributed interprocess communication based on protocol and serialization technology is more efficient than traditional
communication based on protocol standards, reduces bandwidth consumption in the cluster, and improves the throughput of
each node in the cluster. The content design and scripting of micro-video teaching resources are based on this. Then, the
production process of micro-video teaching resources is explained, according to the selection of tools, the preparation, recording,
editing, and generation of materials.

1. Introduction

With the large-scale promotion and use of information
technology and network technology, video data have taken
up 70% of the Internet traffic. In the field of life, short video
and real-time live streaming are becoming increasingly
popular; in the field of surveillance, network surveillance
cameras are spread all over the city; in the field of office,
cloud video conferencing is also gradually approaching
people’s work. In the future, there will be increased video
data, and these video data have high timeliness. Unlike text
information, video data have multidimensional, large vol-
ume, high hidden characteristics; compared with text data,
video data are more complex and require higher

computational requirements [1]. It is inefficient to analyze
the cameras in urban corners by hand alone, so how to mine
the information in these unstructured data through com-
puter technology in time to further improve the work
productivity has also become a major challenge for enter-
prises and related research institutions [2]. However, these
frameworks have been developed over the years, and to
make the frameworks have better generality, the community
developers have not made optimization for specific scenarios
(e.g., video processing), and users need to optimize the
configuration according to their business scenarios and
modify the source code if necessary [3]. At the same time,
according to the theory and practice of micro-video
teaching, there is a natural combination of micro-video
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teaching and scaffolded teaching, and the combination of the
two will significantly improve the teaching efficiency of
English listening classroom. In terms of specific practices,
first, complex learning tasks can be decomposed through
scaffolded teaching to gradually guide learners to deeper
understanding. Then micro-videos are used in each level of
the decomposed tasks, allowing students to improve their
listening skills by watching them and creating a contextu-
alized listening learning atmosphere.

On the one hand, because the micro-course is composed
of streaming video, the aesthetic standard of video audio-
visual language is applicable; on the other hand, the use of
film and television works with a large number of rich au-
diovisual language to shoot the storyline of the micro-
course; the audiovisual language in line with the human
visual and auditory sense helps students learn micro-course
knowledge. It is an important research topic to apply the
audiovisual language filming method in micro-course
production to improve students’ learning effect and high-
light the focus of teaching content knowledge [4]. With the
rise of the concept of flipped classroom teaching and the
rapid development of large-scale open online courses, mi-
cro-courses are also becoming another breakthrough in the
exploration of educational reform. The advent of the “micro”
era has affected people in every aspect. With the rapid
development of network communication technology, mi-
cro-courses are also developing rapidly, and with their short
characteristics, they effectively solve the micro-needs of
learners. Through theoretical research and comparative
analysis of the audiovisual language elements in the excellent
micro-course videos and comparison with the rich audio-
visual language in film and television works, the study of the
unique audiovisual language in micro-courses and the
search for the use of audiovisual language in micro-course
production can provide some reference to reduce the fatigue
of learners in long micro-courses.

The importance of learning English grammar is self-
evident. However, from my own teaching experience and the
current situation of local students learning English, the
teaching and learning of English grammar are not partic-
ularly satisfactory [5]. First, due to the heavy workload and
the reform of English examination papers, some teachers
and students have the concept of “light on grammar,
grammatical plates and light on special sentences,” which is
manifested by the fact that everyone pays more attention to
big grammar, such as the three main clauses, verbs, and
nonverbal verbs, and marginalizes special sentences. The
first relevance of this study is to emphasize the importance of
special sentences in grammar learning; even though micro-
videos and flipped classrooms have emerged in recent years,
their effectiveness is still unknown, and people are afraid to
implement them. Therefore, the second relevance of this
study is to provide a reference for teachers who want to make
a change in teaching special sentences as grammar, especially
for those who have accumulated many high-quality gram-
mar micro-videos in provincial micro-video competitions,
and want to implement them specifically in their teaching.
Under the concept of the flipped classroom, students learn
by watching the micro-video first, then answer questions,
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and consolidate their knowledge through discussion or
asking the teacher for advice; students’ initiative can be
strengthened, and students’ deep understanding of grammar
knowledge can be achieved; and students’ main position can
be highlighted, and students can use the fragmented time to
learn everywhere, which can free up more time in class to
strengthen.

2. Current Status of Research

To facilitate this, the videos were posted online for their
independent learning, and as the number of hits increased,
he began to think about the advantages of this teaching
method. Inspired by the videos, many teachers have tried to
change the way they taught in the classroom by having
students watch the videos at home before class to grasp the
main points of the lesson and to assess their proficiency
through appropriate exercises; then in class, they focus on
problem-solving and collaborative communication between
the teacher and the students. Prensky et al. mentioned that
with the development of science, technology, and the In-
ternet, this generation of youth is different from their
parents’ generation [6]. In the face of this explosion of
knowledge, although some people complain about their
concentration and attention span, others argue that it is not
because they are not concentrating but because they have
more options, their attention span has changed, and their
needs are different [7]. There are so many things that appeal
to them in the face of a colorful world. Faced with this world
of light and darkness, it is no longer possible for them to be
as simple as the past generation, and their independent
thinking and individuality gradually emerge [8]. Education,
then, must be branded with the digital age to capture and
engage students, and Salman Khan and others mention that
there is both serendipity and inevitability in being an early
researcher in the flipped classroom [9]. The serendipity lies
in the fact that he did not realize that he would have such a
big impact until then. He simply hoped to use his recorded
instructional videos to tutor his relatives on their homework,
but he did not expect to receive good results. The necessity
lies in the fact that as an education practitioner, he has
always believed that what exists may not be justified. The
drawbacks of traditional education, which have become
apparent, cannot ignore just because people have become
accustomed to its existence [10].

The analysis and collation of the scholars’ understanding
of flipped classrooms show that everyone’s understanding of
flipped classrooms is similar, based on the development of
science and technology, the catalyst of the change of
knowledge learning mode, plus the escort of independent
learning [11]. Combined with the analysis and collation, the
author then synthesizes his own practical experience and
believes that the existence of flipped classrooms has its
inevitability. For students at a better level like the one the
author is dealing with, one will find that the current gen-
eration is different from the previous one in many ways [12].
The previous generation may not know what big data, 5G,
and the Internet are; they already live in a smart city and feel
them everywhere; and they often scoff at some shallow
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understanding and memorization [13]. Sometimes, within
the class, while the teacher drones on about some grammar
rules, many students are already off to do their own thing
[14]. For them, flipping the classroom is not a bad way to
learn. Because it realigns the time inside and outside the
classroom, the teacher no longer has the power to make
decisions about learning, and instead, it is transferred to the
students. With this model of teaching and learning, the
valuable time within the classroom, students can focus more
on active project-based learning, working together to solve
problems and thus gain a deeper understanding [15].

It can effectively reduce the pressure on the server, but it
will increase the requirements for the hardware configura-
tion of the user’s device, and if the configuration is too low,
the user experience will be greatly reduced. At the same time,
this approach can only integrate some lightweight algo-
rithms; otherwise, it will increase the requirements for the
user’s terminal device configuration and even cause hard-
ware loss. After years of development, the stream computing
framework has become increasingly complex, although it
has become richer and richer in functions, and the tech-
nology is maintained by large enterprises, and SMEs or
research institutions do not have enough resources to
maintain it, and it is difficult to troubleshoot problems [16].
Moreover, the development of current stream computing
frameworks is mainly borrowed from the Internet, and there
is a lack of product-tested stream computing frameworks for
real-time video stream data processing scenarios. All three
solutions for video stream processing have their applicable
scenarios, and different R&D vendors will adopt different
strategies to improve user experience. However, the greatest
scope for development is the clustering of video streams,
which is a key research direction for companies with video
businesses today. The method of clustering processing has
no upper limit on the throughput rate and processing delay
in theory, and the size of the throughput rate can be con-
trolled by dynamically adjusting the number of service nodes
in the cluster, and the cluster can be flexibly adapted to
varjous scenarios through intelligent dynamic configuration.

3. A Study on Interactive Flipped Classroom
Model for Big Data English Course with
Digital Micro Video

3.1. Big Data Platform Design for Digital Micro-Video.
First, we need to design and implement the basic functions
of this video big data intelligent analysis platform, mainly
including five modules, which are: real-time statistics,
real-time monitoring, query retrieval, resource manage-
ment, and system settings. Some of the function modules
contain some subfunctions; query retrieval subfunctions
include: historical alarms, capture retrieval, 1:1 compar-
ison, and personnel database comparison; resource
management subfunctions include: personnel database
management, control management, and bayonet man-
agement; and system settings subfunctions include: de-
partment management and user management. In addition
to the basic functions of the system, based on the capture

records in the system, it is also necessary to implement
some functions of target person analysis [17]. When the
number of cameras deployed in the area reaches a certain
level, personnel behavior analysis can be analyzed. The
system architecture design is the beginning of developing
a software system and is also crucial to the imple-
mentation and performance of the system. Properly
designed architecture not only allows for smooth and
efficient development of subsequent functions but also
allows for more stable operation during the operational
phase of the system, saves physical resources such as
servers, and has higher availability and fault tolerance. In
addition, when facing changes in requirements, a good
architecture makes it easier for the system to cope with
these changes so that it can bring more adaptation with
fewer changes. It can be said that architecture design is the
top priority in software system development. When
implementing this video big data intelligent analysis
platform, we need to fully consider the stability and
scalability of the system to ensure that the system can run
stably for a long time, and it is also best to upgrade the
system without interrupting the services provided to the
public [18]. When adding cameras to the system, both the
processing of video and face data or the relevant capture
records and pictures of storage will increase the burden on
the system; at this time, the system scalability is also very
important. To ensure that when adding real-time video to
the system for analysis, the system operation is not
interrupted, and the service is not interrupted, so the
system needs to have the ability to dynamically expand the
capacity.

Micro-video teaching resources should have a scientific
process as the mainline of production, according to which
the production process is concretized. The production of
micro-video teaching resources includes the selection of
tools, preparation of materials, and a series of recording,
editing, and finally generating the video format required for
teaching. Micro-video teaching resources should have a
scientific process as the mainline of production, according to
which the specific production process is launched. The
production of micro-video teaching resources includes the
selection of tools, the preparation of materials, and a series of
recordings, editing, and the final generation of the video
format required for teaching. This is the work of collecting
and preparing materials such as pictures, videos, audios, and
PPT courseware needed in the stage of making micro-video
teaching resources, which is related to the specific recording
practice in the next stage, so it is necessary to be well
prepared. When collecting materials, we should take the
needs of learners as the primary principle, consider the
cognitive development of secondary school learners, and try
to focus on interesting and popular materials, to be easy to
understand and unique [19]. In the cluster, if a new node
appears, to prevent the new node from scheduling too many
nodes, we will monitor the scheduling success event of the
scheduler, obtain the scheduling result, and mark the
number of scheduled pods for each node in the past period,
such as the number of pods scheduled within 1 min, 5 min,
and 30 min, the hotspot value of the node is measured and



then compensated to the node’s preference score, so this will
become increasingly stable. This is the stage of concretizing
the practice of micro-video teaching resources. The author
uses the pre-selected tools for recording work, and editing
can be done within the recording software or using other
post-editing tools to insert the required images, audio,
animation, and so on. After finishing the editing work, the
required format is generated, and if there are special format
requirements, format conversion can be done using Format
Factory software. After the initial completion, the micro-
video teaching resources are shown to some learners; the
viewing experience is collected; the resources are adjusted
and improved according to other teachers’ suggestions; and
the content and form of the micro-video teaching resources
has to be continuously optimized until the final version is
generated, to obtain the desired teaching effect in the
practice stage of the resources, as shown in Figure 1.

Since a cluster environment is more complex compared
to a standalone environment and the cluster contains var-
ious resource conditions that affect each other, a distributed
processing system needs to be able to not only complete the
tasks submitted by users but also dynamically balance the
cluster load and rationally allocate cluster resources so that
the efficiency of task processing in the cluster can be im-
proved. We can optimize the cluster load by intelligently
scheduling tasks through load balancing algorithms. Allo-
cation and scheduling of tasks in a distributed system require
the use of load balancing algorithms. The load balancing
algorithm studied in this paper will combine the weighted
voting method based on real-time resource monitor and
system load prediction by deep learning-based time series
prediction algorithm so that the tasks can be allocated
reasonably. Since a cluster environment is more complex
compared to a standalone environment and the cluster
contains various resource conditions that affect each other, a
distributed processing system needs to be able to not only
complete the tasks submitted by users but also dynamically
balance the cluster load and rationally allocate cluster re-
sources so that the efficiency of task processing in the cluster
can be improved. We can optimize the cluster load by in-
telligently scheduling tasks through load balancing algo-
rithms (see Figure 1).

Allocation and scheduling of tasks in a distributed
system require the use of load balancing algorithms. The load
balancing algorithm studied in this paper will combine the
weighted voting method based on real-time resource
monitor and system load prediction by deep learning-based
time series prediction algorithm so that the tasks can be
allocated reasonably.

The weighted voting method is to assign a weight value
to each condition in advance. Let there be #n conditions
related to the resource consumption of the service node and
each resource is given a weight value. Then the final service
computing node’s resource consumption can be calculated
by the following equation:

P=Y P, xW;. (1)

i=0
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The advantage of performing load balancing in this way
is that the hardware configuration of each node in the cluster
can vary, as the final task is assigned based on the percentage
of available resources to the total resources. The dynamic
load balancing algorithm designed in this paper does not rely
completely on load prediction algorithms, as there are no
accurate prediction algorithms available. The load balancing
algorithm starts by obtaining the current resource utilization
status of each service node in the cluster, then predicts the
candidate nodes, selects the node that is least likely to
generate a resource utilization spike in the future period, and
finally assigns the task to that node.

P, = (T T+2 R)’ )
(nxIxTb)
R=P,xW,-P,xW, —P.xW_ (3)

From the functions of each part of the system, we can see
that the system is closely focused on face data, and many
functions are closely related to capture records or dynamic
face data. For example, the alarm is judged according to the
dynamic face capture data, and the functions such as tra-
jectory analysis, analysis of the same pedestrian, analysis of
the landing point, and frequent passing are also based on the
analysis and calculation of the capture records. Face capture
records are very important to the whole system. In addition,
as the number of cameras connected to the system increases,
the number of face captures will also increase, and the
dynamic face data that needs to be processed by the system
in real-time will also increase. If the dynamic face data is not
processed properly, the light will make the capture retrieval,
alarm, and other functions delayed and heavy perhaps with
the increasing number of data to be processed, until the
whole system dragged down. Therefore, dynamic face data
processing can be said to be the top priority in the whole
system implementation process, as shown in Figure 2.

After collecting the data through TensorFlow’s data-
cleaning interface, it is possible to separate the data set into
test data (20%) and training data (80%); since the data are
temporally attributed in this scenario, there is no mashing of
the data, and parameters need to be introduced in this
interface to get the same structure for all the same inputs.

,_ p,+max(p)
Pt = max (p) + min (p)’ @)
Wt :(ptl—w’pf—w’p?—w"'"pltu—w)’ (5)
p:U=f(p;—w_pf—w+pf—w_p?iw)' (6)

Students’ interest in learning is the one with the highest
mean among the four dimensions, from which students are
more inclined to agree that micro-video scaffolded in-
struction can increase students’ interest in learning (see
Figure 2).

In addition, the standard deviation of the effect of micro-
video scaffolded instruction on students’ interest in learning
is 0.71505 lower than the standard deviation of the other
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FIGURE 1: Stream computing architecture.

three dimensions, which leads to the conclusion that stu-
dents are more inclined to agree that micro-video scaffolded
instruction has the effect of increasing interest in learning.

3<W<W (7)

It can be seen that the model-based prediction algorithm
has some accuracy in predicting the overall trend of the load
situation, but it also has some error, so the final load bal-
ancing algorithm does not fully rely on this prediction al-
gorithm, and then when assigning tasks, it will first discard
the part of nodes with heavier load calculated by the pre-
diction algorithm, then obtain the load situation of the
remaining cluster nodes through the dynamic load bal-
ancing algorithm, and finally assign the tasks to the service
nodes with the lowest load.

min*

3.2. Design of an Interactive Flipped Classroom Model for
English Courses. The mechanism of the more mature Kafka
has been thoroughly studied, and our research goal is not the
mechanism of Kafka. The connection of the three modules in
the flipped classroom model is done through information
technology; without the support of information technology,
the flipped classroom model cannot be implemented. IT is a
powerful lever for instructional designers to create a learning
environment for students [20]. IT makes it possible for
teachers to track and supervise students’ learning online, to
guide and help them online, to test and evaluate their
learning results online, and to ensure personalized inde-
pendent learning and collaborative group learning for stu-
dents. The self-study and questioning stages are entirely at
the students’ own pace. First, the subject class representative

will lead the interpretation of the learning objectives and
arrange the learning tasks, and students will follow the
learning objectives for self-study of the material. Students
can read the textbook first to master the knowledge content
and then complete the study plan independently, or they can
read the textbook according to the study plan questions and
then complete the study plan independently. The difficult
problems encountered in the process of reading the textbook
on their own can be studied with the help of micro-lessons
recorded by the teacher in advance. The micro-lesson can be
paused and rewatched repeatedly, and the problems in the
lesson plan can be improved and revised after reading and
understanding. After the micro-lesson, there are still
questions that are not understood, or new questions arise,
which need to be discussed and exchanged among group
members. Generally, the students who finish the learning
task first to communicate can be followed as models, and the
communication experience is shared among the group
members or the group. Of course, there may be questions
that students do not understand or additional questions that
arise, and students will need to write these down on a
“question feedback slip.” In addition, students will need to
complete online tests prepared by the teacher in advance to
test their learning. Teachers need to collect and summarize
students’ questions, data from the platform, and feedback
from the learning plan. The teacher will design the break-
through points and personalized tutorials after fully un-
derstanding the students’ learning situation.

The micro-video-based flipped classroom teaching
model should include three components: pre-class, in-class,
and post-class. The components of the pre-lesson session
include teacher’s production of teaching micro-video,



10 -

—o— Total
—o— Variance
—o— Accumulate

Mathematical Problems in Engineering

FiGgure 2: Explanation of the total variance of the factors.

teacher’s design of pre-lesson independent learning task list,
students’ viewing of teaching micro-video, students’ com-
pletion of the pre-lesson independent learning task list,
students’ marking of doubts, asking questions, and so on.
The components of the midlesson session include warm-up
of learning contents, students’ independent work, group
collaborative learning, display of learning results, teacher’s
guidance and counseling, teacher’s evaluation, and feedback.
The components of the post-lesson session include students’
production work, students’ sharing of work, teachers’
evaluation of work, students’ mutual evaluation of work,
midterm, final exams, and so on. On this basis, the author
combines the theory of ubiquitous learning, the theory of
associationist learning and proficiency learning, as well as
the theory of motivation, and constructs a flipped classroom
teaching model based on micro-video, as shown in Figure 3.

The biggest difference between micro-video-based flip-
ped classroom teaching mode and traditional classroom
teaching is the part of knowledge transfer. In traditional
classroom teaching, knowledge transfer is in the middle of
the class, while micro-video-based flipped classroom
teaching is done before the class, and the tasks of teachers
and students change before the class. In traditional class-
room teaching, the teacher’s task is to remind students to
preview what they are going to learn, with no specific in-
structions on how to preview and how to preview, and when
students preview, they only preview the material, or even
some students do not preview at all, causing the pre-class
preview session to become a bubble. There are many tasks
that teachers and students need to do in the pre-class session
of micro-video-based flipped classroom teaching. First,
teachers should make the micro-video a week before and
distribute the video to students 2-3 days before; students get
the micro-video and independent learning task list and then
do independent learning before class; teachers should keep

online guidance and supervision; students mark the prob-
lems they encounter when doing independent learning; and
finally, teachers need to collect students’ feedback and
suggestions (see Figure 4).

Teaching evaluation refers to the process of measuring
and value judgment on the process of teaching activities and
their results following certain teaching objectives and using
scientific and feasible standards and methods. Two points
can be seen from the above definition: First, teaching
evaluation is carried out following teaching objectives, and
clear teaching objectives are the prerequisite for teaching
evaluation. Therefore, the classification theory and method
of teaching objectives and the development and changes of
contemporary educational objectives concept dominate the
process and method of teaching evaluation, developing their
cognitive ability and the ability to criticize and create beauty
mastering the systematic basic knowledge of culture and
science, forming basic skills and techniques, developing their
cognitive ability students’ bodies to get normal development
and healthy growth, gradually forming correct aesthetic
views and the ability to feel the beauty and appreciate the
beauty and create beauty, and gradually developing socialist
moral behavior and ideological quality, the basis for the
formation of a materialist worldview, and the comprehen-
sive and harmonious development of their personalities [21].
Its factors are very rich, and teaching evaluation should be
based on many factors that respond to the teaching ob-
jectives, as shown in Figure 4.

What teachers should do in this feedback session is to get
questions and feedback to adjust their micro-video based on
the effectiveness of the students’ viewing of the instructional
micro-video. Based on students’ suggestions and comments
on the instructional micro-video, the style, technique, for-
mat, and effectiveness of their instructional micro-video
should be adjusted or changed. Students will record what
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they understood, what they did not understand, and what
they want to study in-depth when they watch the instruc-
tional micro-video, and teachers will collect this feedback to
prepare their in-class activities. In addition, teachers should
create a comprehensive reward mechanism to increase
students’ enthusiasm and motivation by offering rewards for
good performance, such as students who watch instructional
micro-videos particularly attentively and who ask good
questions or suggestions.

The students in the researcher’s school have no problem
in mastering basic grammar, such as lexis, tenses, and so on.

Among the syntax, they have a good grasp of the frequently
used and important definite clauses, but they have some
difficulty in learning other macro-sentence types, such as
noun clauses, and 90% of them cannot understand special
sentences, which shows that the author’s previous analysis of
the students’ learning situation is right.

4. Analysis of Results

4.1. Big Data Platform Performance Results for Digital Micro-
Video. As the static load balancing algorithm does not



consider the difference in the performance configuration of
the service nodes in the cluster, it assigns tasks without any
difference, resulting in node 3 reaching a bottleneck due to
its performance, and the load situation is close to 100% at
first, at which time node 3 can no longer accept tasks, but the
computing resources of nodes 1 and 2 are still very sufficient
at this time. Next, we use the same simulation to test the
dynamic load balancing algorithm based on real-time re-
source monitoring; the test results are shown in Figure 5;
from Figure 5, we can see that the overall resource con-
sumption of the three service nodes is on the rise; although
the fluctuation of no. 3 is relatively large (mainly due to the
lack of CPU performance), there is no CPU burst when
using the static load balancing algorithm. The dynamic load
balancing algorithm gives priority to assigning tasks to the
remaining nodes when node 3 has the highest resources, and
the use of a dynamic load balancing algorithm can generally
ensure the stable operation of the cluster (see Figure 5).

After applying the prediction-based load balancing algo-
rithm, compared to the dynamic load balancing algorithm, the
resource consumption of each node in the cluster becomes
relatively smooth in general without particularly large fluctu-
ations, except that the resource consumption of assigned tasks
is relatively obvious due to the relatively poor performance of
node 3, the other two nodes are relatively smooth, and when a
load of a certain machine is relatively large, the algorithm will
assign tasks to other nodes, so the node resource consumption
rises for a while and then drops significantly.

Considering the efficiency of distributed interprocess
communication in different scenarios, this paper adopts two
middleware communication methods, message queue, and
serialized network communication and uses different seri-
alization algorithms and compression algorithms for mes-
sages with different attributes to further improve the
throughput and transmission efficiency. The message queue
has already had a more mature Kafka, so this paper does not
do a deep study on this. The choice of the communication
method between service nodes is crucial in distributed
stream computing application scenarios. In this paper, based
on the traditional remote procedure call method, we im-
prove it for the latest HT'TP 2.0 standard to improve the
overall throughput rate and transmission efficiency of dis-
tributed applications.

The interface was tested before and after the optimization
of the capture count to verify the impact of placing the count
results in the Redis cache on the performance of the interface.
The response time of the interface at different levels was
recorded in the test database, and the system was warmed up by
running the test 100 times before the test and then tested 100
times at each level, recording the time taken for each call and
taking the average. The test data is shown below: this exper-
iment is to simulate the communication process of two dis-
tributed processes in a cluster with two servers, by sending a
large amount of image data simultaneously from one server to
another server using the traditional network communication
method and our designed serialized network communication
method, respectively, and compare the difference in com-
munication efficiency between the two; the experimental re-
sults are shown in Figure 6.
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From the experimental results, we can see that the
traditional protocol-based network communication method
is less efficient than the protocol-based serialized network
communication method in the scenario of transmitting a
large amount of binary data, and the larger the data size, the
more obvious the advantage of this serialized network
communication method. And in the case of more cameras in
the system access, the number of capture records generated
in the system every day may reach millions. And then with
the accumulation of time, the total number of captures in the
system may reach tens of millions or even hundreds of
millions. At this time, the database to do statistics on such a
huge number of records will undoubtedly be slow. Once the
interface response speed is full to a certain extent, the overall
performance of the system may be affected.

4.2. Results of the Interactive FlippedCmodel for English
Courses. For computer application courses, students’ pro-
ficiency in hands-on operation is poor, and students hope
that the time allocated for computer operation is greater
than the time taught by teachers in class, so that students can
have more opportunities for independent practice, which is
consistent with the concept of “students are the main body of
learning” in the above micro-video-based flipped classroom
teaching model. From Figure 7, only 15.0% of the students
like or like very much the current traditional teaching
classroom; 85.0% of the students think that the current
traditional teaching model is average or dislike or dislike
very much; moreover, only 11.0% of the students say that the
current traditional teaching mode can stimulate their
learning interest; and as many as 89.0% of the students think
that the traditional teaching mode cannot stimulate their
learning interest well. This shows that students expect a new
teaching model based on the traditional teaching mode, and
this mode should make students more interested in learning
and increase their motivation to learn. Although 88.0% of
the students did not understand the concept and imple-
mentation process of the flipped classroom, 87.0% of the
students were more interested in learning about the flipped
classroom; 79.0% of the students were more or very inter-
ested in the “flipped classroom” of this course; 97.0% of the
students expressed their willingness to experience the flipped
classroom teaching mode; and 46.0% of the students were
interested in the “flipped classroom” of this course. The
students were able to have a correct understanding of the
meaning of “flipped classroom.”

After independent work and exploration, students
have constructed their cognitive structure or knowledge
system, but to complete the deep internalization of
knowledge, students need to communicate and help each
other. Therefore, communication and mutual assistance
among group members are needed in a session, and
students who have completed three topics can help other
members of the group. This kind of peer-to-peer com-
munication and mutual help helps students dissect and
explain the knowledge points and helps group members
who did not find the correct answers at the beginning sort
out their questions to form the correct perception. At the
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same time, the author will also join the students’ group
discussions to give timely guidance and help clarify
students’ misconceptions.

Students will develop their own or group learning
outcomes after independent and collaborative group
learning. In the above two sessions, what problems students
solved and what problems remained unsolved, each group
sends a representative out to present their learning outcomes
and ask their questions. The presentation is done by the live
demonstration method, where each group’s representative
goes to the teacher’s machine and demonstrates the group’s
results to all the students, and the author evaluates the level
of each group’s demonstration and demonstrates results,
and the groups evaluate each other (see Figure 7).

In Figure 7, what we show is the specific value under
different headings. Due to a large number of types, this
method is used for visual analysis. We can see that the values
under different headings are not related in any way. As can
be seen from Figure 8, after the micro-video-based flipped
classroom teaching, the students in the experimental class
preferred and liked the micro-video-based flipped classroom

teaching model, which was more favored by the first-year
students than the traditional teaching model. The results of
the analysis showed that the overall mean value of the
learning effectiveness section was 4.1543, which was higher
than the value of 4 for the “meet” option on the five-point
scale, with a standard deviation of 0.1392 and variance of
0.0190, indicating that the respondents generally believed
that the use of micro-video teaching resources in the
classroom had a positive impact on their ability to improve.
The learners’ hands-on, self-learning, and problem-solving
skills were significantly improved, further explaining the
reason for the relatively high overall performance of the
learners. The question with the lowest score was “I think the
use of micro-video teaching resources helps to enhance my
observation and analysis skills,” with a score of 3.9787,
indicating that micro-video teaching resources have yet to be
improved in enhancing learners’ observation and analysis
skills (see Figure 8).

Second, the sound effects can be used to cut the
knowledge chapters, so that students can better appreciate
the micro-course.
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5. Conclusion

The use of micro-video scaffolding in the junior high school
English listening classroom can significantly improve stu-
dents’ learning performance. Analysis of the pre- and post-
test scores revealed that although both classes improved
their English listening test scores in the first semester
compared to the pre-experimental period, the further
comparison revealed that the experimental class students’
English listening scores improved more. In addition, the
interview with the students of the experimental class
revealed that the students of the class were generally more
active in completing the tasks assigned by the teacher and
were also able to participate in learning activities more
actively and positively. What is more important is that both
classes used the same teaching materials, but the only dif-
ference was the teaching method. This shows that the use of
micro-video scaffolding teaching in junior high school
English listening classrooms can stimulate students’ moti-
vation to learn English listening, improve learning efficiency,
and eventually improve listening performance. The only
difference between the two classes is the teaching method.
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This shows that the use of micro-video scaffolding in junior
high school English listening classroom teaching can mo-
tivate students to learn English listening, improve learning
efficiency, and eventually improve listening performance.
The results of the students’ reading motivation questionnaire
after using the hybrid teaching model of micro-video-
scaffolded classroom show that students’ English reading
motivation in the three dimensions of learning attitude,
learning reasons, and learning behavior has been improved
and maintained at a high level, mainly because students are
more interested in learning English reading, learning En-
glish reading more out of deep internal learning motivation,
completing the reading task on time, and taking the initiative
to read outside the classroom.
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