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Abstract: The rough set (RS) and multi-granulation RS (MGRS) theories have been successfully
extended to accommodate preference analysis by substituting the equivalence relation (ER) with the
dominance relation (DR). On the other hand, the bipolar fuzzy sets (BFSs) are effective tools for
handling bipolarity and fuzziness of the data. In this study, with the description of the background
of risk decision-making problems in reality, we present (a,[)-optimistic multi-granulation bipolar
fuzzified preference rough sets ((a, 8)’-MG-BFPRSs) and («, 5)-pessimistic multi-granulation bipolar
fuzzified preference rough sets ((a, 8)’-MG-BFPRSs) using bipolar fuzzy preference relation (BFPR).
Subsequently, the relevant properties and results of both (a, 8)’-MG-BFPRSs and (a, 8)”-MG-BFPRSs
are investigated in detail. At the same time, a relationship among the (a,8)-BFPRSs, (@, 8)°-MG-
BFPRSs and (a, 8)”-MG-BFPRSs is given.
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1. Introduction

Due to various uncertainties in real-world issues, classical mathematical techniques are only
sometimes successful. The concept of fuzzy set (FS) was initiated by Zadeh [73] as an extension
of traditional set theory, which opened the doors for researchers to capture the uncertainty of the data.
FS theory depends on the fuzzy membership function (MF), through which we can evaluate items’
membership degree (MD) in a set. This theory has been extended to contain the non-membership
function under different ranks of importance of choice values [5,9, 13].
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Pawlak proposed RS theory [46] as a valuable mathematical tool to combat the uncertainty and
granularity of information systems and data processing. RS theory has received a lot of attention
in recent decades, and its effectiveness has been successfully confirmed and implemented in several
fields, like pattern recognition, conflict analysis, knowledge discovery, data mining, image processing,
medical diagnosis, neural network and so on. The essential notion of RS theory is the equivalence
relation (ER), which represents the indiscernibility relation between arbitrary objects. Although
RS theory has been applied successfully in various domains, certain shortcomings may limit the
application domain of the RS theory. These shortcomings could result from inaccurate information
regarding the objects under consideration. Sometimes, an ER is challenging to find in incomplete
information. Therefore, under different scenarios, the RS model has accomplished several exciting
generalizations, which include the RS model based on tolerance relations [55], RS model based on
arbitrary relations [6], RS based on neighborhood operators [71], RS based on topological structures
[7, 10-12], fuzzy RS (FRS) model [17, 39, 40], rough FS (RFS) model [18], dominance-based
RSs [21,25], fuzzy dominance-based RSs [22], dominance-based neighborhood RS [15], variable
precision RS [83] and covering-based RSs [74].

It is important to remember that every matter has two sides and bipolarity and fuzziness are inherent
aspects of human cognition. Bipolar reasoning is vital in human cognitive processes, according to
research in cognitive psychology. Positive and negative effects do not appear in the same part of the
brain. Experts in various fields, including database querying, decision-making, and classification have
noticed the importance of bipolarity.

Bipolarity and fuzziness are independent but complementary notions devised to model different
aspects of human thinking. The former focuses on linguistic imprecision, whereas the latter emphasizes
the relevance and polarity of data. Bipolar fuzzy sets (BFSs) are extensions of FSs given by Zhang
[77], whose MD range is [—1, 1]. The idea that underlies this representation is related to the concept of
bipolar information, which refers to both the positive and negative information in the given data. BFSs,
therefore, impact various fields, like artificial intelligence, computer science, data science, machine
learning, information science, cognitive science, decision analysis, management science, economics,
neural science, quantum computing, and medical science.

BFSs have been used in other application domains, including bipolar fuzzy graphs [1, 54],
computational psychiatry [80], physics and philosophy [81], and bipolar fuzzy logic [82]. Bipolar
fuzzy TOPSIS was studied by Han et al. [27]. In the bipolar fuzzy context, some decision-making
problems were resolved using aggregation operators [26, 60]. Many attempts have been made to
combine RSs and BFSs [28,69,70]. Wei et al. [59] discussed a multiple-attribute decision-making
method using interval-valued bipolar fuzzy information. Gul and Shabir [23] studied the roughness of
a crisp set using (a, 8)-indiscernibility of a bipolar fuzzy relation (BFR). Ali et al. [2] offered attribute
reductions of BFR decision systems. Al-shami [8, 14] described various degrees of belong relations
that associated an ordinary point with bipolar soft sets.

1.1. Research progress on multi-granulation RSs

RS theory and most of its extensions are based on a single relation defined on a given universe,
called single granulation RS models. There are some limitations to the single granulation RS in some
real-world applications. For instance, in a comprehensive evaluation decision-making process, the
decision-makers often need to acquire the evaluation results of all items in the universe w.r.t. different
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evaluation indices and then select the optimal number of evaluation indices. The optimal combination
of the chosen evaluation indices is a multiple granularity structure of all items in the universe. For this
reason, the existing single granulation RS models cannot tackle this sort of decision-making problem.
Therefore, Qian et al. [47] proposed the multi-granulation RS (MGRS) model to make up for the
deficiency of the existing RS models. In the MGRS model, a target concept’s set approximations are
constructed by multiple ERs over universe.

So far, the MGRS theory has progressed promptly and has attracted a broad range of studies from
theoretical and applied points of view. For example, in Qian et al.’s [47] MGRS theory, there are two
basic models: the optimistic MGRS and the pessimistic MGRS [48]. Xu et al. [65] discussed two
kinds of MGRS models. Yang et al. [67] developed the hierarchical structural properties of MGRSs.
She and He [52] investigated the topological characteristics of MGRSs. Following the approach
provided by Qian et al., Yang et al. [68] expanded MGRSs into the multi-granulation FRSs (MGFRSs).
Sun et al. [57] constructed an MGFRS model over two universes with a decision-making application.
She et al. [53] studied a multiple-valued logic strategy for MGRS. Kong et al. [32] proposed attribute
reduction of multi-granulation information systems. Liu et al. [38] analyzed multi-granulation FRSs
using fuzzy preference relations. Xu et al. [64] established the concept of generalized MGRSs.
Mubarak et al. [43] proposed the pessimistic multi-granulation rough BFS model with application in
medical diagnosis.

Zhan and Xu [75] suggested covering-based multi-granulation RFSs. Zhan et al. [76] presented
covering-based multi-granulation FRSs and their related decision-making applications. An innovative
neighborhood-based MGRS model was developed by Lin et al. [37]. Sunetal. [56] introduced multi-
granulation vague RS over dual universes with decision-making applications. Qian et al. [49] projected
three multi-granulation decision-theoretic RS models. Feng and Mi [19] analyzed variable precision
multi-granulation fuzzy decision-theoretic RSs. Li et al. [34] originated a double-quantitative multi-
granulation decision-theoretic RFS model. Zhang et al. [78] provided the non-dual MGRs and
hybrid MGRs in addition to four constructive ways of rough approximations from existing RSs. Lin
et al. [36] initiated a two-grade fusion strategy involved in the evidence theory and MGRSs and
constructed three types of covering-based MGRSs whose set approximations were characterized by
various covering approximation operators. Pan et al. [45] studied an MGRS model using preference
relation for an ordinal system. Mandal and Ranadive [41] created fuzzy multi-granulation decision-
theoretic RSs using fuzzy preference relation. Zhang et al. [79] suggested multi-granulation hesitant
FRSs with decision-making applications. Huang et al. [30] created an intuitionistic fuzzy MGRS
(IFMGRS), and three IFMGRS models that are generalizations of existing intuitionistic FRS models
were constructed. Liang et al. [35] offered an efficient rough feature selection algorithm for large-scale
data using MGRSs. Ali et al. [4] proposed new types of dominance-based MGRSs with applications
in conflict analysis. Hu et al. [29] pioneered dynamic dominance-based MGRS approaches with
evolving ordered data. You et al. [72] studied the relative reduction of neighborhood-covering
pessimistic MGRS using evidence theory. Xue et al. [66] established three-way decisions based
on multi-granulation support intuitionistic fuzzy probabilistic RSs. Qian et al. [50] introduced multi-
granulation sequential three-way decisions based on multiple thresholds. Mandal and Ranadive [42]
introduced multi-granulation bipolar-valued fuzzy probabilistic RSs and their corresponding three-way
decisions over two universes. Gul and Shabir [24] proposed (a, 8)-multi-granulation bipolar fuzzified
RS using a finite family of bipolar fuzzy tolerance relations. Kang et al. [31] initiated the grey
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MGRSs model. Multi-criteria optimization and compromise solution (abbreviated by VIKOR) method
is one of the famous MCDM methods that ranks alternatives and determines the compromise solution
that is the closest to the “ideal”. Tufail and Shabir [58] studied VIKOR method for multiple criteria
decision making (MCDM) based on bipolar fuzzy soft S-covering based bipolar fuzzy RS model and
its application to site selection of solar power plants.

1.2. Knowledge gap and motivations and contributions of our research

As a generalization of FS theory, BFS theory makes the representations of real world more realistic,
practical and accurate in scenarios, making it very promising. Based on the above contents, the research
gaps, motivations and novelty of our research are listed as follows:

(1) Preference relation (PR) is a valuable tool to model decision-making problems, where decision-
makers articulate their preference information over alternatives via pairwise comparisons. With
various representations of preference information, numerous kinds of PRs have been put forth
and investigated, such as the multiplicative PR [51], fuzzy PR (FPR) [16,44] and BFPRs [25].
At the same time, MGRS theory has received significant attention in recent eras. It offers a
formal theoretical framework to solve complicated problems in the context of multiple binary
relations. However, according to the best of our knowledge, there does not exist any study where
the hybridization of MGRS theory and BFPRs have been discussed for acquiring knowledge.
Therefore, this article fills this research gap by establishing the ideas of («, 5)’-MG-BFPRS and
(a, B)P-MG-BFPRS models by use of BFPR.

(2) Moreover, in the present literature, there have been many studies about MGRS models in the
context of BFSs, where BFRs are applied to established fuzzy approximations. However, even
with the help of BFRs, the researchers could not determine the crisp approximations. Naturally,
the question arises whether we can acquire the crisp approximations using BFRs. The certifiable
answer to this issue has driven the present authors to the construction of («, 5)°-MG-BFPRS and
(a, B)P-MG-BFPRS models. Furthermore, the approximations defined based on two models serve
as a bridge between BFRs and a crisp set.

1.3. The organization of this paper
This article is structured as follows:
(1) We present some fundamental knowledge in Section 2.

(2) The idea of (a,8)°-MG-BFPRS model is proposed, and its related properties are investigated in
Section 3.

(3) Section 4 establishes the notion of (@, 8)’-MG-BFPRS model and their relevant properties.

(4) In Section 5, we investigate the connection among the («, 8)-BFPRS, («, 8)°-MG-BFPRS, and
(@, 8)P-MG-BFPRS models.

(5) Finally, we conclude our study and present some topics for future research in Section 7.
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2. Preliminaries

Some cardinal terminologies, inclusive of RSs, MGRSs, FSs, BFSs, and BFRSs, are described in
this section.

2.1. RS theory

ER plays a crucial function in the RS theory [46] to cope with uncertainty, which categorizes the
universe into classes that are known as information granules. Thus, in RS theory, we must deal with
groups of objects rather than a single item.

Definition 2.1. [46] An approximation space (AS) is a structure of the form (U, ), where U is a non-
void universe and ¥ is an ER on O. Given any subset T of O, T may or may not be written as a union
of some equivalence classes induced by 9. If it is possible to write T as the union of some equivalence
classes, it is called definable; if not, it is termed an RS. If T is an RS, then it can be approximated by
the following two definable sets:

‘7_’132 {rev:[rly €T}, } 0
T ={reU:[rlyNnT + @},
which are called lower and upper approximations of T, respectively, where
[rly ={s €U :(r,s) € 9} 2)
Furthermore, the set
Bndy(T) =T - T, 3)

is called the boundary region of 7 C U.

RS theory uses a single ER. Using a finite collection of ERs, Qian et al. [47] laid the foundation
of the MGRS. In Qian et al.’s MGRS theory, two strategies have been formulated. The first one is the
optimistic MGRS (OMGRS), and the second one is the pessimistic MGRS (PMGRS).

2.2. OMGRS model

Each ER can induce a partition in the universe, regarded as a granulation space. Thus, a family of
ERs can generate a family of granulation spaces. In optimistic multi-granulation lower approximation,
the term “optimistic” means that in multi-independent granulation spaces, we need only at least one
of the granulation spaces to satisfy the inclusion condition between the equivalence class and the
approximated target. The upper approximation of optimistic MGRS is defined by the complement
of the optimistic multi-granulation lower approximation.

Definition 2.2. [47] Let ® = {{#,1,,--- ,9,} be a collection of n independent ERs over U and 7 C U.
The optimistic multi-granulation lower and upper approximations of T C O are respectively described
as:
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—opt

0" =(©, (T,

—opt

O, T)={reU:[rly, T forsomei=1,2,--- ,n},}
“4)

_Opt(‘T) * @OPI(T), then T is referred to as an OMGRS;
else, it is an optimistic definable. The boundary region of T~ C U under the OMGRS environment is
given as follows:

where T ¢ is the complement of the set 7. If ®

Bnd?'(T)=0""(T) -0, (7). )

—opt

2.3. PMGRS model

In the PMGRS, the target is still approximated via a family of ERs. However, the pessimistic
case is different from the optimistic case. In pessimistic multi-granulation lower approximation, the
term “pessimistic” means we need the granulation spaces to satisfy the inclusion condition between
the equivalence class and the approximated target. The upper approximation of PMGRS is still
characterized by the complement of the pessimistic multi-granulation lower approximation.

Definition 2.3. [48] Let ® = {{#,1,,--- ,9,} be a collection of n independent ERs over O and 7 C U.
The pessimistic multi-granulation lower and upper approximations of T C U are defined as:

0,.,(T) = {reO:[rly, €T foralli=1,2,--- ,n}, ©
6Pes(7~) — (@pes(Tc))C.

Ife (7) + @pes(‘T), then T is called a PMGRS. Otherwise it is a pessimistic definable. The

pes
boundary region of T~ C U under the PMGRS environment is defined as:

Bnd?*(T)=0""(T)-© (7). (7)

—pes

2.4. FS, BFS, BFRs and some cardinal terminologies

Definition 2.4. [73]An FS ¥ on U isamap § : O — [0, 1]. For each r € U, the value &(r) refers to
the MD of r.

Definition 2.5. [77] A BFS { over U is an object of the form:

{={nd"(n.¢8n) 1 re Ty, ®)

where (' : U — [0,1] and ¢V : U — [-1,0] are called positive MD and negative MD, respectively.
The positive MD [F(r) denotes the satisfaction degree of an element r to the property and the negative
MD [N(r) represents the satisfaction degree of r to the somewhat implicit counter-property.

From now on, we will use 8% (0) to symbolize the collection of all BFSs over U.
Definition 2.6. [77] Let A, € BF (O). Then for all r € U, we have
(i) AC ¢ if AP(r) < LP(r) and AV (r) > ¢V (r);
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(ii) (AN () = {{r,min(A"(r), {7 (r)), max(A™ (r), Y (M) s
(iii) (AU O)(r) = {{rymax(2"(r), (1)), min(AV (r), £V (1))

(iv) 2(r) = {{r, 1 = A8(r), =1 = ¥ ()}

Definition 2.7. [33] The whole BFS over U is symbolized by W = QP UN) and is descried as UF(r) =
1 and UN(r) = 0, for all r € U. The null BFS over U is symbolized by ® = (®F,OV) and is given as
OF(r) = 0and ®N(r) = -1, forall r € U.

Definition 2.8. [67] A BFR B over O can be described as:

B = {{(q. 1) uig(q. 1), (g, 7)) = (q.7) € U X VY, )
where g : U x U — [0,1] and pjy : Ux U — [-1,0].

For a BFR 8 over U, ,ug(q, r) is the positive MD, which shows the satisfaction degree of an object
(g, r) to the property corresponding to 8, and its negative MD ,ug (g, r) represents the satisfaction degree
to some implicit counter-property associated with 8.

Definition 2.9. [23] Let B = (ug(q,r),ul(q,r)) be a BFR over U = {xy,x,,--- ,x,}. By taking
ajj = ,uz’;(q,-, rj) and b;; = pg(qi, rp),i=12,..,n j=1,2,..,n the BFR B can be expressed as:

(aj, b)) (aiz,biz) -+ {ain, b1y
(aa1,ba1) (ax,bxn) - {am,bw)

B = ((ué,,u%))m = 2]: ! 22: 2 . 2 : ? , where a;; € [0, 1] and b;; € [-1,0].
<anl’ bnl> <an2’ bnl> e <ann’ bnn>

Recently, Gul and Shabir [25] initiated the idea of BFPR, which is stated as follows:

Definition 2.10. /25] A BFPR B over U is a BFS over U X U, which is described by its positive and
negative MFs given as ug :Ox0 —[0,1] and,ug :OX0O — [-1,0]. For O = {x1, X2, , x,}, we
can express it by an n X n matrix as:

_xl xz oo xn
xi | {ai, by Lain, by -+ (ain, bin)
B = ((aij, bij))nxn =X2 (6121,. ba1) (6122., by) - (@zn> ban) ,
Xn <anla bn1> <an29 bn2> e <ann’ bnn>

where (ajj, b;;) denotes the bipolar fuzzy preference degree (BFPD) of alternative x; over alternative x;j,
a;j € [0, 1], b;; € [-1,0]. Moreover, a;j and b;; satisfy the following conditions, a;j + a; = 1,b;; + bj; =
-1,a; =0.5and b; = -0.5Vi,j=1,2,--- ,n. Particularly,

e a;; = 0.5,b;; = —0.5 indicates indifference between alternatives x; and x;;
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e a;; > 0.5,b;; > 0.5 demonstrates that alternative x; is better than alternative x;;
e a;; <0.5,b;; < —0.5 indicates that alternative x; is better than alternative x;;

e a;j = 1,b;; = 0 shows that alternative x; is absolutely better than alternative x;
e a;j = 0,b;; = —1 means alternative x; is absolutely better than alternative x;.

Definition 2.11. [25] A BFPR B = ((aij,bij)) y is said to be an additive consistent if Vi, j,k €
{1,2,---,n} the following conditions hold:

(]) aij = Qi — Ajx + 0.5,
(2) bij = bik - bjk + 0.5.

Definition 2.12. [25] Let U ={x; : i = 1,2, .- ,n} be a non-empty universe of n objects and € = {C; :
k=1,2,---,m} be a non-empty set of m criteria. Let f : OXE — [0,1]and g : OxE€ — [-1,0] be
positive and negative MFs, respectively. Then, we define the transfer functions to compute the BFPD
of any two objects x;, x; € U about the criterion € as follows:

G _ S €)= f(x, G + 1

] : : (10)
PRUARY GBI an

For a BFPR B, (x;, x;) = ((agk , bfj")) L, o the criteria €, the above transfer functions (10) and

(11) satisfy the following properties for x;, xj, x; € O:
(1) ai* = 0.5 and b} = —0.5.
(2) a;f +ajk = Land b + b3t = —1.
(3) a;t +ay = a;f +0.5and b} + bt = byf = 0.5.

Example 2.13. Table 1 depicts a bipolar fuzzy information matrix, where U = {xi, X2, X3, X4, X5} and
UES{UN Y

Table 1. Bipolar fuzzy information matrix.

U/¢ ¢ ¢
X (0.5,-0.25) (0.8,-0.7)
X2 (0.25,-0.8) 0.9,-0.4)
X3 (0.33,-0.25) (0.75,-0.4)
X4 (0.65, - 0.6) (0.3,-0.75)
X5 (1,-0.5) (0.4, -0.35)
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Based on criteria €| and €,, we can construct the BEPRs of alternative x; to the alternative x;(i, j =
1,2,---,5) by using formulas (10) and (11), we obtain:

B, (x, xj) =

%(s:z(xi, xj) =

(0.500, -0.500)
(0.375,-0.225)
(0.415, -0.500)
(0.575,-0.325)
(0.750, -0.375)

(0.500, -0.500)
(0.550, -0.650)
(0.475,-0.650)
(0.250, -0.475)
(0.300, -0.675)

(0.625,-0.775)
(0.500, -0.500)
(0.540, -0.775)
(0.700, —0.600)
(0.875,-0.650)

(0.450, -0.350)
(0.500, -0.500)
(0.425, -0.500)
(0.200, -0.325)
(0.250,-0.525)

(0.585, —0.500)
(0.460, —0.225)
(0.500, —0.500)
(0.660, —0.325)
(0.835,-0.375)

(0.525,-0.350)
(0.575, -0.500)
(0.500, —0.500)
(0.275, -0.325)
(0.325,-0.525)

(0.425, -0.675)
(0.300, —0.400)
(0.340, -0.675)
(0.500, -0.500)
(0.675,-0.550)

(0.750, -0.525)
(0.800, -0.675)
(0.725,-0.675)
(0.500, -0.500)
(0.550, -0.700)

(0.250, -0.625)
(0.125,-0.350)
(0.165, -0.625)
(0.325,-0.450)

(0.500, -0.500)
(12)

(0.700, -0.325)
(0.750, -0.475)
(0.675,-0.475) .
(0.450, -0.300)

(0.500, —0.500)
(13)

In [25], Gul and Shabir adopted the transfer functions (10) and (11) to originate the idea (a,)-
bipolar fuzzified preference RS ((a, 5)-BFPRS), given as follows:

Definition 2.14. [25] Let B (x;, x;) = |(af

ij’

bg)] y be a BFPR over U on the criteria € with positive

and negative MFs given as ,ugq :UXU — [0,1] and ,ugc :UXxU — [-1,0]. Forany a € [0.5,1)
and B € (—1,-0.5], the lower and upper (a, 3)-BF PR-approximations for any X C U w.r.t. B are
formulated as:

(14)

BFP,, ;,(X) = (Bs(X) . Be(X) )
BFP(5(X) = (Be(X),» Bs(X)p),

where,
: ag- <1-aforall x; € X},

taj; > 1 - a for some x; € X},

:bg- < -1 - Bfor some x; € X},

(15)

bg- > —1 - forall x; € XY},
are said to be the a-lower, a-upper, B-lower and B-upper approximations of X, respectively. Moreover,
when w(mﬁ)(z\’) # BFP(,5(X), then X is titled as («,8)-BFPRS w.r.t. B, else, it is (a, B)-bipolar
fuzzified preference definable w.r.t. Bg.

The boundary region under (a, 8)-BF PR-approximations are given as:

BNDiap(X) = (Bs(X)y ~ Be(X) , Be(X), ~ Be(X)p). (16)
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Definition 2.15. [25] Let B be a BFPR over U on the criteria €, a € [0.5,1) and 8 € (-1, —0.5]. The
measure of accuracy of X under (a,3)-BFPRSs is defined as:

A& = (X, ), (17)
where
Be(X) | Be(X)y
X=——and ¥ = ——,
Be(X), Be(X) |

where @ £ X C U and | e | denotes the set’s cardinality.
The measure of roughness Ri‘fﬁ)(/\’ ) of X under (a,3)-BFPRSs is given as:

RBe

wp@ = 1,1 = AL (X)) = (1 - %7, 1 - ¥). (18)

(@.B)

Clearly, (0,0) < ﬂ?:fﬁ)({\’), R?Zfﬂ)()() <, forany X C O, a €[0.5,1)and B € (-1, -0.5].

3. (a,pB)-optimistic multi-granulation bipolar fuzzified preference rough sets
((a, B)’-MG-BFPRSs )

In this portion, we generalize the idea of («, )-BFPRSs to (@, 8)°-MG-BFPRSs. This generalization
is based on a finite collection of BFPRs instead of a single BFPR. Moreover, we examine some
axiomatic systems of (@, 8)’-MG-BFPRSs with several constructive illustrations.

Definition 3.1. Let T = {Bg,, Bg,, - Bg, } be a finite collection of BFPRs over U on the criteria
Bg,, Be,, -+, Bg,, described by its positive and negative MFs given as ,LL;@’ : OXxU — [0,1] and
,ug@r :OXU0 — [-1,0);t=1,2,--- ,m. Forany a € [0.5,1) and B € (—1,-0.5], the lower and upper
(a, B)°-MG-BFPR-approximations for any 7 € U w.r.t. \ are described as:

m

MBFP,, (T) = ((i B ) (D B );m),
=1 @ =1

(19)
MBFPp5(T) = ((; 23@):(7' ) (; 23@,);(7' )),
where,
(i QS&,):(T) = O {x,» €U al.Gj’ <1-aforall x;e ‘7'"}, (20)
=1 =1
(Zm: ‘B&t):(‘r) = ﬁ {x,» €U: ag.’ > 1 — a for some x; € ‘7'}, 1)

N
|
—_
-
Il
—_
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m

(i 236,);(7) = ﬂ {Xi €U: bgf < —1 - B for some x; € T}, (22)
=1

t=1

(s

{xieU:bg’ >—1—Bf0rallxj€7'c}, (23)

(Zmlj %)Z(‘r) -

Il
—_

t

are said to be the a-optimistic lower, a-optimistic upper, [-optimistic lower and [-optimistic
upper multi-granulation rough approximations of T, respectively. Moreover, if MBF Pope(T) #
MBFP,p0(T), then T is titled as (a,)’-MG-BFPRSs w.r.t. Bg,, else, it is named (a, B)-optimistic
multi-granulation bipolar fuzzified preference definable w.r.t. Bg,.

The positive, boundary, and negative regions under (a, 8)°-MG-BFPR-approximations are specified
as follows:

(1) POS o p(T) = (( il %g,):('i’), ( ﬁl %«,);(fr)),

(ii) BND o py (T) = ((%1 Be) (- (& %@,)Zm, (% e );m -(2 %,)2(7‘)),

i) NEG 0T = 0.0~ (£ ) . (8 36 ) = (£ 06) o) (£ e o))

The information about an element x € U interpreted by the operators mentioned above is as follows:

o (X7, Bg,)o(T) indicates the collection of objects x; € U equivalent to all objects x; € 7¢ with a
positive MD less than to a specific @ € [0.5,1) forsome t = 1,2,--- ,m.

o (X7, Bg,)o(T) denotes the collection of objects x; € U equivalent to at least one object x; € T~
with a positive MD greater than or equal to a specific @ € [0.5,1) forall t = 1,2,--- ,m.

o« (X1, %@[);(T ) signifies the collection of objects x; € U equivalent to at least one object x; € 7
with a negative MD less than or equal to a specific § € (-1,-0.5] forallr = 1,2,--- ,m.

o« (X0, EB(gI);(T ) represents the collection of objects x; € U equivalent to all objects x; € 7° with a
negative MD greater than a specific g € (-1,-0.5] for some r = 1,2,--- ,m.

Remark 3.2. In the light of Definition 3.1, we have:
(1) 7T € Uis an (a,B)’-MG-BFPRSs w.r.t. B, if and only if BN D o5 (T) = (2, D).
(2) If Bs, = B, = -+ = B, = By, then the operators given in Eqs (20) to (23) degenerates into

(a, B)-BFPR-approximation operators of a set T given in Definition 2.14.
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Example 3.3. (Following Example 2.13) Consider the two BFPRs Bg,,Bs, over U, where U =
{x1, X2, X3, X4, X5} given in Example 2.13. If T = {x,,x3} C O, then for « = 0.5 and p = —0.5, we
have

(Be, + Be,)o(T) = {x2, x3},

(Be, + Be,)o(T) = {x1, %2, x3},

(B, + B, )o(T) = {x2, x3, x5,

(B, + B, ) (T) = {xa).

Hence, the lower and upper (a, 8)°-MG-BFPR-approximations for T are given as follows:

MBFP( ﬁ)o(T) = ({XZ, .X'3}, {xl’ X3,X5}),

MBFP(Q,’[;)G(T) = ({xl» X2, X3}, {-XZ})'

Since, MBFP
Furthermore,

(aﬁ)(,(‘]' ) # MBFPz0(T), so 7T is an (a,B)°-MG-BFPRSs w.r.t. Bg, and Bg,.
POS(a,ﬁ)U(T) = ({x27 x3}7 {x2})7
BN Do pp(T) = ({x1} {x3, x5}),
NSQ(Q,B)U(T) = ({-x47 .XS}, {xls x4})'

Proposition 3.4. Let T = {B¢,, Bg,, - By, } be a finite collection of BFPRs over U on the criteria
By, Be,, -+ » B, and a1, @, € [0.5,1) be such that @) < a,. Then for any T C U, we have

(1) (Z11 Be)o, (T € (Z1L1 Be,),, (T

(2) (X Be)o (T) S (X0 Be,)o, (7).

Proof. (1) For any x; € (Z;”] %L,)O (7)), we have a(‘:’ <l-ayforallx; € 7¢forsomer=1,2,--- ,m.

But since, a; < a;,50 1 —a, < 1—a;. Thus, a ! <l-aforall x; e 7 forsomet=1,2,---,m.
Therefore, x; € (X2, B, B, ), (7), showing that (Z’" %gr)az(”l" )< (R, %q,)m(‘r)

(2) Let x; € (312, %(gt)al({i-) then ag‘ >1—a,forsome x; € 7 forallt =1,2,--- ,m. As a; < @,
so 1 —a; > 1— a,. Therefore, al.j > 1—a, forsome x; € 7 forall t = 1,2,--- ,m. This indicates

that x; € (X2, B, ), (7). Hence, (XL, Be,) (T) € (T12y B, ), (7).
O
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Proposition 3.5. Let T = {B¢,, Be,, - B, } be a finite collection of BFPRs over U on the criteria

m

C,C,, - ,C, and B1,B, € (—1,-0.5] be such that 1 < B,. Then for any T C O, the subsequent
properties hold:

(1) (Z7L1 Be)p,(T) € (X121 B ), (T);

(2) (X1 Be ), (T) € (X1 B ), (7).

Proof. (1) Letx; € (312, 235,);2(7'), then bgf < —-1-p,forsome x; € 7 forallt =1,2,--- ,m. Since,
B1 < B2, 50 -1 -6, < —1-p;. Thus, bfj’ < —1-p, forsome x; € 7 forallt =1,2,--- ,m. This
shows that x; € (X2, Bg,); (7). Hence, (272, Be, )y, (T) S (Xt Be,)p, (7).

(2) For x; € (Z’” %Q)ﬁ (7), we have b > —1 - p; forall x; € 7¢ for some t = 1,2,- . As
Bi1<PBr,s0-1-6>-1-p4,. Therefore b“’ > —1 -, for all x; € 7¢ for some ¢ = 1,2, -, M.
Therefore, x; € (Z, | %e,)ﬁ (7°) showing that (Z; 1 Qig,)ﬁ (7) c (Z 23@,)52(7’)

]

Proposition 3.6. Let T = {B¢,, Bg,, - Be, } be a finite collection of BFPRs over U on the criteria
Bs,, Be,, -+ » Bg,, and a € [0.5, 1). Then for each X,Y C U, we have

(1) XCY = (T Be)o(X) € (X1, Be,)o(Y)s

(2) XY = (T Be)oX) € (X7 B, )o(Y).
Proof. (1) For any x; € (32, Bg,)o(X), we have af.gj’ <1-aforall x; € X forsomes=1,2,---,m

But since, X C Y, so Y C X¢. Thus in particular, agf < 1 —qa forall x; € Y¢ for some
t=1,2,--- ,m. Therefore, x; € (X, Be,) (V) showing that (372, Bs,) (X)) € (X1 B, )o(Y).

(2) Let x; € (1, Be,)o(X), then al(.i.’ >1—-aforsome x; € Xforallt =1,2,--- ,m. AsX C Y, so
a%‘ > 1-aforsomex; € X CYforallt =1,2,---,m. This implies that x; € (31, B¢, )o(Y).

Hence, (Z 1 B, )o(X) € (Z, 1 Be,)o ().
o

Proposition 3.7. Let T = {B¢,, Bg,, - By, } be a finite collection of BFPRs over U on the criteria
€,C,, -+ ,C, and B € (—1,-0.5). Then for each X,Y C U, we have

(1) XSV = (ZL; B, )y(X) € (XL Be)y(Y);

(2) XSV = (T, Be,)y(X) S (T1L, Be,)5().

Proof. (1) Let x; € (1%, %GI)Z(X)’ then bl(.i.’ < -1 -pforsome x; € Xforallt =1,2,--- ,m. Since,
X CUY, so bfj’ <—-1-pBforsomex; e X CYforallt=1,2,--- ,m. Thus, x; € ()2, 23(5,);(3/)
showing that (X2, B, )5(X) € (X2 B, )g(Y).
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(2) For any x; € (XL, Bg,)3(X), we have bg.’ > —1 - forall x; € X forsome t = 1,2,--- ,m. As
X C Y, 50 Y C X¢. Therefore in particular, bc’ —1-pforall x; € Y forsomet=1,2,--- ,m

Thus, x; € (X%, B, )5(Y). Hence, (X, Bg,)j (X) c (I Be, )y,
O

Theorem 3.8. Let T = {Bg,, Bg,, - Bg, } be a finite collection of BFPRs over U on the criteria
€,C,, - ,C, and a € [0.5,1). Then for each X C U, the following properties hold:

(1) (T B )o(X) € X € (T, B )o(X);
(2) (T B)o(@) = 2 = (T2, Be, ) (2);
(3) (Zit, Be,)y(V) = U = (T, B )o(V);
(4) (Tit) Be)3(X) = (T Be)o(X)) 5

(5) (T B, o X) = (Tt B, )o(X))
Proof. (1) By definition, (), B¢,)o(X) € X is trivial. For the next inclusion, let x; € X C OU.

Then, we have ag“.’ =05>1-aforsome x; € Xforallt = 1,2,---,m. This implies that
xi € (XL Bg,)o(X). Hence, (T2 B, )o(X) € X € (X7L; B, ) (X).

(2) In light of Definition 3.1, we have

(Z%@,) (@) = U{x,- €U a?j’ <1l -aforall x; € (@) :U} = Q.
¢ =1

And,
(ZEB&,) (@) = ﬂ{xi €0V afj’ > 1 — « for some x; € Q)} = Q.
=1 @ =1
Therefore, (3~ QSQ;[) (@) =2 =", B 1 B, ) (D).

(3) By Definition 3.1,

m

(Z%M) () :U{x,eU a% < 1-aforall x; € (U) _@} (x;: x € U} = U,

t=1

Similarly,
(Z%Gf) O) = ﬂ{xiEU:agf > 1 —a/forsomexjeU} ={x;: x; € U} = 0.
t=1 @ t=1

Therefore, (312, Be,)o (V) = U = (X1, Be,)(0).
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(4) For any x; € O,

E(Z%G’) (XC)(E)agf <l-aforall x; € (X)" = Xforsomet=1,2,--- ,m

(:)agf;él—aforanyxjez\’forsomet:1,2,-~,m

— x; ¢ (i Q%Q)U(X)

=1 @
5 B ) (X))c.
=1 @

—

(:)xie(

Hence, (2, Be,)3(X) = (T1; B, )2(X)) -
(5) Forany x; € O,

(Z%L,) (X)(:)a(”>1—ozf0rsomexjeXCforallt_1 2,-

t=1

(:)a;.’st1—af0ranyxj€z\”f0rallt: 1,2,---,m

— x; ¢ (i QSGI)O(X)
=1 @

— x; € ((Zm: 55(;)0()())6'
=1 @

Therefore, (T, B, )J(X) = (2 Be)2(X)) -
O

Theorem 3.9. Let T = {Bg,, Bg,, - Bg, } be a finite collection of BFPRs over U on the criteria
C,8,, -, €, and B € (—1,-0.5]. Then for any X C U, the subsequent properties hold:

(1) (B, Be )y (X) € X € (TiL) B, Jp(X);
(2) (T Be (@) = 2 = (T2, B, )5(@);
(3) (B, Be (V) = U = (I, B, Jp(0);
(4) (Zity Be )y X = (T Be o (X)) -

(5) (T B 5 (X) = (Tt B35 (X)) .
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Proof. (1) By definition, (3., EB@,);(X) C X is obvious. For the next inclusion, assume that x; €
X C O. Then, Wehavebg’ = -05<1-pforsome x; € Xforallt = 1,2,---,m. Thus,
xie(Xn %th)ﬂ(X) showing that (3, Bg, 1 B, Jy(X) S X C (X7 %@I)ﬁ(X)

(2) According to Definition 3.1, we have

(Z%M) (@) = U{xieU:bf; > ~1 - forall x; € (@) = U} = 0.

t=1

Also,
(Z%g,) (@) = ﬂ{xi €U bl.cj’ < —1 - g for some x; € @} = Q.
=1 B =1

Hence, (272, B¢, )3(2) = @ = (XL, B, )5(2).
(3) In light of Definition 3.1,

(Z%) (U):O{x,eU bgf>—1—ﬁforauxje(U)C:@}:{x,~:x,-eU}:U.

t=1

Also,

(Z%Q,) (0) = m{xieU:be <-1 —ﬁforsomexjeU} ={x;: x; €U} =0.
=1 B =1 '

Hence, (X7 Bg,)5(0) = U = (X1 Bg)3(0).
(4) For any x; € O,

(Z %L,) (X)) = bL’ < —1-pBforsome x; € X forallt=1,2,--- ,m

— by # -1 —pforallx;e X forall 1 =1,2,--- ,m

= x ¢ (zm; %,)Z(X)
— x; € ((2 EB@);(X))C.

Therefore, (X1, B, )5(X%) = ((Tit; Be)3(X)) -
(5) Forany x; € O,

€ (Z %gt)ﬁ()(c) = bgf > —1—pforall x; € (X)) = Xforsomet=1,2,---,m
=1
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<:>bi¢j’;<_—1 —pBforany x; € X forsomet=1,2,--- ,m

= ¢ (zm; %g,);@o
— x; € ((2 SB(;[);(X))C.

Hence, (2, Be,)3(X) = (Tt Be)3(X))'
O

Theorem 3.10. Let T = {Bg,, Be,, - Bg,,} be a finite collection of BFPRs over U on the criteria

m

€,C,, - ,C,and a € [0.5,1). Then for each X, Y C U, the following properties hold:
(1) (it Be, 1 Be )X UY) 2 (XL %L,) (X) U (2L, Be, 1 Be)o(Y);

(2) (T Be)UX UY) 2 (X7, Be)o(X) U (T B, )o(Y);

(3) (X, Be) (X NY) C (T B, )o(X) N (XL, Be)o(Y)s

(4) (XL Bl X NY) € (XL Be,)oX) N (X1 Be,)o (V).

Proof. It can be directly obtained by Proposition 3.6. O

Theorem 3.11. Let T = {Bg,, Bg,, - B, } be a finite collection of BFPRs over U on the criteria
€,C,,---,C, and B € (—1,-0.5]. Then for each X,Y C U, the following properties hold:

(1) (T2 Be)y(X U Y) 2 (T B, )g(X) U (ZiL Be,)p(Y);
(2) (21 B )p(X UY) 2 (XL B, )p(X) U (ZFL) B, )p(Y);
(3) (i Be)g(X NY) € (T B )p(X) N (T B, )p(Y);

(4) (Z %L,)ﬁ(x N «y) - (Z %G,)ﬁ(/\,) N (Zt 1 %E,)ﬁ(y)

Proof. 1t can be directly obtained by Proposition 3.7. O

Proposition 3.12. Let (' = {Bg,, Bg,, - Bg,, } be a finite collection of BFPRs over U on the criteria
C,8, - ,C,, e [0.5,1)and B € (—1,-0.5]. Then for each X C U, we have
(1) (Z21 Be)o(X) = ULy B, (X) ;

(2) (X% %5,)2(/\’) = Nz B, (X),,
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(3) (T Be ) = My Be X,

(4) (X1 B )g(X) = UL, B, (X,
Proof. Straightforward. O

Proposition 3.13. Let (' = {Bg,, B,, - Bg,, } be a finite collection of BFPRs over U on the criteria
¢,C,,---,C,, @€[0.5,1)and B € (—1,-0.5]. Then for each X,Y C U, we have

(1) (2 Be)o X NY) = UL (B6(X) N BeY) )

(2) (L Be )X U Y) = N1 (B, (X, U Be,(Y),);

(3) (Bt Be )X U Y) = ML (Be(X) U Be, (V) )

(4) (T Be)yX N Y) = Uy (Be,(X); N1 B, (M)).
Proof. It can be directly obtained by Proposition 3.12 and Theorem 4.7 and Theorem 4.9 of [25]. O

Definition 3.14. Let T = {Bg,, Bg,, - B, } be a finite collection of BEPRs over U on the criteria
€;,C,,--+,C,, a€0.5,1)andp € (=1,-0.5]. Then the accuracy measure A’ ,.(X) of X C U under

(a, B)°-MG-BFPRSs is defined as:

(@B)°

AL, 5o (X) = (X2, %9), (24)
where
(21 B, )o(X)
X = — . , (25)
(271 Be,),(X)
and
(Z;’il %G,)Z’(X)
X5 = . . (26)
(Z:il EB(S,)’B(X)
The corresponding roughness measure R( B (X) of X under (a,8)’-MG-BFPRSs is defined as:
(aﬁ)o(X) =(1,1)- ﬂ(aﬁ)o(/\’) =(1-%,1-X3). 27)
Obviously, (0,0) < &Zl(aﬂ)o(X) R(Qﬁ)o(X) <,1)forany X C U, @ €[0.5,1) and B € (-1, -0.5].

Example 3.15. (Following Example 3.3) We can evaluate the accuracy measure and the roughness
measure of X = {x,x3} € O for « = 0.5 and B = —0.5 under (a,8)°-MG-BFPRSs environment as
follows:

21
T = —
AL 5o (X) = (5, 5) = (0.666,0.333),
R (X) = (1, 1) = (0.666,0.333) = (0.333,0.666).
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Proposition 3.16. Let T = {B,, Bg,, - - - B, } be a finite collection of BFPRs over the universe U on

m

the criteria €,,C,,--- ,¢,, @ € [0.5,1) and B € (—1,-0.5]. Then the accuracy measure ﬂaﬁ)g(X) of
X C U under (a, B)°-MG-BFPRSs own the following properties:

(1) Ao X) = 0,0) &= (I, B ), = 2 = (T Be )i

(2) Agpe(X) = (1, 1) &= (T, Be,), = (Z1L1 Be,), and (T12; Be,)p = (Z12) Be )y
(3) If X =0 or X = @, then ﬂ‘(iﬁ),,(X) =(1,1).
Proof. Straightforward. O

4. (a,p)-pessimistic multi-granulation bipolar fuzzified preference rough sets
((a, B)?-MG-BFPRSs )

In this section, we propose the notion of the (a,)’-MG-BFPRS model and study some of its
significant properties.

Definition 4.1. Let (' = {Bg,, Bg,, - - - B, } be a finite collection of BFPRs over the universe U on the
criteria Bg,, Bg,, - -+ , Bg,, described by its positive and negative MFs given as ,ugc :UOxU —[0,1]

cmd,ugG :OXxU0 — [-1,0);t=1,2,--- ,m. Forany a € [0.5,1) and B € (—1,-0.5], the lower and
upper (a, B)’-MG-BFPR-approximations for any T C U w.r.t. (' are characterized as:

MBFP,, ,,(T) = ((i Be ) (1), (ij %G,)Z(T)),
t=1 @ =1

(28)
- n p n p
MBFP o 0(T) = ((Z Be) () %a,)ﬂm),
=1 @ t=1
where,
m p m
(Z %G,) =) {x,. eV:a <1 -aforallx e fr} (29)
=1 @ =1
m p m
(Z %@[) 7) = U {xi €0 ag.’ > 1 — a for some x; € 7'}, 30)
=1 @ t=1
(Z 23&) = {x,» e U : b < —1 - B for some x; € T}, G1)
t=1 B t=1
m p m
(Z 23@) (T = {x,» €V :bY% > —1 —fforall x; € TC}, 32)
=1 B =1
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are said to be the a-pessimistic lower, a-pessimistic upper, [-pessimistic lower and [-pessimistic
upper multi-granulation rough approximations of T, respectively. Moreover, if MBF P(aﬁ),,(‘f E
MBFP,p3p(T), then T is titled as (a,5)’-MG-BFPRSs w.r.t. Bg,; else, it is called (a, §)-pessimistic
multi-granulation bipolar fuzzified preference definable w.r.t. Bg,.

The corresponding positive, boundary and negative regions under (a,B)”-MG-BFPR-
approximations are listed as follows:

(1) POS 0 p0(T) = (( f} %q,):cr), ( ﬁl %);m),

(i) BN Dy (T) = (( b %«,)Z('f) -(2 %)Zm, (2 fsg,):m -(2 fsg,):m),

(i) NEGar(T) = 0.0) - (£ ) . (£ ) ) - (((%)p(‘r)) (& we)e) )

The information concerning an element x € U interpreted by operators mentioned above is as
follows:

o (X0, Bg,) (T) signifies the collection of objects x; € U equivalent to all objects x; € 7 with a
positive MD less than a specific @ € [0.5,1) forallt = 1,2,--- ,m.

o (X7, Bg,)"(T) denotes the collection of objects x; € U equivalent to at least one object x; € T~
with a positive MD greater than or equal to a certain @ € [0.5,1) for some r = 1,2,--- ,m.

o (X0, %(s:[)g((]') expresses the collection of objects x; € U equivalent to at least one object x; € 7~
with a negative MD less than or equal to a specific § € (-1,-0.5] for some t = 1,2,--- ,m.

o (X1, EBQ)E’(T) refers to the collection of objects x; € U equivalent to all objects x; € 7¢ with a
negative MD greater than a specific 8 € (—1,—-0.5] forallt =1,2,--- ,m.

Remark 4.2. In light of Definition 4.1, it follows that:
(1) T CUisa(a,p)P-MG-BFPRSs w.r.t. Bg, if and only if BND o5 (T) = (@, D).

(2) If Bg, = Bg, = -+ = Bg, = By, then the operators given in Eqs (29) to (32) reduce into
(a, B)-BFPR-approximation operators of a set T given in Definition 2.14.

Example 4.3. (Following Example 2.13) Assume that Bg,, Bs, are two BFPRs over U, where U =
{x1, X2, X3, X4, X5} given in Example 2.13. If we take T = {x1, x,} C U, then for « = 0.5 and g = 0.5,
we get

(Bg, + B, ) (T) = {},
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(%61 + %Qz)g(r]’) = {Xla X2, X35 X4, x5}9

(%Q:] + %(Cz)g(T) = {xl’xz’ X3, X4, xs}’

(B, + Be,)5(T) = ().

Thus, the lower and upper (a, 8)’-MG-BFPR-approximations for T are given as follows:

MBEP, ,,(T) = ({}, {x1, %2, x3, X4, X5}),

MBF P 3 (T) = ({x1, X2, X3, X4, X5}, {}).

As, MBF P(aﬁ),,(‘]') # MBFP,3,(T ), soT is a(a,B)’-MG-BFPRSs w.r.t. B¢, and Bg,. Moreover,

POS(Q,B)P(T) = ({}, {}),
BN Do pp(T) = ({x1, X2, X3, Xa, X5}, {X1, X2, X3, X4, X5}),
NEG o p(T) = ({1}, 1}).

Proposition 4.4. Let U = {Bg,, Bg,, - Bg, } be a finite collection of BFPR over U on the criteria
C,C,, - ,C, and ay,a; € [0.5, 1) be such that ay < a,. Then for any T C U, we have

(1) (I, B, (T) € (X B, ) (T

(2) (XL Be,)o, (T) S (X B, ), (T).
Proof. Analogous to the proof of Proposition 3.4. O

Proposition 4.5. Let T = {B¢,, Bg,, - Be, } be a finite collection of BFPRs over U on the criteria
C,8,, - ,C, and B1,B> € (—1,-0.5] be such that 81 < B,. Then for each T C U, the subsequent
properties hold:

(1) (Z1 B ), (T) € (ZTi2y B ), (T);

(2) (T B )5, (T) € (T, B ) (7).
Proof. Analogous to the proof of Proposition 3.5. m|

Proposition 4.6. Let T = {B¢,, Bg,, - B, } be a finite collection of BFPRs over U on the criteria
€,C,,---,C, and a € [0.5,1). Then for each X,Y C U, we have

(1) XY = (ZL1 Be)o(X) € (ZLL Be, o Y);
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(2) XY = (B Be)y(X) € (ZLL; Be oY)
Proof. Similar to the proof of Proposition 3.6. O

Proposition 4.7. Let T = {Bg,, Bg,, - B, } be a finite collection of BFPRs over U on the criteria

m

€,C,, -+ ,C, and B € (—1,-0.5]. Then for each X, Y C U,
() XcY = (XL 23cs:,)ﬁ(X) c(xr 1236,)[;(3/)

(2) XY = (S, Beh(@X) < (T, B ) (Y).
Proof. Similar to the proof of Proposition 3.7. O

Theorem 4.8. Let V' = {Bg,, Bg,, - Bg,,} be a finite collection of BFPRs over U on the criteria
¢€,C,, -+ ,C, and a € [0.5,1). Then for each X, Y C U, the following properties hold:

(1) (T B, Jo(X) € X € (L, B oK),
(2) (I, Be)@) = @ = (T, Be,)o(@);
(3) (B Be)U(U) = U = (T, B, )o(0);
(4) (T, B oX) = (B, Be)UX)) +

(5) (B, Be)UX) = (B, Be)UX))
Proof. Analogous to the proof of Proposition 3.8. O

Theorem 4.9. Let T = {Bg,, Bg,, - Bg,,} be a finite collection of BFPRs over U on the criteria
C,C,, -, €, and B € (—1,-0.5]. Then for any X C O, the subsequent statements hold:

(1) (T B, Jp(X) € X (I, B Jh(X);
(2) (T B )h(@) = @ = (Tt B J5(@):
(3) (T, Be)(U) = U = (T, B, )5 (0);
(4) (T, B h(X) = (T, B J5(X)) 5

(5) (T Be p(X) = (T Be Jh(X)) -
Proof. Similar to the proof of Proposition 3.9. O

Theorem 4.10. Let T = {Bg,, Bg,, - B, } be a finite collection of BFPRs over U on the criteria
¢€,C,, - ,C, and a € [0.5,1). Then for each X,Y C U, the following axioms hold:
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(1) (Z1 Be,)5(X U Y) 2 (Zi) Be,)o(X) U (ZLL) B (Y);

(2) (XL Be)A( XU Y) 2 (XL Be,)AX) U (X1 Be)o(Y);

(3) (T B )X NY) € (B B, )o(X) N (X1 Be )Y,

(4) (1 B, WX NY) € (T Be)o(X) N (T Be, o).

Proof. It can be directly obtained by Proposition 4.6. O

Theorem 4.11. Let T = {Bg,, Bg,, - Bg,,} be a finite collection of BFPRs over U on the criteria
€,C,, - ,C, and B € (—1,-0.5]. Then for each X, Y C U, the following properties hold:

(1) (ZL1 B )p(X U Y) 2 (Zi) Be,)s(X) U (ZLL; B, )(Y);

(2) (Zt 1 %L,)ﬁ(x uy)2 (Z %G,)ﬁ(){) U (Zt 1 %G,)ﬁ(y)'

(3) (X1 Be )p(X NY) € (Z1) B )p(X) N (Z1L) Be, Jp(Y);

(4) (T Be )y (X N Y) € (T, Be)o(X) N (T, B o).
Proof. 1t can be directly obtained by Proposition 4.7. m|

Proposition 4.12. Let (' = {Bg,, Bg,, - Bg,, } be a finite collection of BFPRs over U on the criteria
C,8, - ,C,, e [0.5,1)and B € (—1,-0.5]. Then for each X C U, we have

(1) (Zi21 B )o(X) = ML) B, (X) ;

(2) (X1 B )o(X) = UL B, (X),;

(3) (Xt %)ﬁ(X) = U1 B, (X)

Proof. Straightforward. m|

Proposition 4.13. Let Y = {B,, Bg,, - B, } be a finite collection of BFPR over U on the criteria
€,C,---,C,, a €[0.5,1)and B € (—1,-0.5]. Then for each X,Y C U, the following properties
hold:

(1) (Z Be)iX NY) = ML (B6(X) N BeY) )

(2) (1 B (X U Y) = UL, (B, (X, U Be,(Y),);
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(3) (Zit Bej(X U Y) = UL (BeX) U B, )

(4) (T B h(X N Y) = N (B, (X); N B, (Y),)
Proof. It can be directly obtained by Proposition 4.12 and Theorem 4.7 and Theorem 4.9 of [25]. O

Definition 4.14. Let T = {Bg,, Bg,, - B, } be a finite collection of BEPRs over U on the criteria
€,C,,-++,C,, a€[0.5,1)andp € (—=1,-0.5]. Then the accuracy measure A" . (X) of X C U under

(a, B)P-MG-BFPRSs is defined as:

(aB)P

Al X) = (XD, %), (33)
where
(2L 23m)p(/\')
X, = ; (34)
(X, Be,)(X)
and
(X1 B, )p(X)
¥ = : (35)
(Zr1 Be,)p(X)

The corresponding roughness measure RE& By (X) of X under (a, B)’-MG-BFPRSs is defined as:
Ry X) = (1,1) = AG g, (X) = (1 = X, 1 - X7). (36)

Obviously, (0,0) < AL (X),RY . (X)<(1,1)forany X C U, a € [0.5,1) and B € (-1,-0.5].

(ap)? (ap)?

Example 4.15. (Following Example 4.3) We can determine the accuracy measure and the roughness
measure of X = {x1,x,} € U for @« = 0.5 and B = —0.5 under (a,B)’-MG-BFPRSs environment as
follows:

Al pp(X) = (0 0) = (0,0),

Ry (&) = (1,1) = (0,0) = (1, 1).

Proposition 4.16. Let T = {B,, Bg,, - - B, } be a finite collection of BFPRs over the universe U on
the criteria €, C,,--- ¢, @ € [0.5,1) and B € (—1,—-0.5]. Then the accuracy measure ﬂaﬁ)p(X) of
X C O under (a,8)P-MG-BFPRSs owns the following properties:

(1) AL, (X) = (0,0) = (T, Be,)s = @ = (X1 Be,)ps

(2) ﬂ(aﬁ)P(X) =(1,1) &= (XL, Be,)h = (X121 Be, ), and (XL 28@:);; = (25 %«:,)2;

(3) IfX =V or X = @, then AL, (X) = (1, 1).

(@B)
Proof. Straightforward. O
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5. Relationship among the (o, 5)-BFPRSs, (o, 8)’-MG-BFPRSs and («, 3)’-MG-BFPRSs

In this part, the respective connections among the (@, 5)-BFPRSs, (@, 8)’-MG-BFPRSs and («, 5)7-
MG-BFPRSs are studied.

Proposition 5.1. Let T = {B¢,, Bg,, - B, } be a finite collection of BFPRs over U on the criteria
C,8,, - ,C, and a € [0.5,1). Then for each X C U, the following properties hold:

(1) Be,(X) € (Ei) Be,)o(X);

(2) Be,(X) 2 (Zi) Be, o (X);

(3) B, (X), 2 (X Be,)(X);

(4) B, (X), € (T B, )L (X);
Proof. 1t can be directly obtained by Definitions 2.14, 3.1 and 4.1. O

Proposition 5.1 shows the link of containment between a-lower approximation, a-upper
approximation and a-optimistic lower, @-optimistic upper, @-pessimistic lower and @-pessimistic upper
multi-granulation rough approximations of a subset X of U.

In other words, the a-optimistic lower multi-granulation rough approximation of X C U is finer than
the a-lower approximation of X € U. Moreover, the a-pessimistic lower multi-granulation of X € U
is coarser than the @-lower approximation of X C U. Similarly, the @-upper approximation of X C U'is
finer than the a-optimistic upper multi-granulation approximation of X C U. Furthermore, the a-upper

approximation of X € U is coarser than the a-pessimistic upper multi-granulation approximation of
X CcOU.

Proposition 5.2. Let T = {B¢,, Bg,, - By, } be a finite collection of BFPRs over U on the criteria
C,C,, -, €, and B € (—1,-0.5]. Then for any X C O, the subsequent axioms hold:

(]) %(it(X)ﬁ =2 (Z?i] %(E,);(X);

(2) B (X), < (X1 BeJ5(X);

(3) B, (X)y € (Tt By (X);

Proof. It can be directly obtained by Definitions 2.14, 3.1 and 4.1. O

The above proposition shows the connection of containment between S-lower approximation, -
upper approximation and S-optimistic lower, S-optimistic upper, S-pessimistic lower and S-pessimistic
upper multi-granulation rough approximations of a subset X of U.
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The results also reveal that, the S-optimistic lower multi-granulation rough approximation of X C
U is coarser than the S-lower approximation of X € U. Moreover, the S-pessimistic lower multi-
granulation of X C U is finer than the S-lower approximation of X C U. Similarly, the g-upper
approximation of X C U is coarser than the S-optimistic upper multi-granulation approximation of
X € O. Furthermore, the S-upper approximation of X € U is finer than the S-pessimistic upper
multi-granulation approximation of X € U.

Proposition 5.3. Suppose Y = {Bg,, Bg,, - - B, } is a finite collection of BFPRs over U on the criteria

€, C,, -, C, such that Bg, = Bg, = --- = Bg, forany a € [0.5,1) and B € (=1,-0.5]. Then for each
XCO,

(1) %G,(X)l = () B )l X) = (T Be,)2(X);

(2) B, (X), = (Z1) B )o(X) = (Z1L; Be, )1 (X);

(3) %ﬁt(X)ﬁ = (Tt B, (X)) = (L) Be,)(X);

(4) %ﬁr(-’\’)ﬁ = (X% %(E,);(X) = (25 58@,)27(/\’)-
Proof. Straightforward. m|

The next result shows the relationship of containment between (a, 8)’-MG-BFPR-approximations
and (a, B)’-MG-BFPR-approximations for any X € U.

Proposition 5.4. Let T = {B¢,, Bg,, - By, } be a finite collection of BFPRs over U on the criteria
€,C,, - ,C,anda €[0.5,1) and B € (—1,-0.5]. Then for each X C U,

(1) (I, Be,)o(X) 2 (T Be,)2(X);

(2) (I Be,)o(X) € (I Be,)2(X);

(3) (2 B )X € (T Be Yo(X);

(4) (B B )g(X) 2 (T B, )p(X).
Proof. It can be directly obtained by Definitions 3.1 and 4.1. O

The subsequent result signifies the connection among accuracy measures of (@, 8)-BFPRSs, (a, 8)°-
MG-BFPRSs and (a, 8)’-MG-BFPRSs for any X € O.

Proposition 5.5. Let A, (X) = (X2, %8), AT (X) = (¥, %) and AT, ,,(X) = (X0, X0) be the

accuracy measures of X C O under (a,B)-BFPRSs, (a,5)°-MG-BFPRSs and (a,8)"-MG-BFPRSs
environments, respectively. Then for a € [0.5,1) and g € (—1,—0.5], we have
(1) X° > X* and?ﬁg > X8,

(2) X < X* and %g < X;
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a —

(3) X° > XP and xp > %g.
Proof. Straightforward. O

To better comprehend the connection among the (a, 8)-BFPRSs, (a, 8)°-MG-BFPRSs and (a, 8)-
MG-BFPRSs, we provide the following illustration.

Example 5.6. (Continued Example 2.13) Consider the two BFPRs Bg,, Bg, over U, where U =
{x1, X2, X3, X4, X5} given in Example 2.13. If T = {x,,x3} C O, then for « = 0.5 and = -0.5, the

a-lower, a-upper, B-lower, and B-upper approximations of 7 w.r.t. B, by using Definition 2.14 are
respectively given as:

B, (T) = {x2, x3},

B, (7)), = {x1, X2, X3, X4, X5},

%(51 (T)ﬁ = {XI, X2, X3, X4, )C5},

B, (T)y = (x2).

Similarly, in the light of Definition 2.14, the a-lower, a-upper, B-lower, and B-upper approximations
of T w.r.t. B, are respectively given as:

B, () =1}

%62(‘7')@ = {x1, X2, X3,
SB@Z(T)B = {x2, x3, X5},

B, (T = 1

Now, according to Definition 3.1, the a-optimistic lower, a-optimistic upper, -optimistic lower and
B-optimistic upper multi-granulation rough approximations of T are calculated respectively as:

(Be, + Be,)o(T) = {x2, x3},

(Be, + Be,)o(T) = {x1, x2, x3),
(B, + B, )o(T) = {x2, x3, x5,

(Bg, + %GQ)Z(T) = {xo}.

Similarly, from Definition 4.1, the a-pessimistic lower, a-pessimistic upper, 3-pessimistic lower and
B-pessimistic upper multi-granulation rough approximations of I are calculated respectively as:

(Be, + Be,)2(T) = {1,

(Be, + Be,)2(T) = {x1, x2, X3, X4, X5},
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(B, + %GZ)Z(T) = {x1, X2, X3, Xg, X5},

(%(ﬁ + %52)5(7') = {}

]

We observe that Ma C (Bg, + Be,)(T), EBGZ(‘T)Q C (Bg, + Be,)(T) and B, (T)
(B, + Be)o(T), B, (T) 2 (B, + Be,)o(T).  Further, B,(T), 2 (B, + Be,)(T), Be,(T),
(B, + Be,)A(T) and B, (T), S (Be, + B,)AT), Be,(T), S (B, + B, (T), which verifies
Proposition 5.1. Similarly, %QI(T)ﬂ 2 (Bg, + B, )y(7), 23@2(‘7“),6 2 (B, + B, )y(T) and Mﬁ C
(B, + B, )5(T), Be,(T), € (Bs, + B, )5(T). Moreover, B¢, (T); € (B, + B, )5 (T), B, (T €
(B, + Be, )y (T) and B, (T)y; 2 (Be, + Be,)5(T), Be,(T)y 2 (Be, + B,)5(T), which verifies
Proposition 5.2. Also, one can see that (Bg, + Be,)o(T) 2 (Be, + Be,)(T), (Bs, + Be,)(T) <

(58(51 + %QZ)Z(T), (%(‘:1 + %GZ)Z(T) - (58(51 + EBGz)g(T) and (EB(gl + EBQZ);(T) 2 (%(51 + %%)Z(T),
which verifies Proposition 5.4. Moreover, the measure of accuracy of T under (a,3)-BFPRSs w.r.t.
By, is evaluated as:

]

Ay (T) = (X7, %) = (0.4,0.2).

Similarly, we can calculate the accuracy measure of T under (a, 8)°-MG-BFPRSs and (a, B)’-MG-
BFPRSs environment is as follows:

AL (T = (X2, %5) = (0.666, 0.333),

Alapy(T) = (X, X7) = (0,0).

a’

Clearly, we can see that X > X°, Xg > X8, XD < X2, %g < XP, X7 > X7, Xg > %g, which verifies
Proposition 5.5.

6. Comparative study and discussion

One desired direction in RS theory is MGRS, which approximates a target set via granular structures
obtained by multiple binary relations. On the other hand, BFS is considered more appropriate to
capture uncertainty because it provides two-sided information about alternatives. In the literature,
there are various hybrid MGRS models. Each of these models has merits and demerits. The problem
under consideration determines the capability of any model. For instance, Qian et al. [47,48] construct
a framework of OMGRS and PMGRS by getting inspiration from multi-source datasets, and multiple
granulations are needed by multi-scale data for set approximation [61]. Many things are different when
we compare our proposed study with existing theories. For example:

(1) Our work is different from the existing study in [24] in term of MGRS. In [24], Gul and Shabir
originated the idea (@, §)-multi-granulation bipolar fuzzified RS using a finite collection of bipolar
fuzzy tolerance relations. While in our proposed work, we have used a finite collection of BFPRs.

(2) If we compare our proposed approach with the methods offered in [4, 15, 19,21,29,36-38,41],
we conclude that these methods are unable to capture bipolarity in decision-making which is an
essential part of human thinking and behavior.
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(3) Some studied on the FSs and BFSs can also be found in [3,5,9,13,26,27,33], but the roughness
of the proposed approaches is not studied in these papers. Our proposed study is a unification of
MGRSs and BFPR. In this study, we implement the notions of multi-granulation roughness to the
target set by using BFPR, which is the uniqueness and novelty of our study.

7. Conclusions and future work

MGRS theory is an extension of the classical RS theory, a mathematical framework for dealing
with uncertainty and vagueness in data under multiple binary relations over the universe. It provides a
new perspective based on multi-granulation analysis for knowledge acquisition and decision-making.
On the other hand, bipolarity refers to an explicit handling of positive and negative aspects of data.
Numerous human decisions are influenced by their positive and negative, or bipolar, assessments. In
this paper, in terms of BFPR and MGRS theory, we have established (a, 8)°-MG-BFPRSs and (a, §)"-
MG-BFPRSs models. Several essential properties of the two models have been investigated in detail.
At the same time, a relationship among the (a, 8)-BFPRS, («, 8)’-MG-BFPRS and («, 5)’-MG-BFPRS
models have been established.

We hope our investigations provide more insight into the foundations of MGRS theory and lead to
more robust mathematical approaches to approximate reasoning in soft computing. Meanwhile, several
avenues remain for further theoretical research in this direction. Generally, future lines of study include
the following complementary issues:

(1) The attribute reduction of (a,B)°-MG-BFPRS and (a,B)”-MG-BFPRS models should be
analyzed, and comprehensive experimental investigations and comparisons with existing methods
should also be verified and explored.

(2) Further research may be conducted to develop effective algorithms for various decision-making
problems.

(3) Another avenue is to look at the topological characteristics of the proposed models.
Use of Al tools declaration
The authors declare they have not used Artificial Intelligence (Al) tools in the creation of this article.
Acknowledgments

The fourth author extends her appreciation to the Deanship of Scientific Research at King Khalid
University for funding this work through a research groups program under grant RGP2/310/44.

Conflict of interest

The authors declare that they have no competing interests.

AIMS Mathematics Volume 8, Issue 11, 25888-25921.



25917

References

1. M.  Akram, Bipolar  fuzzy  graphs, Inf.  Sci., 181  (2011), 5548-5564.
https://doi.org/10.1016/;.ins.2011.07.037

2. G. Ali, M. Akram, J. C. R. Alcantud, Attributes reductions of bipolar fuzzy relation decision
systems, Neural Comput. Applic., 32 (2020), 10051-10071. https://doi.org/10.1007/s00521-019-
04536-8

3. M. A. Alghamdi, N. O. Alshehri, M. Akram, Multi-criteria decision-making methods in bipolar
fuzzy environment, Int. J. Fuzzy Syst., 20 (2018), 2057-2064. https://doi.org/10.1007/s40815-018-
0499-y

4. A. Ali, M. I. Ali, N. Rehman, New types of dominance based multi-granulation rough sets and
their applications in Conflict analysis problems, J. Intell. Fuzzy Syst., 35 (2018), 3859-3871.
https://doi.org/10.3233/JIFS-18757

5. T. M. Al-shami, (2,1)-Fuzzy sets: Properties, weighted aggregated operators and their
applications to multi-criteria decision-making methods, Complex Intell. Syst., 9 (2023), 1687—
1705. https://doi.org/10.1007/s40747-022-00878-4

6. T. M. Al-shami, An improvement of rough sets’ accuracy measure using containment
neighborhoods with a medical application, Inf. Sci., 569 (2021), 110-124.
https://doi.org/10.1016/j.ins.2021.04.016

7. T. M. Al-shami, Topological approach to generate new rough set models, Complex Intell. Syst., 8
(2022), 4101-4113. https://doi.org/10.1007/s40747-022-00704-x

8. T. M. Al-shami, Bipolar soft sets: Relations between them and ordinary points and their
applications, Complexity, 2021 (2021), 6621854. https://doi.org/10.1155/2021/6621854

9. T. M. Al-shami, J. C. R. Alcantud, A. Mhemdi, New generalization of fuzzy soft sets: (a, b)-Fuzzy
soft sets, AIMS Mathematics, 8 (2023), 2995-3025. https://doi.org/10.3934/math.2023155

10. T. M. Al-shami, I. Alshammari, Rough sets models inspired by supra-topology structures, Artif.
Intell. Rev., 56 (2023), 6855—6883. https://doi.org/10.1007/s10462-022-10346-7

11. T. M. Al-shami, A. Mhemdi, Approximation operators and accuracy measures of rough sets from
an infra-topology view, Soft Comput., 27 (2023), 1317-1330. https://doi.org/10.1007/s00500-022-
07627-2

12. T. M. Al-shami, A. Mhemdi, Approximation spaces inspired by subset rough neighborhoods with
applications, Demonstr. Math., 56 (2023), 20220223. https://doi.org/10.1515/dema-2022-0223

13. T. M. Al-shami, A. Mhemdi, Generalized frame for orthopair fuzzy sets: (m,n)-Fuzzy sets
and their applications to multi-criteria decision-making methods, Information, 14 (2023), 56.
https://doi.org/10.3390/info 14010056

14. T. M. Al-shami, A. Mhemdi, Belong and nonbelong relations on double-Framed soft sets and their
applications, J. Math., 2021 (2021), 9940301. https://doi.org/10.1155/2021/9940301

15. H. Chen, T. Li, C. Luo, J. Hu, Dominance-based neighborhood rough sets and its attribute
reduction, In: Rough Sets and Knowledge Technology, Cham: Springer, 89-99, 2015.
https://doi.org/10.1007/978-3-319-25754-9_8

16. S. M. Chen, T. E. Lin, L. W. Lee, Group decision making using incomplete fuzzy preference
relations based on the additive consistency and the order consistency, Inf. Sci., 259 (2014), 1-15.
https://doi.org/10.1016/j.ins.2013.08.042

AIMS Mathematics Volume 8, Issue 11, 25888-25921.


http://dx.doi.org/https://doi.org/10.1016/j.ins.2011.07.037
http://dx.doi.org/https://doi.org/10.1007/s00521-019-04536-8
http://dx.doi.org/https://doi.org/10.1007/s00521-019-04536-8
http://dx.doi.org/https://doi.org/10.1007/s40815-018-0499-y
http://dx.doi.org/https://doi.org/10.1007/s40815-018-0499-y
http://dx.doi.org/https://doi.org/10.3233/JIFS-18757
http://dx.doi.org/https://doi.org/10.1007/s40747-022-00878-4
http://dx.doi.org/https://doi.org/10.1016/j.ins.2021.04.016
http://dx.doi.org/https://doi.org/10.1007/s40747-022-00704-x
http://dx.doi.org/https://doi.org/10.1155/2021/6621854
http://dx.doi.org/https://doi.org/10.3934/math.2023155
http://dx.doi.org/https://doi.org/10.1007/s10462-022-10346-7
http://dx.doi.org/https://doi.org/10.1007/s00500-022-07627-2
http://dx.doi.org/https://doi.org/10.1007/s00500-022-07627-2
http://dx.doi.org/https://doi.org/10.1515/dema-2022-0223
http://dx.doi.org/https://doi.org/10.3390/info14010056
http://dx.doi.org/https://doi.org/10.1155/2021/9940301
http://dx.doi.org/https://doi.org/10.1007/978-3-319-25754-9_8
http://dx.doi.org/https://doi.org/10.1016/j.ins.2013.08.042

25918

17

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

. D. Dubois, H. Prade, Putting rough sets and fuzzy sets together, In: Intelligent Decision Support,
Dordrecht: Springer, 203-232, 1992. https://doi.org/10.1007/978-94-015-7975-9_14

D. Dubois, H. Prade, Rough fuzzy sets and fuzzy rough sets, Int. J. Gen. Syst., 17 (1990), 191-209.
https://doi.org/10.1080/03081079008935107

T. Feng, J. S. Mi, Variable precision multigranulation decision-theoretic fuzzy rough sets,
Knowledge-Based Syst., 91 (2016), 93—101. https://doi.org/10.1016/j.knosys.2015.10.007

S. Greco, B. Matarazzo, R. Stowinski, Rough approximation of a preference relation by dominance
relations, Eur. J. Oper. Res., 117 (1999), 63-83. https://doi.org/10.1016/S0377-2217(98)00127-1
S. Greco, B. Matarazzo, R. Stowinski, Rough approximation by dominance relations, Int. J. Intell.
Syst., 17 (2002), 153-171. https://doi.org/10.1002/int.10014

S. Greco, B. Matarazzo, R. Stowinski, Fuzzy extention of the rough set approach to multicriteria
and multiattribute sorting, In: Preferences and Decisions under Incomplete Knowledge, Heidelber:
Physica, 131-151, 2000. https://doi.org/10.1007/978-3-7908-1848-2_8

R. Gul, M. Shabir, Roughness of a set by («, 8)-indiscernibility of Bipolar fuzzy relation, Comput.
Appl. Math., 39 (2020), 160. https://doi.org/10.1007/s40314-020-01174-y

R. Gul, M. Shabir, (a,)-Multi-granulation bipolar fuzzified rough sets and their applications
to multi criteria group decision making, J. Intell. Fuzzy Syst., 41 (2021), 2025-2060.
https://doi.org/10.3233/JIFS-210717

R. Gul, M. Shabir, A comprehensive study on («, 8)-bipolar fuzzified rough set model based on
bipolar fuzzy preference relation and corresponding decision-making applications, Comput. Appl.
Math., 2023, In press.

Z. Gul, Some bipolar fuzzy aggregations operators and their applications in multicriteria group
decision making, PhD thesis, Hazara University, 2015.

Y. Han, Z. Lu, Z. Du, Q. Luo, S. Chen, A YinYang bipolar fuzzy cognitive TOPSIS
method to bipolar disorder diagnosis, Comput. Methods Programs Biomed., 158 (2018), 1-10.
https://doi.org/10.1016/j.cmpb.2018.02.004

Y. Han, P. Shi, S. Chen, Bipolar-Valued Rough Fuzzy Set and Its Applications to
the Decision Information System, [EEE Trans. Fuzzy Syst., 23 (2015), 2358-2370.
https://doi.org/10.1109/TFUZZ.2015.2423707

C. Hu, L. Zhang, Dynamic dominance-based multigranulation rough sets approaches with evolving
ordered data, Int. J. Mach. Learn. Cybern., 12 (2021), 17-38. https://doi.org/10.1007/s13042-020-
01119-1

B. Huang, C. X. Guo, Y. L. Zhuang, H. X. Li, X. Z. Zhou, Intuitionistic fuzzy multigranulation
rough sets, Inf. Sci., 277 (2014), 299-320. https://doi.org/10.1016/j.ins.2014.02.064

Y. Kang, S. Wu, Y. Li, W. Weng, New and improved: Grey multi-granulation rough sets, Int. J.
Syst. Sci., 48 (2017), 2575-2589. https://doi.org/10.1080/00207721.2017.1324922

Q. Kong, X. Zhang, W. Xu, S. Xie, Attribute reducts of multi-granulation information system,
Artif. Intell. Rev., 53 (2020), 1353—1371. https://doi.org/10.1007/s10462-019-09699-3

K. M. Lee, Bipolar-valued fuzzy sets and their basic operations: In: Proceedings of the
International Conference, 307-317, 2000.

M. Li, M. Chen, W. Xu, Double-quantitative multigranulation decision-theoretic rough fuzzy set
model, Int. J. Mach. Learn. Cybern., 10 (2019), 3225-3244. https://doi.org/10.1007/s13042-019-
01013-5

AIMS Mathematics Volume 8, Issue 11, 25888-25921.


http://dx.doi.org/https://doi.org/10.1007/978-94-015-7975-9_14
http://dx.doi.org/https://doi.org/10.1080/03081079008935107
http://dx.doi.org/https://doi.org/10.1016/j.knosys.2015.10.007
http://dx.doi.org/https://doi.org/10.1016/S0377-2217(98)00127-1
http://dx.doi.org/ https://doi.org/10.1002/int.10014
http://dx.doi.org/https://doi.org/10.1007/978-3-7908-1848-2_8
http://dx.doi.org/https://doi.org/10.1007/s40314-020-01174-y
http://dx.doi.org/https://doi.org/10.3233/JIFS-210717
http://dx.doi.org/https://doi.org/10.1016/j.cmpb.2018.02.004
http://dx.doi.org/https://doi.org/10.1109/TFUZZ.2015.2423707
http://dx.doi.org/https://doi.org/10.1007/s13042-020-01119-1
http://dx.doi.org/https://doi.org/10.1007/s13042-020-01119-1
http://dx.doi.org/https://doi.org/10.1016/j.ins.2014.02.064
http://dx.doi.org/https://doi.org/10.1080/00207721.2017.1324922
http://dx.doi.org/https://doi.org/10.1007/s10462-019-09699-3
http://dx.doi.org/https://doi.org/10.1007/s13042-019-01013-5
http://dx.doi.org/https://doi.org/10.1007/s13042-019-01013-5

25919

35

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

.J. Liang, F. Wang, C. Dang, Y. Qian, An efficient rough feature selection algorithm
with a multi-granulation view, [Int. J. Approx. Reason., 53 (2012), 912-926.
https://doi.org/10.1016/j.ijar.2012.02.004

G. Lin, J. Liang, Y. Qian, An information fusion approach by combining multigranulation rough
sets and evidence theory, Inf. Sci., 314 (2015), 184—199. https://doi.org/10.1016/.ins.2015.03.051
G. Lin, Y. Qian, J. Li, NMGRS: Neighborhood-based multigranulation rough sets, Int. J. Approx.
Reason., 53 (2012), 1080-1093. https://doi.org/10.1016/j.ijar.2012.05.004

P. Liu, A. Ali, N. Rehman, Multi-granulation fuzzy rough sets based on fuzzy
preference relations and their applications, IEEE Access, 7 (2019), 147825-147848.
https://doi.org/10.1109/ACCESS.2019.2942854

N. Malik, M. Shabir, T. M. Al-shami, R. Gul, M. Arar, M. Hosny, Rough bipolar fuzzy ideals in
semigroups, Complex Intell. Syst., 2023. https://doi.org/10.1007/s40747-023-01132-1 .

N. Malik, M. Shabir, T. M. Al-shami, R. Gul, A. Mhemdi, Medical decision-making
techniques based on bipolar soft information, AIMS Mathematics, 8 (2023), 18185-18205.
https://doi.org/10.3934/math.2023924

P. Mandal, A. S. Ranadive, Fuzzy multi-granulation decision-theoretic rough sets based on fuzzy
preference relation, Soft Comput., 23 (2019), 85-99. https://doi.org/10.1007/s00500-018-3411-7
P. Mandal, A. S. Ranadive, Multi-granulation bipolar-valued fuzzy probabilistic rough sets and
their corresponding three-way decisions over two universes, Soft Comput., 22 (2018), 8207-8226.
https://doi.org/10.1007/s00500-017-2765-6

A. Mubarak, M. Shabir, W. Mahmood, Pessimistic multigranulation rough bipolar fuzzy
set and their application in medical diagnosis, Comput. Appl. Math., 42 (2023), 249.
https://doi.org/10.1007/s40314-023-02389-5

S. Orlovsky, Decision-making with a fuzzy preference relation, In: Readings in fuzzy sets for
intelligent systems, 717-723, 1993. https://doi.org/10.1016/B978-1-4832-1450-4.50077-8

W. Pan, K. She, P. Wei, Multi-granulation fuzzy preference relation rough set for ordinal decision
system, Fuzzy Sets Syst., 312 (2017), 87-108. https://doi.org/10.1016/j.fss.2016.08.002

Z. Pawlak, Rough sets, [Int. J. Comput. Inf. Sci, 11 (1982), 341-356.
https://doi.org/10.1007/BF01001956

Y. Qian, J. Liang, Y. Yao, C. Dang, MGRS: A multi-granulation rough set, Inf. Sci., 180 (2010),
949-970. https://doi.org/10.1016/j.ins.2009.11.023

Y. H. Qian, J. Y. Liang, W. Wei, Pessimistic rough decision, Second International Workshop on
Rough Sets Theory, Zhoushan, PR China, 29 (2010), 440-449.

Y. Qian, H. Zhang, Y. Sang, J. Liang, Multigranulation decision-theoretic rough sets, Int. J. Approx.
Reason., 55 (2014), 225-237. https://doi.org/10.1016/j.ijar.2013.03.004

J.  Qian, C. Liu, X.  Yue, Multigranulation  sequential  three-way  decisions
based on multiple thresholds, Int. J. Approx. Reason., 105 (2019), 396-416.
https://doi.org/10.1016/j.1jar.2018.12.007

T. L. Saaty, The analytic hierarchy process, New York: McGraw-Hill, 1980.

Y. She, X. He, On the structure of the multigranulation rough set model, Knowledge-Based Syst.,
36 (2012), 81-92. https://doi.org/10.1016/j.knosys.2012.05.019

Y. She, X. He, H. Shi, Y. Qian, A multiple-valued logic approach for multigranulation rough set
model, Int. J. Approx. Reason., 82 (2017), 270-284. https://doi.org/10.1016/j.ijar.2016.12.006

AIMS Mathematics Volume 8, Issue 11, 25888-25921.


http://dx.doi.org/https://doi.org/10.1016/j.ijar.2012.02.004
http://dx.doi.org/https://doi.org/10.1016/j.ins.2015.03.051
http://dx.doi.org/https://doi.org/10.1016/j.ijar.2012.05.004
http://dx.doi.org/https://doi.org/10.1109/ACCESS.2019.2942854
http://dx.doi.org/https://doi.org/10.1007/s40747-023-01132-1
http://dx.doi.org/https://doi.org/10.3934/math.2023924
http://dx.doi.org/https://doi.org/10.1007/s00500-018-3411-7
http://dx.doi.org/https://doi.org/10.1007/s00500-017-2765-6
http://dx.doi.org/https://doi.org/10.1007/s40314-023-02389-5
http://dx.doi.org/https://doi.org/10.1016/B978-1-4832-1450-4.50077-8
http://dx.doi.org/https://doi.org/10.1016/j.fss.2016.08.002
http://dx.doi.org/https://doi.org/10.1007/BF01001956
http://dx.doi.org/https://doi.org/10.1016/j.ins.2009.11.023
http://dx.doi.org/https://doi.org/10.1016/j.ijar.2013.03.004
http://dx.doi.org/https://doi.org/10.1016/j.ijar.2018.12.007
http://dx.doi.org/https://doi.org/10.1016/j.knosys.2012.05.019
http://dx.doi.org/https://doi.org/10.1016/j.ijar.2016.12.006

25920

54. P. K. Singh, C. A. Kumar, Bipolar fuzzy graph representation of concept lattice, Inf. Sci., 288
(2014), 437-448. https://doi.org/10.1016/j.ins.2014.07.038

55. A. Skowron, J. Stepaniuk, Tolerance approximation spaces, Fund. Inform., 27 (1996), 245-253.
https://doi.org/10.3233/FI-1996-272311

56. B. Sun, W. Ma, X. Chen, X. Zhang, Multigranulation vague rough set over two universes
and its application to group decision making, Soft Comput., 23 (2019), 8927-8956.
https://doi.org/10.1007/s00500-018-3494-1

57.B. Sun, W. Ma, Y. Qian, Multigranulation fuzzy rough set over two universes
and its application to decision making, Knowledge-Based Syst., 123 (2017), 61-74.
https://doi.org/10.1016/j.knosys.2017.01.036

58. F. Tufail, M. Shabir, VIKOR method for MCDM based on bipolar fuzzy soft S-covering based
bipolar fuzzy rough set model and its application to site selection of solar power plant, J. Intell.
Fuzzy Syst., 42 (2022), 1835-1857. https://doi.org/10.3233/JIFS-211223

59. G. Wei, C. Wei, H. Gao, Multiple attribute decision making with interval-valued bipolar fuzzy
information and their application to emerging technology commercialization evaluation, /EEE
Access, 6 (2018), 60930-60955. https://doi.org/10.1109/ACCESS.2018.2875261

60. G. Wei, F. E. Alsaadi, T. Hayat, A. Alsaedi, Bipolar fuzzy Hamacher aggregation
operators in multiple attribute decision making, Int. J. Fuzzy Syst., 20 (2018), 1-12.
https://doi.org/10.1007/s40815-017-0338-6

61. W.Z. Wu, Y. Leung, Theory and applications of granular labelled partitions in multi-scale decision
tables, Inf. Sci., 181 (2011), 3878-3897. https://doi.org/10.1016/j.ins.2011.04.047

62. Z. S. Xu, Intuitionistic preference relations and their application in group decision making, Inf.
Sci., 177 (2007), 2363-2379. https://doi.org/10.1016/j.ins.2006.12.019

63. W. Xu, W. Sun, X. Zhang, W. Zhang, Multiple granulation rough set approach
to ordered information systems, [Int. J. Gen. Syst., 41 (2012), 475-501.
https://doi.org/10.1080/03081079.2012.673598

64. W. Xu, W. Li, X. Zhang, Generalized multigranulation rough sets and optimal granularity selection,
Granul. Comput., 2 (2017), 271-288. https://doi.org/10.1007/s41066-017-0042-9

65. W. Xu, X. Zhang, W. Zhang, Two new types of multiple granulation rough set, Int. Scholarly Res.
Not., 2013 (2013), 791356. https://doi.org/10.1155/2013/791356

66. Z. Xue, L. P. Zhao, M. Zhang, B. X. Sun, Three-way decisions based on multi-granulation
support intuitionistic fuzzy probabilistic rough sets, J. Intell. Fuzzy Syst., 38 (2020), 5013-5031.
https://doi.org/10.3233/JIFS-191657

67. X. B. Yang, Y. H. Qian, J. Y. Yang, Hierarchical structures on multigranulation spaces, J. Comput.
Sci. Technol., 27 (2012), 1169-1183. https://doi.org/10.1007/s11390-012-1294-0

68. X. B. Yang, X. N. Song, H. L. Dou, J. Y. Yang, Multi-granulation rough set: From crisp to fuzzy
case, Ann. Fuzzy Math. Inform., 1 (2011), 55-70.

69.H. L. Yang, S. G. Li, S. Wang, J. Wang, Bipolar fuzzy rough set model on
two different universes and its application, Knowledge-Based Syst., 35(2012), 94-101.
https://doi.org/10.1016/j.knosys.2012.01.001

70. H. L. Yang, S. G. Li, Z. L. Guo, C. H. Ma, Transformation of bipolar fuzzy rough set models,
Knowledge-Based Syst., 27 (2012), 60-68. https://doi.org/10.1016/j.knosys.2011.07.012

AIMS Mathematics Volume 8, Issue 11, 25888-25921.


http://dx.doi.org/https://doi.org/10.1016/j.ins.2014.07.038
http://dx.doi.org/https://doi.org/10.3233/FI-1996-272311
http://dx.doi.org/https://doi.org/10.1007/s00500-018-3494-1
http://dx.doi.org/https://doi.org/10.1016/j.knosys.2017.01.036
http://dx.doi.org/https://doi.org/10.3233/JIFS-211223
http://dx.doi.org/https://doi.org/10.1109/ACCESS.2018.2875261
http://dx.doi.org/https://doi.org/10.1007/s40815-017-0338-6
http://dx.doi.org/https://doi.org/10.1016/j.ins.2011.04.047
http://dx.doi.org/https://doi.org/10.1016/j.ins.2006.12.019
http://dx.doi.org/https://doi.org/10.1080/03081079.2012.673598
http://dx.doi.org/https://doi.org/10.1007/s41066-017-0042-9
http://dx.doi.org/https://doi.org/10.1155/2013/791356
http://dx.doi.org/https://doi.org/10.3233/JIFS-191657
http://dx.doi.org/https://doi.org/10.1007/s11390-012-1294-0
http://dx.doi.org/https://doi.org/10.1016/j.knosys.2012.01.001
http://dx.doi.org/https://doi.org/10.1016/j.knosys.2011.07.012

25921

71

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

. Y. Y. Yao, Relational interpretations of neighborhood operators and rough set approximation
operators, Inf. Sci., 111 (1998), 239-259. https://doi.org/10.1016/S0020-0255(98)10006-3

X. You, J. Li, H. Wang, Relative reduction of neighborhood-covering pessimistic
multigranulation rough set based on evidence theory, Information, 10 (2019), 334.
https://doi.org/10.3390/info10110334

L. A. Zadeh, Fuzzy sets, Inf. Control, 8 (1965), 338-353. https://doi.org/10.1016/S0019-
9958(65)90241-X

W. Zakowski, Approximations in the space (U, []), Demonstr. Math., 16 (1983), 761-770.
https://doi.org/10.1515/dema-1983-0319

J. Zhan, W. Xu, Two types of coverings based multigranulation rough fuzzy sets and applications to
decision making, Artif. Intell. Rev., 53(2020), 167-198. https://doi.org/10.1007/s10462-018-9649-
8

J. Zhan, X. Zhang, Y. Yao, Covering based multigranulation fuzzy rough sets and corresponding
applications, Artif. Intell. Rev., 53 (2020), 1093—1126. https://doi.org/10.1007/s10462-019-09690-
y

W. R. Zhang, Bipolar fuzzy sets and relations: A computational framework for cognitive
modeling and multiagent decision analysis, NAFIPS/IFIS/NASA ’94. Proceedings of the
First International Joint Conference of The North American Fuzzy Information Processing
Society Biannual Conference. The Industrial Fuzzy Control and Intellige, 1994, 305-309.
https://doi.org/10.1109/1JCF.1994.375115

X. Zhang, D. Miao, C. Liu, M. Le, Constructive methods of rough approximation
operators and multigranulation rough sets, Knowledge-Based Syst., 91 (2016), 114-125.
https://doi.org/10.1016/j.knosys.2015.09.036

H. Zhang, J. Zhan, Y. He, Multi-granulation hesitant fuzzy rough sets and corresponding
applications, Soft Comput., 23 (2019), 13085-13103. https://doi.org/10.1007/s00500-019-03853-3
W. R. Zhang, A. K. Pandurangi, K. E. Peace, Y. Q. Zhang, Z. Zhao, MentalSquares:
A generic bipolar support vector machine for psychiatric disorder classification, diagnostic
analysis and neurobiological data mining, Int. J. Data Min. Bioin., 5 (2011), 532-557.
https://doi.org/10.1504/ijdmb.2011.043034

W. R. Zhang, G-CPT Symmetry of Quantum Emergence and Submergence—An Information
Conservational Multiagent Cellular Automata Unification of CPT Symmetry and CP Violation
for Equilibrium-Based Many-World Causal Analysis of Quantum Coherence and Decoherence, J.
Quantum Inf. Sci., 6 (2016), 62-97. https://doi.org/10.4236/jqis.2016.62008

W. R. Zhang, L. Zhang, YinYang bipolar logic and bipolar fuzzy logic, Inf. Sci., 165 (2004), 265—
287. https://doi.org/10.1016/j.ins.2003.05.010

W. Ziarko, Variable precision rough set model, J. Comput. Syst. Sci., 46 (1993), 39-59.
https://doi.org/10.1016/0022-0000(93)90048-2

©2023 the Author(s), licensee AIMS Press. This
is an open access article distributed under the

éé?%’ AIMS PI'GSS terms of the Creative Commons Attribution License

(http://creativecommons.org/licenses/by/4.0)

AIMS Mathematics Volume 8, Issue 11, 25888-25921.


http://dx.doi.org/https://doi.org/10.1016/S0020-0255(98)10006-3
http://dx.doi.org/https://doi.org/10.3390/info10110334
http://dx.doi.org/https://doi.org/10.1016/S0019-9958(65)90241-X
http://dx.doi.org/https://doi.org/10.1016/S0019-9958(65)90241-X
http://dx.doi.org/https://doi.org/10.1515/dema-1983-0319
http://dx.doi.org/https://doi.org/10.1007/s10462-018-9649-8
http://dx.doi.org/https://doi.org/10.1007/s10462-018-9649-8
http://dx.doi.org/https://doi.org/10.1007/s10462-019-09690-y
http://dx.doi.org/https://doi.org/10.1007/s10462-019-09690-y
http://dx.doi.org/https://doi.org/10.1109/IJCF.1994.375115
http://dx.doi.org/https://doi.org/10.1016/j.knosys.2015.09.036
http://dx.doi.org/https://doi.org/10.1007/s00500-019-03853-3
http://dx.doi.org/https://doi.org/10.1504/ijdmb.2011.043034
http://dx.doi.org/https://doi.org/10.4236/jqis.2016.62008
http://dx.doi.org/https://doi.org/10.1016/j.ins.2003.05.010
http://dx.doi.org/https://doi.org/10.1016/0022-0000(93)90048-2
http://creativecommons.org/licenses/by/4.0

	Introduction
	Research progress on multi-granulation RSs
	Knowledge gap and motivations and contributions of our research
	The organization of this paper

	Preliminaries
	RS theory
	OMGRS model
	PMGRS model
	FS, BFS, BFRs and some cardinal terminologies

	(, )-optimistic multi-granulation bipolar fuzzified preference rough sets (to.(, )o-MG-BFPRSs )to.
	(, )-pessimistic multi-granulation bipolar fuzzified preference rough sets (to.(, )p-MG-BFPRSs )to.
	Relationship among the (, )-BFPRSs, (, )o-MG-BFPRSs and (, )p-MG-BFPRSs 
	Comparative study and discussion
	Conclusions and future work



