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Abstract

Covering based multigranulation rough fuzzy set, as a generalization of granular computing
and covering based rough fuzzy set theory, is a vital tool for dealing with the vagueness
and multigranularity in artificial intelligence and management sciences. By means of neigh-
borhoods, we introduce two types of coverings based (optimistic, pessimistic and variable
precision) multigranulation rough fuzzy set models, respectively. Some axiomatic systems
are also obtained. The relationships between two types of coverings based (optimistic, pes-
simistic and variable precision) multigranulation rough fuzzy set models are established.
Based on the theoretical discussion for the covering based multigranulation rough fuzzy set
models, we present an approach to multiple criteria group decision making problem. These
two types of basic models and the procedure of decision making methods as well as the
algorithm for the new approach are given in detail. By comparative analysis, the ranking
results based on two different models have a highly consensus. Although there exist some
different ranking results on these two methods, the optimal selected alternative is the same.

Keyword Multigranulation rough set - Covering based (optimistic, pessimistic and variable
precision) multigranulation rough fuzzy set - Neighborhood - Covering based rough fuzzy
set - Multiple criteria group decision making

1 Introduction

Rough set theory (briefly, RST) was firstly mentioned by Pawlak (1982) as a useful approach
to copy with uncertain information. Until now, this theory has been applied to many differ-
ent research fields, such as control, knowledge discovery, data analysis, pattern recognition,
information process, granular computing, and so on (for examples, see Abu-Donia 2012;
Greco et al. 2001; Jensen and Shen 2007; Yao 2010, 2016). It is well known that Pawklak’s
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model builds on an equivalence relation that characterizes a partition formed by classes of
indiscernible object which causes the limited applications. Due to the reason, many gener-
alized rough set models has been established by many researchers in these years, such as,
rough fuzzy set and fuzzy rough set models, general binary relations, neighborhood rough
sets, probabilistic rough sets, decision-theoretic rough sets, soft rough sets, rough soft sets,
and so on (see Chen et al. 2014; Dubois and Prade 1990; Qian et al. 2014b; Sun and Ma
2015b, 2017; Wu and Zhang 2004; Yao 1998; Yeung et al. 2015; Zhan et al. 2017a,b). Now
it is widely accepted that these general rough set models provide very useful and flexible
environments to cope with roughness and vagueness in a more precise manner.

As one of the extended models, covering based rough set model (briefly, CRS-model)
is a vital research topic of generalized RST. CRS is a very powerful tool that enables the
researcher to study data mining in a more general manner. Nowadays, many researchers
investigated this topic in recent thirty years.

After Dubois and Prade (1990) proposed two classes of important concepts of rough
fuzzy sets (briefly, RFSs) and fuzzy rough sets (briefly, FRSs) by combining rough sets and
fuzzy sets, many researchers proposed many generalized FRS-models. At the same time,
some scholars generalized CRS-models to fuzzy covering-based rough sets (briefly, FRC)
by combining fuzzy sets and CRSs.

Zadeh (1997) introduced the concept of granular computing and analysed fuzzy infor-
mation granulation. Nowadays, this theory plays an important role in soft computing,
data mining, information systems, machine learning, and so on, for examples, see Yao
(2005), Pedrycz (2013), Pedrycz et al. (2008) and Zhang et al. (2016). Qian et al. (2010b)
extended Pawlak’s single granular rough set models to multigranulation rough set models
(briefly, MGRS-models). For more details, see Qian et al. (2010a, 2014a,b). Nowadays,
MGRS has become an attractive topic in Al and management sciences and has attracted
many researchers to engage in this area from theoretical and applied aspects, for examples,
see Huang et al. (2014), Lin et al. (2012, 2013), Sun and Ma (2015a), She and He (2012), Xu
and Leung (1998), Xu et al. (2012, 2013), Yang et al. (2012a,b) and Yao and She (2015) and
Zhang et al. (2017, 2018).

Group decision-making (briefly, GDM) attempts to provide solutions to solve such com-
plex real-world problems. However in real life, many decision-making problems in fields like
industrial engineering, management science or operational research usually require multiple
criteria decision making (briefly, MCDM). Consequently, to tackle both settings multiple
criteria group decision making (briefly, MCGDM) or pursues the selection or ranking of the
feasible alternatives by a group, in the presence of conflicting and interactive criteria.

In continuation of these research efforts we proceed to investigate the MCGDM problem.
By viewing existing studies, it appears that there is a lack of investigation on the applications
in multiple criteria group decision making methods by covering based multigranulation rough
fuzzy set models. This motivates the present paper on covering based multigranulation rough
fuzzy set models, as well as their applications in multiple criteria group decision making.
Based on the theoretical discussion for the covering based multigranulation rough fuzzy set
models, we present an approach to multiple criteria group decision making problem. These
two types of basic models and the procedure of decision making methods as well as the
algorithm for the new approach are given in detail. By comparative analysis, the ranking
results based on two different models have a highly consensus. Although there exist some
different ranking results on these two methods, the optimal selected alternative is the same.

In view of this reason, in the present paper, we investigate two types of coverings based
multigranulation rough fuzzy set models by means of the neighborhoods, which is different
from the existing literatures. It is listed as follows: Sect. 2 gives detailedly literature review
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on rough sets and extenshions and decision making methods. Section 3 is devoted to recall
some basic concepts and fundamental properties related to RST and CRSs. In Sects. 4 and 5,
by means of neighborhoods, we introduce two types of coverings based (optimistic, pes-
simistic and variable precision) multigranulation rough fuzzy set models, respectively. Some
axiomatic systems are also obtained. The relationships between two types of coverings based
(optimistic, pessimistic and variable precision) multigranulation rough fuzzy set models are
established in Sect. 6. Finally, we give an application of multiple criteria group decision mak-
ing methods by covering based multigranulation rough fuzzy set models in Sect. 7. Section 8
gives the discussion and points out some future work in this topic.

2 Literature review

This section gives a necessarily short overview of rough set theory and their extensions and
covering based fuzzy rough sets. We also include some comments on the problem of decision
making in an uncertain environment as refers to these specific frameworks.

2.1 Rough set theory and extensions

Covering based rough set theory is an important extension of rough sets. Pomykala (1987)
defined two dual approximation operators. Bonikowski et al. (1998) proposed another
CRS-model by minimal description. Further, Tsang et al. (2008) proposed the third CRS-
model. Zhu (2007, 2009a,b) and Zhu and Wang (2003, 2007, 2012) proposed some kinds of
CRS-models and discussed the relationships among them. Xu and Zhang (2007) proposed a
new CRS-model and discussed measuring roughness. Further, Liu and Sai (2009) compared
the relationships between Zhu’s CRS-models and Xu’s CRS-models. Further important prop-
erties related to CRS-models are proved in Ma (2012, 2015), Yao and Yao (2012) and Zhu
(2011).

Deng et al. (2007) defined a fuzzy coverings by a fuzzy relation. Li et al. (2008) discussed
fuzzy covering based generalized fuzzy rough operators. Ma (2016) investigated two kinds
of fuzzy rough coverings by means of a fuzzy B-neighborhood. Further, Yang and Hu (2016)
discussed some types of fuzzy B-coverings based on rough sets, which are generalizations
of Ma (2016). Recently, D’eer et al. (2016, 2017) discussed fuzzy neighborhoods based on
FRC:s. In view of the above literatures, they would constitute a foundation of FRC-models.
These studies have aroused interest in rough covering theory, which has quickly become an
important and useful research topic in uncertainty theory.

Xu et al. (2014, 2011) put forth the concept of multigranulation rough fuzzy set models
(according to the view of Dubios and Prade) by means of an equivalent relation. In fact,
it should be called a multigranulation rough fuzzy set based on Dubois and Prade’s idea
in Dubois and Prade (1990). Liu et al. (2014); Liu and Pedrycz (2016) proposed covering-
based multigranulation fuzzy rough sets.

2.2 Decision making methods

Mardani et al. (2015) reviewed multiple criteria group decision making methods based on
fuzzy set theory from 1994 to 2014. Regarding decision making methods based on rough set
theory, many researchers put forth new procedures and techniques too [the reader is addressed
to Sun and Ma (2015b, 2017) for examples].
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Recently, Sun et al. (2017b) put forward three-way group decision making based on multi-
granulation fuzzy decision. At the same time, Sun et al. (2017a) proposed multigranulation
fuzzy rough set models and corresponding decision making applications.

Our research method is especially motivated by these interesting proposals.

3 Basic terminologies and results

This section reviews some terminologies and results related to RST, CRS and MGRSs.
Throughout this article U denotes a finite non-empty set and p is an equivalence relation of
U x U. The equivalence relation p induces a partition of U, denoted by [x],, and U/p =
{[x1,|Vx € U} stands for the equivalence classes of x. Let & denote a fuzzy set of U. For
any set U, F(U) denotes its all fuzzy sets.

3.1 Covering based rough sets

Let C be a family of non-empty subsets U; of U. If UU,'E(C Ui = U, then C is called a
covering of U. The pair (U, C) is called a covering approximation space (briefly, CAS).
Let (U, C) be a CAS and x € U, the neighborhood of x is defined by N¢(x) = ({U; €
(Clx (S Ul'}.
LetQ = {Cy, Cy, ..., C)y} beafamily of coverings of U, where C; ={C;, C;a, ..., Ciy, },
foralli = 1,2, ..., m. We can define the neighborhood of x of 2 is defined by N¢, (x) =
m{C,‘j (S (C[|x (S Cl'j,j = 1,2,...,1},f0ralli = l,2,...,m.

Definition 3.1 (Zhu 2009a) Let (U, C) be a CAS. For any X C U, the lower and upper
approximations of X w.r.t. C are defined

CX) ={x e UINc(x) € X}

and B
C(X)={x e U[Nc(x) N X # @}.

IfC(X) = C(X), then X is called exact, otherwise X is a covering based rough set (briefly,
CRS).

3.2 Covering based rough fuzzy sets

Definition 3.2 Let (U, C) be a CAS. For any € F(U), the lower and upper approximations
of u w.r.t. C are defined

Cwx) = N\rmly € Ne())

and

Cw) = \/{nly € Ne@)},
forallx e U.

If C(w) = C(u), then p is called fuzzy definable, otherwise w is a covering based rough
fuzzy set (briefly, CRES).
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Theorem 3.3 Let (U, C) be a CAS and i, v € F(U), then

(1) CuNv) =LCu) NCv);
(2) C(nUv) =C(n) UC).

Proof We only prove that (1) holds and (2) is similar.

For any x € U, then C(u Nv) = A{u(y) A v(y)|ly € Nc(x)}, which implies, C(u N
v) < u(y) Nv(y) < v(y) forall y € Nc(x), that is, C(u Nv)(x) < C(v)(x). Similarly,
CuNv)(x) <= C(p)(x). Hence, C(n Nv)(x) < C(u)(x) A C(v)(x), thatis, C(xNv) €
C(w)yNC). ()

Conversely, (C(n) N C())(x) = C(w)(x) AC(w)(x) < C(u)(x) < p(y) forall y €
Ng (x). Similarly, (C(n) NC(v))(x) < v(y) forall y € Nc(x). Hence, (C(1) NC(v))(x) <
w(y) Av(y) forall y € Nc(x). This means that (C(n) N C(1)(x) < A{n(y) Av(W)ly €
Ne(x)} = C(u Nv)(x), thatis, C(u) N C(v) € C(u Nv). (¥)

By (*) and (**), we have C(u Nv) = C() N C(v). O

3.3 Multigranulation rough (fuzzy) sets

Definition 3.4 (Qian et al. 2010b) (1) Let I = (U, AT, f) be an information system and
A1, A, ... An € AT, m < 2471 The optimistic lower and upper approximations of
X C U w.urt. {A;};jen+ are defined

ROX:’" IA'(X) = {X € U| \/[X]A[ g X}

i=1
and §
Rym, 4,00 = ix e Ul N\lxla; N X # @} .
i=1

If R”Zm A (X) # RZ'" A, (X), then X is called an optimistic multigranulation rough set

(briefly, OMGRS) otherwise it is optimistic definable.
2)Letl = (U, AT, f)beaninformationsystemand Ay, Az, ..., Ay € AT, m < 21AT]
The pessimistic lower and upper approximations of X € U w.r.t. {A;};cn+ are defined

R, (X) = {x e U| \lxla, € X}

i=1

and

Ry 4,0 = {x e UI'\/Ixla, N X # w}.

i=1

It R%m A (X) # RY A (X), then X is called a pessimistic multigranulation rough set
(briefly, PMGRS) 0therw1se it is pessimistic definable.

Definition 3.5 (Xu et al. 2014) (1) Let I = (U, AT, f) be an information system and
Ay, Aa, ..., Ay C AT, m < 24T For any 0 € F(U), denote

R, (0(0) = \_/ Nl € [x]4,)
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and B
Ry 2,0 = A\ wO)ly € [x]a, ).
forall x e U. -
Then Rozm o and ROZ;_V,: 4, (w) are respectively called the optimistic multigranulation

lower approximation operator and optimistic multigranulation upper approximation operator
of u wrt. {A;}ien+ -
If RZ"’ A (n) # RZ'" A, (), then p is called an optimistic multigranulation rough

fuzzy set (brleﬁy, OMGRES), otherwise it is optimistic fuzzy definable.
(2)Letl = (U, AT, f)beaninformationsystemand Ay, Az, ..., Ay € AT, m < 2IATI
For any u € F(U), denote

REy (@) = /\/\{M(y)ly € [x]a,}

and

RS 4 0@ =\ \{Oly € [xla},
i=1

forallx e U.

Then ng’-”,, A; (n) and FPZ:-”_I A; (w) are respectively called the pessimistic multigranu-
lation lower él_pproximation ope}ator and pessimistic multigranulation upper approximation
operator of u wrt. {A; },€N+ .

If RZ”’ A; (n) # Rzm A; (i), then w is called a pessimistic multigranulation rough
fuzzy set (brleﬂy, PMGRFS) otherwise it is pessimistic fuzzy definable.

4 Type-1 covering based multigranulation rough fuzzy sets

In this section, we divide into three parts. In Sect. 4.1, we investigate type-1 covering based
optimistic multigranulation rough fuzzy sets. In Sect. 4.2, we describe type-1 covering based
pessimistic multigranulation rough fuzzy sets. In Sect. 4.3, we discuss type-1 covering based
variable precision multigranulation rough fuzzy sets. And, type-1 covering based multigran-
ulation rough fuzzy sets are based on the block view.

4.1 Type-1 covering based optimistic multigranulation rough fuzzy sets

In this subsection, we introduce the concept of type-1 covering based optimistic multigran-
ulation rough fuzzy sets and investigate some related properties.

Definition 4.1 Let (U, Q)beaCASandCy, Cy,...C,, € Q.Forany u € F(U), we denote

RS ¢, (W00 = \_/l A\ ly € Ne, ()} @.1)
and
Ry () = N\ \{nly € Ne, (0}, 4.2)

i=1
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for all x € U, where “\/” means “max” and “/\” means “min”.

Then EOZ’-'L G (n) and FOZ?”:I ¢, (n) are respectively called the type-1 optimistic multi-
granulation lower approximation operator and type-1 optimistic multigranulation upper
approximation operator of w.

It R‘i G (n) # EUZ’,-": | C; (w), then p is called a type-1 covering based optimistic multi-
granulatlon rough fuzzy set (briefly, I-COMGRFS), otherwise it is optimistic fuzzy definable.

From the view of risk decision making, EOZ:'H—I c; (w) can be regarded as “max—min” rule,

and F’Z,_nﬂ ¢, (®) can be regarded as “min—-max” rule.

Remark4.2 (1)1f C; = C; = - - - = C,,, then the above formulas become as follows:
RS o, () = \(n()ly € Ne()) 4.3)
and
R 0@ = \/(wly € Ne(o), (4.4)
forallx e U.

This means that (RZ"' c (), fazm_l C (un)) degenerates into a covering based rough

fuzzy set.
In particular, if Nc(x) = [x]g for all x € U, then the above formulas (4.3) and (4.4)
become

R o, () = \(nO)ly € [x]r) 4.5)
and

ﬁﬂz,.m:, ¢, (W (x) = \/{M(y)ly € [x]gr}. (4.6)

forallx € U. -
Hence, (E’Zm C (), Rozm | Ci (w)) degenerates into arough fuzzy set proposed by Dubois
i=1 i i=1 "1

and Prade (1990).
(2) If p is a crisp set of U, then u(y) = 0 or u(y) = 1 forall y € U, and the formulas
(4.1) and (4.2) become as follows:

RS o, (W) = {x e Ul'\/ Ne, () gu} (4.7)

i=1
and
Ry ¢, (u) = [x e Ul \ Ne,(0) N # @} . (4.8)
i=1

This means that (RZ., C (W), F(’Z,_n | C; (w)) degenerates into the covering based opti-
i=1 i i=1 "1
mistic multigranulation rough set model proposed by Yang et al. (2012a).

Further, if C; = C, = --- = C,,, then the above formulas (4.7) and (4.8) become as
follows:
RS o (W) = (¥ € UINC() S u) (+9)
and
ﬁ”zyzl ¢, (w) ={x € UINc(x) N # 0} (4.10)
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Hence, (Rozm c; (), RZ | Ci (u)) degenerates into a CRS proposed by Zhu (2009a)

and Xu and Zhang (2007), respectlvely
In particular, if Nc(x) = [x]g, then the above formulas (4.9) and (4.10) become as
follows:

EUZ;’;IC,- (n) ={x e Ullxlr S} @.11)
and
Ry ¢, () = {x € Ullx]g N e # B}, 4.12)

Thus, (KOZ,_,,_ G (,u),ﬁozyz: |G (un)) degenerates into a rough set proposed by Pawlak

(1982).
(3) If p is a crisp set of U and Nc, (x) = [x]g;, then the formulas (4.7) and (4.8) become
as follows:

E)Z?Ll ¢, (W) = !x € U|\_/[X]Ri c u} (4.13)

and
Fﬂfi":] oW = [x e Ul /\[X]R,- Np# @] . (4.14)
i=1

This means that (R”Zm c (w), RZ'” C (1)) degenerates into the optimistic multigranu-
lation rough set model proposed by Qian et al. (2010b).

Example 4.3 Let (U, 2) be a CAS and C, Cy € @, where U = {x1,...,x4} and C; =
{{x1, x2}, {x2, x3, x4}, {x3, x4}}, and Cy = {{xy, x3}, {x2, x4}, {x1, x2, x4}, {x4}}. Then

Nc, (x1) = {x1, x2}, N¢, (x2) = {x2}, N¢, (x3) = {x3, x4}, N¢, (x4) = {x3, x4}
and

Nc, (x1) = {x1}, Nc, (x2) = {x2, x4}, N, (x3) = {x1, x3}, Ng, (x4) = {x4}.

X1 X2 X3

04 , 06 , 01 , 07 -0 07
K"'E"'E‘f‘ﬂandRzg”:,Ci(ﬂ) ——i———i-f-i- . Thus, w is a 1-COMGREFS.

Define p = 24 4 26 4 01 4 07 . Some simple calculations show RZ'" o, (W =

From Definitions 4.1 and 3.2, we can obtain the following results.
Proposition 4.4 Let (U, 2) be a CAS and Cy,Cy, --- ,C,, € Q. Forany u € F(U), then
(1) BOZT:] C (n) = U;n:] 9(#);

_2 —_
(2) Rym ¢, () =ML Ci).
Theorem 4.5 Let (U, Q) be a CAS and Cy, Cy, ...C,, € Q. For any u € F(U), then
(1LH) ROZ’" c, (W) S s Rzm c, (),

(2L) If 1 S v, then Rzm C; (n) <€ RZ,,, C; ),

(2H) If v S v, then RZ'“ ¢ (W) < Rzm c, (v);
(3L) (1) RS- C(um))CRzm C(M)OR o, )
(2) RS ¢, (WUv) 2 RS C(M)UR n c(")'
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(3H) (1) Rn ¢, (1 Uv) 2 R ¢, () U RS, ();
(2) Ry, (Nv) € R o, G0 MRy 0, ()

(4LH) (1) RS ¢, (~ ) =~ F”Zm Lo~ i

(2) R o, (~ 1) = RS o (~ )
(L) B o0 = RS ¢ Lz o (1);
(H) Rz;';,tc,-(ﬂ) Rer, o, (RS, o, (00

Proof (1LH) Obviously.

(2L) Let u,v € F(U) such that u < v and x € U. Then R‘im C; (wWx) =

Visi Ale) |y € Ne,(0)} = ViLy Afv(y) |y € Ng (0} = RS ¢, ().

R

(2H) The proof is similar to (2L).
(3L) (1) By Proposition 4.4(1) and Theorem 3.3, we have

RSn o (unv) = Ulg(urwv)

= U((c (1) NCi(vw)

C§ I

wmucm

i=1 i=1
= R$ o (W N RS o (V).
(2)By(2L), RY e (uUv) D R? e (w) since pUv 2 . Similarly, R Z'" o (uv) 2
"G (V) HCHCC Rzm C; (,U« U V) D Rox:m C; (M) U R , Ci (U)
(3H) (1) By Proposmon 4.4(2) and Theorem 3.3, we have

Rym ¢ (wUv) = ﬂ@(u Uv)
i=1

(Ci(w) UTi(v)

Il
IDE

m

(W)U Ciw)
i=1

U
s
e

>c \

= Ryn ¢, (W URSwn ¢, ().
(2) The proof is similar to (3L)(2).
(4LH) For any x € U,

RS o (~ 1) (@) \/ J\1 =1y € Ne, ()

—_

Il
A<§

(1= \/{rOly € Ne; ()}

i=1

=1- /\\/{1 — |y € Ng; (x)}

i=1
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Similarly, we can prove that fozfnz Lo (v ) =~

(5L) For any x € U,

= 1—Ryn ¢, ()&
=~ Ry ¢, (0)().

R? m
i

C () (x) holds.

R o (RS o) () = VA [RE o 0)ly € Ne, ()]
i=1

(5H) It is similar to (5L).

m
i=1
m
i=1
m
i=1
m
i=1

M

m

N\{n@)lz € Ne, (x))

Bozlm:] c; (1) (x).

A1)z € Ne,(»}ly € Ng, (x)}
1
\{n@)lz € Ne,(») Ay € Ne, (x))

\{n@)lz € N, () S Ne, ()}

m}

Remark 4.6 The inclusions of Theorem 4.5 are proper as proven by Example 4.7 as follows.

Example 4.7 Let (U, Q)beaCASandCy, C; € Q,where U = {x1, .

.., Xe}. Now, we define

Ci = {{x1, x2}, {x1, x2, x3}, {x2, x3, x4}, {x4, x5, x6}} and Co = {{x1, x2, x3}, {x2, x4, x5},

{x3, x4, x5}, {x5, x6}}. Then

Nc, (x1) = {x1, x2}, N¢, (x2) = {x2}, N¢, (x3) = {x2, x3}, N, (x4) = {x4},
N¢, (x5) = Nc, (x6) = {x4, X5, X6}

and

Ng, (x1) = {x1, x2, x3}, N¢, (x2) = {x2}, Ng, (x3) = {x3}, N, (xa) = {x4, x5},
Nc, (x5) = {x5}, N¢, (x6) = {x5, x6}.

_ 06 , 01,07 _,02,03_ 08 02,03 ,04, 08, 04 06
Deﬁne“_xl+Xz+X3+x4+XS+X6andv_XI+xz+X3+X4+X5+X6'
_06,03,07,08_ 04, 08 —02,01,04,02,03, 06
Then,qu_xl+X2+X3+X4+X5+X6anduﬂv_xl+x2+x2+x4+x5+x6.

By calculations, we have

o —_— E—
ELCI-HCZ(M) = 1 + +

0.1 0.1

X2

0.7 02

X3 X4

06 01 07 02 03 08
S+

=0
Reiro, (W) = X1 X2 X3 X4
02 03 04 038
Re 4c,(V) = T+ o + o +Z
0 03 03 04 08
R(C1+(C2(V) =—+ g +73+I
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Xs  Xg

’

X5 X6
04 04

+—+=

Xs X6
04 0.6
—_ _l’_ -
X5 X6
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0 01 01 04 02 03 03
E(C|+(C2(va)=xfl+7+7+—+7 =2

X2 X3 X4 X5 X
70 (LN ) 0.2 n 0.1 n 0.4 n 0.2 n 0.3 n 0.6
V=—+—4—+—4+—4+ —
Ci+C H X1 X2 X3 X4 X5 X6
0 03 03 07 08 04 04
ECH_CZ(MUV): -t —+ —+ —+ —,
X1 X2 X3 X4 X5 X6

-0 06 03 07 08 04 08
Rejo,(Uv)=—+ —+—+ —+ —+ —.
X1 X2 X3 X4 X5 X6

From the above discussions, we know that

E%I‘FCZ (IVL U V) 2 i?CH_(Cz (M) U f?();l_,_cz (V)
and R¢ ¢, (W N V) € RE, 4o, (W) NRE, 4y (V).
Example 4.8 Let (U, 2) be a CAS and Cy, C; € @, where U = {x1, ..., x¢}. Define C; =
{{x1, x2}, {x3, x4}, {x5}, {x6}} and Cp = {{x1}, {x2, x3, x4}, {x5, x¢}}. Then

Nc, (x1) = Ng, (x2) = {x1, x2}, N¢, (x3) = {x3, x4},
N¢, (x5) = {xs5}, N¢, (x6) = {x¢}

and

Ng, (x1) = {x1}, N¢, (x2) = N¢, (x3) = Ng, (x4) = {x2, x3, x4},
Nc, (x5) = N, (x6) = {x5, X6}.

_05,03_,07,01_,08_, 04 01,08, 06 02,03, 09
Deﬁne,u_n+x2+x3+x4+x5+xﬁandv—xl+X2+x3+x4+x5+x6.

—01,03,06,01_,03, 04 _05,08,07,02,08,09
Then,uﬂv.—X1+x2+x3+x4+x5+x6andMUv—x1+x2+x3+x4+xs+x6.
By calculations, we have

05 03 01 01 08 04

o
£C1+C2(M):;+g+x3 x4 s o
= 05,05 07 07 08 04
e T
RO _O.l 02 02 02 03 09
B = T s Tt e
R _0.1 08 06 06 03 09
CIHCZ(U)_;—'—;_’_Z—F;—F;—F;’
o 0.1 01 01 01 03 04
Reioe,(unNv)=—+ —+—+ —+—+—.

X1 X2 X3 X4 X5 X6

From the above discussions, we know that
E%H‘CZ (M N U) g E?CI‘HCZ (M) N E%H‘CZ(V)'
Now, we introduce the level set of 1-COMGRFSs.

Definition 4.9 Let (U, Q) be a CAS and C,C,,...C,, € Q. Eor any £ € F(U) and

0 < B < & < 1, the w-level set and B-level set of RZ.,, c () and Roz_m |G (u), respectively
i=1 i =174

are defined as follows:

RS o (e =[x € IRy o (W) = o *.15)
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and
R o, (wp =[x € UIRS o (w0 = p]. (4.16)
The proofs of the following theorem are clear and we omit the proofs.

Theorem 4.10 Let (U, 2) be a CAS and C,C,,...C,, € Q. For any u,v € F(U) and
0<pB<ac=l,then

(1) If i C v, then BUX:’M!:] C; (W) S E)ZL C; Vas

(2) If i S v, then Ry ¢, (w)p © Ry ¢, ()ps
(3) Kaz;n:] C; (nNv)e EOX::"I:[ C; (W) N Kuzf'l:] C; Vas

(4) EOZ;":] c,(uUv)g 2 EOZ?’:] c,(mp U EOZ;”:I c, (V)g;
(5) Kaz;n:] C; (nUv)y 2 Eoz;n:l C; (W) U KUZ:”:] C; Vas

(6) R (N v)g € R (g VRS ¢, ().

Definition 4.11 Let (U, Q) be a CAS and C{, Cy,...,C,, € Q. For any u € F(U) and
0 < B < a < 1. Then the accuracy and roughness of u are as follows:

Y | RS "G (Wl
Ri(, p) = =———.
[Rym ¢, (1)pl

and

o, (e, p) =1—= R} (a. B).

Example 4.12 (Continued from Example 4.3) Let « = 0.6 and 8 = 0.4. Then
R (o, ) = 5 and o (. B) = 5.

4.2 Type-1 covering based pessimistic multigranulation rough fuzzy sets

In this subsection, we introduce the concept of type-1 covering based pessimistic multigran-
ulation rough fuzzy sets and investigate some related properties. Due to the same method,
we only give the concept. Some similar basic properties are omitted.

Definition 4.13 Let (U, Q) be a CAS and C;,Cy,...C,, € Q. For any u € F(U), we
denote

REn ¢, (@) = /m\ /\ 1y € Ne, () @.17)
i=1
and
R o (1)) = \m/ V{uly € N, @), (4.18)
i=1
forallx e U.

—p . e . .

Then R” e () and REn: G (u) are respectively called the type-1 pessimistic multi-
granulation lower approximation operator and type-1 pessimistic multigranulation upper
approximation operator of /.
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If EDZ'-" o, (W) # ﬁpz% ¢, (1), then 4 is called a type-1 covering based pessimistic
multigranlﬁllation rough fuzzy set (briefly, I-CPMGREFS), otherwise it is pessimistic fuzzy
definable.

From the view of risk decision making, EPZ'-" G (u) can be regarded as “min-min” rule,

and Epzm G (w) can be regarded as “max—max” rule.
i= i

Remark4.14 (H)IfC; =Cy =--- =C,,, then the above formulas (4.17) and (4.18) become
(4.3) and (4.4). This means that (ﬁpzm C_(u), szm G (u)) degenerates into a covering
i=1 1 1= K

based rough fuzzy set.
(2) If w is a crisp set of U, then the formulas (4.17) and (4.18) become as follows:

RL o (0) = {x e Ul \ Ne, () < u} (4.19)

i=1

and

kpZ?”:l o, (W) = [x e Ul\/ Ne,(0) N # @} . (4.20)

i=1

This means that (Eyzm C_(u), szm 1 ¢ (1)) degenerates into the covering based pes-
i=1 i i=1 "1
simistic multigranulation rough set model proposed by Yang et al. (2012a).

4.3 Type-1 covering based variable precision multigranulation rough fuzzy sets

From Sects. 4.1 and 4.2, we can see that 1-COMGREFSs and 1-CPMGREFSs only consider
two extremely cases of a decision making process: completely risk-preferring and completely
risk-averse. In fact, in real world, there are many uncertain complicated problems which we
can not deal with only by these two extremely cases. In view of this reason, in this subsection,
we introduce two kinds of type-1 covering based variable precision multigranulation rough
fuzzy sets and investigate some related properties.

First, we introduce the concept of type-1 covering based I-variable precision multigranu-
lation rough fuzzy sets.

Definition 4.15 Let (U, Q) be a CAS and C;, C,,...C,, € Q. For any u € F(U) and
t € [0, 1], we denote

IRGw o 0 =\/ A\l vily € Ne, () .21)

i=1

and

IRy ;) =\ /) A (1 =D)ly € N, (0}, (4.22)

i=1
forallx € U. -
Then [/ E’Zm C(u) and [ thm l(C_(u) are respectively called the type-1 I-variable
i=1 i i=1"1

precision multigranulation lower approximation operator and type-1 I-variable precision
multigranulation upper approximation operator of jt.
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If 7 EZ'” G (w) #1 flzm | Ci (u), then p is called a type-1 covering based I-variable pre-
i=1 i i=1~1
cision multigranulation rough fuzzy set (briefly, 1-ICPMGRFC), otherwise it is 1-I-variable
precision fuzzy definable.

Next, we introduce the concept of type-1 covering based II-variable precision multigran-
ulation rough fuzzy sets.

Definition 4.16 Let (U, ) be a CAS and Cy, Cy,...C,, € Q. For any u € F(U) and
t € [0, 1], we denote

HRGn o (1)) = /_\l /\ ) v 1ly € N, () (4.23)
and

m

IRy e, () =\/\/IeG) A (1= Dly € Ne, (), (4.24)

i=1
forallx € U.
Then 11 RZ'" c; (u) and 11 RZ"’ C (u) are respectively called the type-1 II-variable

precision multlgranulatlon lower approximation operator and type-1 II-variable precision
multigranulation upper approximation operator of .

Ifr7 R’zm c; (m) #11 ?ZT: | Ci (u), then w is called a type-1 covering based II-variable

precision multlgranulation rough fuzzy set (briefly, 1-IICPMGREFES), otherwise it is 1-II-
variable precision fuzzy definable.

Remark 4.17 1f t = 0, then

(D
IR o (0)(0) = \m/ A\ Oly € Ne, @)} = R ¢, (1))
i=1
and
IR () () = /\ V)l € Ne,(0)) = R ¢, (1)(x).
i=1
6
HRGn o (0)(x) = /\ N\l € N, (0} = REn . (1))
i=1
and

HRGn o 06 =\ \/(O)ly € Ne, )} = R ¢ (W)

i=1

This means that the 1-IVCPMGRFS and 1-IICVPMGRFS models will degenerate into
1-COMGREFS and 1-CPMGRFS models, respectively.
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Example 4.18 (Continued from Example 4.3) Let ¢t = 0.5, then
0.5 _ 05,06, 05 07
(D IBC1+C2(IJ/) = + T + Yy + e

and
—-0.5 _ 04 , 05,04, 05
IRc yo,(W) =35 + 55+ 55 + 55

0.5 _ 05,06 , 05 , 05
Q) HRE  o,(W) ="+ + ot
and
—0.5 _ 05,05, 05, 05
[IRC1+(C2(M) = ;4‘@4‘@4‘3.

-1
From the above example, we can observe that / EZ?L] c; () gz 1 RZ?’:MC,- (u) and
—t
HRG o (0) & TRy ¢, ().

5 Type-2 covering based multigranulation rough fuzzy sets

In this section, we consider another type of covering based multigranulation rough fuzzy sets.
In Sect. 5.1, we investigate type-2 covering based optimistic multigranulation rough fuzzy
sets. In Sect. 5.2, we describe type-2 covering based pessimistic multigranulation rough fuzzy
sets. In Sect. 5.3, we discuss type-2 covering based variable precision multigranulation rough
fuzzy sets. And, type-2 covering based multigranulation rough fuzzy sets are based on the
point view.

5.1 Type-2 covering based optimistic multigranulation rough fuzzy sets

In this subsection, we introduce the concept of type-2 covering based optimistic multigran-
ulation rough fuzzy sets and investigate some related properties.

Definition 5.1 Let (U, Q) beaCASand Cy, C,,...C,, € Q.Forany u € F(U), we denote

m
CSn ¢, @) =\ {u(y)ly e Une, (x)} (5.
i=1
and
—0 m
Cyn o =\/jnmly e|JNe,t, (5.2)
i=1
forallx e U. -
Then Q"Zm ¢, (n) and Cozm | Ci (u) are respectively called the type-2 optimistic multi-
i=1 i i=1"1

granulation lower approximation operator and type-2 optimistic multigranulation upper
approximation operator of w.

If Q()Z”il C; (n) # foz;n:l C (m), then p is called a type-2 covering based optimistic
multigranllﬂation rough fuzzy set (briefly, 2-COMGREFS), otherwise it is 2-optimistic fuzzy
definable.

Remark52 (HVIfC; =C, = = C,,, then the above formulas become (4.3) and (4.4).
This means that (CZ.,, C (w), C Ozm | C; (w)) degenerates into a covering based rough fuzzy
i=1 i =1t

set.
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(2) If p is a crisp set of U, then the formulas (5.1) and (5.2) become (4.7) and (4.8).
This means that (CZ.,, C (w), C Ozm . C; (m)) degenerates into the covering based optimistic
i=1 i =1

multigranulation rough set model proposed by Yang et al. (2012a).

Example 5.3 Let (U, 2) be a CAS and C;, C; € ©, where U = {x, ..., x¢}. Define C| =

{{x1), {x2, x3}, {x3, x4, x5}, {x4, x5, x6}} and Co = {{x1, x2}, {x2, x3, x4}, {x4, x5}, {x5, x6}}.
Then

Nc, (x1) = {x1}, N¢, (x2) = {x2, x3}, N¢, (x3) = {x3, x4, x5}, N¢, (x4) = {x3, x4},
Nc, (x5) = {xa, x5}, N¢, (x6) = {x4, x5, X6}

and

Ng, (x1) = {x1, x2}, N¢, (x2) = {x2}, N¢, (x3) = {x2, x3, x4}, N¢, (x4) = {x4},
Nc, (x5) = {xs5}, Ng, (x6) = {x5, x¢}.

Define u = —+ -|- + + -|-08 Some 51mplecalculat10ns show CZ'" c; (n) =

R R + —I——andCZIm:ICi(u) 06483 1014 87 4 07 1 95 Thus,
His a 2 COMGRFS.

Proposition 5.4 Let (U, ) be a CAS and Cy,C,,...C,, € Q. For any n € F(U) and
x € U, then

(1) €5 ¢, (W) = iL:JIQ(M)(x);
(2) Cyn (W) = U Ciw ).

Proof (1) For any x € U, then Nc,(x) € i~ Ng, (x), and so, Ci(w)(x) = AMu(ly €

N} = AMuly € UL N (0} = C3n o (0)(x). Thus, C3n o (0)(x) <
UL, Ci() (x). B

(2) For any x € U, then Nc,(x) < Ul'»”:1 N, (x), and so, C;(uw)(x) = Viu()ly €
N} < vipWly € UL Ne () = Cyn ¢, (W (). Thus, Cyw ¢ (0)(x) =
U, G (). o

Theorem 5.5 Let (U, 2) be a CAS and Cy, Cy, ...C,, € Q. For any n € F(U), then
(ILH) C% moc (mw)cpc CZ c, (w);
(2L) If/L = v, then sz c (,u) Zm c v);
(2H) If v S v, then sz C (,u,) c sz c, (V);
(L) (1) Cn o (O = Cn G0 N Con ¢ )
(2)Cm WU 2CT ¢ (u)ugziﬂ@, (v);
(3H) (1) Cz;';l 6 WUw =Cxp G UTsy ¢
(2)Cym ¢,(wNv) € Cym ¢, (W NCyom ¢, ();
(4LH) (1) czm o, (~ 1) =~ Cyn ¢ (~ )
(2) TS, (~ u) Con o, (~ )i
(5L) C2 S e (n) = Zm c (C e (1));
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(5H) Ty ¢, 40 = Oy, ¢, Cxp, o (W)

Proof (1LH) Clearly.

(2L)Let , v € F(U) suchthatu € vandx € U. Then COZ'" c; W) =ANpu®y) |ye
U™, Ng, ()} < u(y) < v(y) for all y & UL, Ne, (x). Hence, €3 o (0)(x) <
AMvly € ULy Ne, (0} = ¢, W)

(2H) The proof is similar to (2L).

BL) (1) & C” LG (kNv)x) = Al Avy) |y € UL No, (0} < o) Av(y) <
v(y) for all y e Ul | N, (x), that is, C% noc (wNv)x) < C¢ noc (v)(x). Similarly,
czm LUNE) = Chn o (W) Hence, Cy o (1N () < Cn o (000 A

Z o W) (x) = L" moc (M) N CZ'" c; W) (x). ThlS means that QZ?":l c; (unNv) C
CEo N Cn o XONC

Ontheotherhand (sz C; (u)ﬂC G W)x) =Ce e (u)(x)ACZ,n C; W) (x) <

Z C (W) (x) < u(y)forally e Ul 1Ntc (x). Slmllarly, (sz c; (,u)ﬂCZm (C,-(V))(x)
<v() forall y € I, Ne, (x). Hence, (C3 b e DNCE o @) = u(y) Av() for
ally € /L, Ng, (x). This means that (sz c; (u)ﬁg‘i?:l c; W) < A {lrAv(y)ly €
ggl Ne, ()} = C§n ¢, (W) (), thatis, €3 wmgml@(v) C C3 ¢ (mW).

By (*) and (**), we have C2 moc (w)N C (v) G (uwnNv).

(2) C3 e (W(x) = /\{u(y) |y € U, 1N<c,(X)} < M()’) < p(y) VvV v(y) for all
ye UL 1Nc (x). Hence, €% ¢ (W UW)(x) = Al v vy |y € Ui Nc; ()} =

Z'” c, (1) (x). Similarly, C"Z,,, c; (wUv)(x) > C? e (v)(x). Hence, C¢ e (ny
v)(x) > QZ?":u c; w)x)vCe o (v)(x). This means thatgz;,,:I c; (uUv) D QZ:‘”:I C (v)U
" AUR
(3H) It is similar to (3L).
(4LH) For any x € U,

Cn o, (~ )

A\ {1 —nly € UNC,-(X)}

i=1
1-\/V {M()’)D’ € UNc,-(x)}
i=1 i=1

=1 —602;.":] c; (W) (x)

=~ Cyn ¢, ().

Similarly, we can prove that foz;n:] g, (~ ) (x) =~ C”Z,,, c; () (x) holds.
(5L) For any x € U,

o o (Con i) 0 = A [C"Zlm:lci Wy e JnNe, (x)}

i=1 i=1

=A [/\ {u(mz € LmJNc,.(y)] Iy € CJNC,-(x)}

i=1 i=1
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n@lz e JNe, Ay e UN«:,<x)}

i=1
m

i=1

m

n(@lz € [ JNe, () < (JNe, (x)}

i=1

n@lz € U Ng; (X)}

i=1

= Qoz;n:l C; () (x).

(5H) It is similar to (5L).

i=1

[m}

Remark 5.6 The inclusions (3L)(2) and (3H)(1) of Theorem 5.5 are proper as proven by

Example 5.7 below.

Example 5.7 (Continued from Example 5.3)

— 06,03 ,01,07, 04, 08 -07,02,06,05, 08,06
Deﬁne’u_xl+X2+X3+X4+X5+X6andv_x1+x2+x3+x4+x5+

x6 °

_~07,03_,06,07_,08_, 08 _06,02,01_,05,04, 06
Then’u’uvl_x1+x2+x3+x4+x5+x6andﬂmv_X1+x2+x3+x4+x5+x6’
By calculations, we have
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Lo+ W = o x
w0603 01
CG = X1 X X3
) 02 02
oo, W) = - e
—o0 0.6
CC1+C2 W) = + ; + X3

Q%IJ,_(CZ (LNv) =
-0

Ceire,(WNY) =
Q%Hr(cz (nUv) =

-0
C(C1+(C2 (/“L U U) =

*%IJF(CZ (n) Y Q%1+C2 ) =—
—=0 —=0
Ceivc,(W) NCcyyc,(v) =

—0 -0
C<C1+(Cz (nyy C([;1+(;2 W) =

1
7
X1
2
—+
X1
0.6
—+
X1
3
X1
7
X1

Qg:]-f-([:g(ﬂ’) mg%1+@2(v) = 7 +

0.2
4+

0.8
—+

0.4

0.7
—+

x4

0.5
4+

X4

0.8
— +

X4

0.4
+—+
4

X5

X5

X5

X5

0.7
—+
0.5
-+

0.8
— +

0.4

X6
0.8
g7
0.5
Z,
0.8
;’

01 0.1 04 04 04
—t+—+ =+ —+—

x2

02 05 05 05 06
4+ =+ =+

X2

x3

X3

X2 X3
0.6
+ —+
X3 X3
0.2 0.1
— +
1 X2 X3
0.2 0.1
+ —+
X1 b X3
06 03
—+ —+
X1 X2 X3
0.7

X1

0.8
—+
0.1
—+
0.1
—+

0.7
—+

X4

X4

X5

X5

03 03 07 07 07
e e s st S

X4 X5
0.8
—+

X4 X5
0.4
—+

X4 X5
0.4
—+

X4 X5
0.7
—+

X4 X5

0.8
—+
0.4
—+
0.4
—+

0.7
— +

X6

’

X6

X6
0.8
X6
0.4
X6
0.4
X6
0.8
X6

06 08 08 08 08
—+—+—+—+ =

X2

X3

x4

X5

X6
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From the above discussions, we know that
C(c1+<c (nUv) 2 C(c +C, (n) UQ%H_(CQ(V)
and Cg, ¢, (1t N) € C,pe, (1) N CE, o, (V).

Now, we introduce the level set of 2-COMGRFSs.

Definition 5.8 Let (U, Q) be a CAS and C{,C,,...C,, € Q. For any u € F(U) and

0 < B <« < 1, the w-level set and B-level set of CZ.,, C(u) and Cozm lC(u),respectively
i=1 i =1

are defined as follows:

Cn o, =[x € UICSH o (W) = of (5.3)
and
CS o, =[x € UICS o ) = B (5:4)
By using the above concept, we can define the approximate precise of 2-COMGRFSs.

Definition 5.9 Let (U, Q) be a CAS and Cy,C,,...C,, € Q. For any u € F(U) and
0 < B <« < 1. Then the accuracy and roughness of u are as follows:

1% ¢ (ol
Cole, ) = ==L
|Cyom ¢, (gl
and

T;:(O(, /3) =1- CZ(O[, ﬂ)

Example 5.10 (Continued from Example 4.3) Let « = 0.6 and 8 = 0.4, it follows from
Example 4.3 that CZ(0.6, 04) = % and rﬁ(0.6, 04) =5
By calculations, we have

(1) = 0.4+0.6+01+01 4 () = 0.6+0.7+0.7+0.7
m 22 —+—+—+—an m n)=——+—+—=+—
Z 1Gi X1 X2 i G X1 X2 X3 X4

Hence, C5 ¢ (wos = (x2) and Cyw ¢, (woa = {x1.x2,x3,x4), and so,
C5(0.6,0.4) = } and 75(0.6,0.4) = 3.

By comparing Definitions 4.11 and 5.9, we can obtain the following result.

Theorem 5.11 Let (U, Q) be a CAS and C{,C,,...C,, € Q. For any n € F(U) and
0 < <a <1, then C)(a, ) < R(a, B).

5.2 Type-2 covering based pessimistic multigranulation rough fuzzy sets
In this subsection, we introduce the concept of type-2 covering based pessimistic multigran-

ulation rough fuzzy sets and investigate some related properties. Due to the same method of
Sect. 5.1, we only give the basic concept and omit some similar basic properties.

@ Springer



186 J. Zhan, W. Xu

Definition 5.12 Let (U, Q) be a CAS and C;,Cy,...C,, € Q. For any u € F(U), we
denote

Chn o, = {u(y)ly e[\ Ne (x)} (5.5)

i=1

and

m
Cyn e, (@ =\/{rmly e[ Ne,@) t (5.6)
2z G
i=1
forallx e U. -
Then C pz,,, ¢, (W) and C pzm G () are respectively called the type-2 pessimistic multi-
i=1 i i=1 i
granulation lower approximation operator and type-2 pessimistic multigranulation upper
approximation operator of u.
If C %m C_(M) #* szr" 1(C_(u), then pu is called a type-2 covering based pessimistic
i=1 i i= i
multigranulation rough fuzzy set (briefly, 2-CPMGREFS), otherwise it is 2-pessimistic fuzzy
definable.

Remark 5.13 (1) If C; = C; = - - - = C,, then the above formulas become (4.3) and (4.4).
This means that (C pzm C (w), C pzm G (w)) degenerates into a covering based rough fuzzy
i=1 i i= i
set.
) If pis chrisp set of U, then the formulas become (4.7) and (4.8). This means that
(c ‘DZ,,, C (n), C pzm |G (u)) degenerates into the covering based pessimistic multigranula-
i=1 i i= 4

tion rough set model proposed by Yang et al. (2012a).

5.3 Type-2 covering based variable precision multigranulation rough fuzzy sets

From Sects. 5.1 and 5.2, we can see that 2-COMGRFSs and 2-CPMGRFSs only consider two
extremely cases of the decision making process: completely risk-preferring and completely
risk-averse. In fact, in real world, there are many uncertain complicated problems which
we can deal with thee two extremely cases. In view of this reason, in this subsection, we
introduce 2-CVPMGRFSs and investigate some related properties.

Definition 5.14 Let (U, 2) be a CAS and C;,C,,...C,, € Q. For any u € F(U) and
t € [0, 1], we denote

L XN, 0 ()
Chon o @ =\ [u(y)IIZ‘() > t} 57)
and
_ o XN, 0 ()
Csn e, =\/ :u(yn‘;vf’” > r} , (5.8)

for all x € U, where

1 if y € Ng; (%),

XNg; (0 (V) = {O otherwise.

Then C ’Zm C_(M) and 6’2»_1: 1(C_(;L) are respectively called the 2-VPMGLAO and 2-
i=] i i=1
VPMGUAO of L.
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If QZ'” o, (W) # ftzm |Ci (m), then p is called a type-2 covering based variable precision
i=1 i i=1"
multigranulation rough fuzzy set (briefly, 2-CPMGREFES), otherwise it is 2-variable precision
fuzzy definable.

Remark 5.15 If t = L then for any x € U,

m’

Yt XNg () 1
Con ) = N\ Jum)I === = —

= A\ O xve, O = 1]

i=1

= A\ jrWly e [UnNg, (x)}

i=1

= C5n o, (W)
and

_ 2t N ()1
Cyp, @ =\/ Jpo)| =225 = m}

=\ 1O xve ) = 1}

i=1

=\/{nmly e JNc, (X)}

i=1

= Cyn ¢, (W)

This means that 2-CVPMGRFS model degenerates into a 2-COMGREFES model. Moreover,
— —
we know that g’ml oW = Csn ¢ () and Cym ¢, (1) = c"z;n: (¢, (w) forall 1 €
o, 1.

Remark 5.16 If t = 1, then for any x € U,

DL XN 0 ()
Ch (000 = A\ ) S0 1]

= /\ MW)'ZXNC,»(X)(Y) Zm]

i=1

=N\ jnOly € ﬂNc,-(x)}

i=1

=C8 o (W
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and

C L1 XN, 0 ()
Cyr e =\ u(y)|1:f'”21}

=V 1O e, ) = m]

i=1

=\/{nly e[ Ne, (x)}

i=1

=P
= Cz;":] Ci (1) (x)
This means that 2-CVPMGRFS model degenerates into a 2-CPMGRFS model.

Remark 5.17 From the above discussions, we can see that 2-COMGRFS and 2-CPMGRFS
models are the special cases of 2-CVPMGRES model. When the value of parameter ¢ changes
from [%, 1], the 2-CVPMGRFS model describes the gradually changing process from 2-
COMGRES to 2-CPMGRFS models. Hence, 2-CVPMGREFES models can solve any kind
of decision making problems with uncertainty in artificial intelligence and management
sciences.
Example 5.18 (Continued from Example 5.3) Let t = 0.6, then
(1) = 0.6 0.3+O.1 +0.74_0.44_0.4
CH'CZ " X2 X3 X4 X5 X6

and

60.6 (W) = 0.6 + 0.3 n 0.7 n 0.7 n 0.4 n 0.8
Ci+C W = X1 X2 X3 X4 X5 X6

6 The relationships between two types of CMGRFSs

In this section, we investigate the relationships between two types of CMGREFSs.
By Propositions 4.4 and 5.4, we can obtain the relationships between 1-COMGRFSs and
2-COMGRFsSs.

Theorem 6.1 Let (U, Q2) be a CAS and Cy, Cy, ...C,, € Q. Forany € F(U), then
[ C o .
(2) Ryp c;(w) € Cx ¢, ().
Corollary 6.2 C . () € RS ¢ (1) S 1w € Ry ¢, (1) € Com ().
This means that 1-COMGREFS model is more accurate than 2-COMGRFS model.
Remark 6.3 The inclusions of Corollary 6.2 are proper as follows.

Example 6.4 (Continued from Example 5.3) By calculations, we have
0.6 03 0.1 0.7 04 04
+—+ =

R%- e
=i G (n) = X3 x4 X5 X6
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—o 06 03
Ry o) =

0.7
— + — + — + —
X2
In Example 5.3, we know that

0.7

0.4
+

0.8
R + _
X4 X5 X6
03 01 01 04 04 04
Zm o, ()= 7_1_7_,_74_7 —+ —
X1 X2 X X4 X5
and
— 0.6 03 0.7 0.7 0.7
Com bt Tt
T 6 (W) = * X2 x3 X4 * X5
Hence,
S e D) G R () G 1w G Ry ¢, () G Cyom e, (1)
models.

Lemma 6.5 Let (U, Q) be a CAS and Cy, C,,
(1) RY

n oW = iDI Ci(w);
(2) Ry, e, = U Gl

then

Proof Tt is easily obtained from Definitions 3.2 and 4.13
Lemma 6.6 Let (U, Q2) be a CAS and Cy, C,,

(1) Cn e, = N Ci

) € 00 = N TGO

Ne, ) < Ay € MM Ne, (o)

= ct,,

Csm C(u)(X) Hence, CZ oW =
(2) For any x € U, then ﬂm,l Ng,; (x (x), and so, C;(nw)(x) = v{u(l|y
N, (1)} = Csn ¢,

) € N¢
Viply € ML N, (0} =
UM, Ci(w) (x).

Zi:l
By Lemmas 6.5 and 6.6, we have

Theorem 6.7 Let (U, 2) be a CAS and C;, C,,
p P )
(1) Ep (W gng?;ICi(“)’
(2) Cz[’_":l C; (n) < Rzm C (1)
Corollary 6.8 BPZZ-":] ¢, (0 <€ Z < (W) S pc C (D= R

c (u)(x). Hence, 6pzm o (1)

Cy, € Q. Forany u € F(U), then

"L Ci ().

@ Springer

Cyy € Q. Forany € F(U), then

Cpn € Q Forany p € F(U) and x € U

Proof (1) For any x € U, then [);_; Ng, (x) € Ng, (x), and so, C; (1) (x) = A{u()ly €
Mizi Ci () (x).

m

IA

i=1 i :
Next, we investigate the relationships between 1-CPMGRFS models and 2-CPMGRFS

[m}
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This means that 2-CPMGRFS model is more accurate than 1-CPMGRFS model.
Remark 6.9 The inclusions of Corollary 6.8 are proper as follows.

Example 6.10 (Continued from Example 5.3) By calculations, we have

p 03 01 01 04 04 04

Ryn o) =—+—+—+—+—+—,
i=1 i X1 X2 X3 X4 X5 X6
06 03 0.7 07 07 038

Rym c()=—+—+—+—+—+—,
i=1 X1 X2 X3 X4 X5 X6

06 03 01 07 04 04

Csom ¢, (1) +—F —+ —+ — + =,
=1 X1 X2 X3 X4 X5 X6
06 03 07 07 04 038

Cym o) =—+—4+—+—+—+—.
=t X1 X2 X3 X4 X5 X6

Hence,

REw (1) G Con o (1) G i G Cym o () S R ¢, ().

7 An approach to MCGDM method based on CMGRFS models

In this section, we give an application of MCGDM method based on CMGRFS models. For
the sake of simplicity, we use 1-COMNGRFS models and 2-COMNGRFS models to present
the MCGDM method, respectively. In fact, all methods of CMRGRFS models also can be
used to discuss the MCGDM problems. By means of different methods, the obtained results
are also different. In order to achieve the most accurate results, further diagnosis is necessary
in combination with other hybrid methods in our real world. In this paper, the data originate
in opinions from experts. In order to improve the reliability, we depend on CMGRFS models
to analyze the opinions of the experts.

7.1 An application of MCGDM method based on 1-COMGRFS models

In this subsection, we use 1-COMGRFS models to present the MCGDM method in order to
determine whether a person is ill or not.

7.1.1 Decision making methodology based on 1-COMGRFS models

Firstly, in order to determine whether a person is ill or not, we establish the multigranulation
fuzzy decision information systems based on the considered MCGDM problems.
Secondly, we construct the covering approximation space and compute the neighborhoods.
Thirdly, we calculate the EOZ"’_l c; (n) and FOZ}": | Ci (w) for the given fuzzy set . Then
we can obtain the ranking of thel:given degree of sicken by experts as their judgements for
every patients. Denote by

D Ri() = 3Rw o () + (1= Ry ¢ (), where 4 € [0, 1].
i=1

m
Finally, based on the value of > R;(u), we give the ranking for the given degree of sicken
i=1
by using the principle of maximum membership in Zadeh’s fuzzy set theory.
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Remark 7.1 (1) If » = 1,then ) /L R;j(n) = E’Zm o ().
i=1 "1

(2) If 2 =0, then Y| Ri(w) = F’Z?’: o ().

From the point of view of risk decision making with uncertainty, Y -, R;(®) can be
regarded as the compromise rule with a right weight A. In general, X reflects the preference
of decision maker for the risk of decision making problems. The larger the value of A when
decision maker is risk-preferring. The smaller the value of A when decision maker is risk-
averse. Hence the decision maker can adjust A according to the goal in real life.

7.1.2 Algorithm for the proposed MCGDM method based on 1-COMGRFS models

Now, we put forth an algorithm for the proposed MCGDM method.
Algorithm I (Based on 1-COMGRFS models):

Step 1 Input the object U = {xy, ..., x,}, the condition attributes C = {C{, C,, ..., C,}
and a fuzzy set u of U.

Step 2 Compute the neighborhood Ng;, (x), forallx e U,i =1,2,...,m.
Step 3 Compute E)Zi-": G (n) and Eoz:;jzzl ¢, () according to Definition 4.1.

Step 4 Determine the right weight value of X, where A € [0, 1].

Step 5 Compute ; Ri(n) = AEUZL c () + A = Ryn ¢, ().

1

Step 6 Obtain the ranking according to the decision principle.

7.1.3 An applied example

Assume that u = {x1,...,x6} is a set of patients. According to the patients’ symp-
toms, the doctors will construct the covering set C = {C;, C,} which consists of two
condition attributes, where C; = {{x1}, {x2, x3}, {x3, x4, x5}, {x4, x5, x6}} and C, =
{{x1, x2}, {x2, x3, x4}, {x4, x5}, {x5, x6}} are two kinds of symptoms of sicken.
Let 1 and v denote the degree of sicken by two doctors A and B as their judgements for
every patients, respectively, as follows:
06 03 01 07 04 038
n=—+—+—+—+—+—
X1 X2 X3 X4 X5 X6
and
07 02 03 05 06 09
v=—-+—+—+—+ —+ —.
X3 X4 X5 X6

By calculation,

RS o= 2422, 01, 07, 04 04
ACi+6 W = X1 X2 X3 X4 X5 X6

and
0.6 03 07 0.7 0.4+%

Ree,() = —+ — + — + — + —
Ci+C W) = X1 X2 X3 X4 X5 X6
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Let A = 0.2, then the MCGDM of u can be obtained as follows:

2
Y Ri(w) = 02R%, (¢, (W) + (1 = 0.2)RE, 4, (1)
i=1
06 03 058 07 04 072
=+t —+—+ —+—.
X1 X2 X3 X4 X5 X6
According to the principle of maximum membership in Zadeh’s fuzzy set theory, the order
of the degree of sicken as follows: xg > x4 > X1 > x3 > x5 > x3. Hence, doctor A thinks
the patient x¢ is more likely to be sicken.
Similarly, we can calculate
07 02 03 05 06 06

R =4+ =+ =+ =4+ =
B+, ) x1+xz+x3+X4+XS+X6

and

R ) 0.7 n 0.2 n 0.5 n 0.5 N 0.6 N 0.9
V= —F —F —F+—+ —+ —.
Ci+C, X1 X2 X3 X4 X5 X6

Hence, then the MCGDM of v can be obtained as follows:

2
Y Ri() = 02R% o, () + (1 = 0.2)Re, 4, (v)
i=1
07 02 046 05 06 0.84
=+ —F+—+—+ —+—.
X1 X2 X3 X4 X5 X6
According to the principle of maximum membership in Zadeh’s fuzzy set theory, the order
of the degree of sicken as follows: xg > x1 > x5 > x4 > x3 > x3. Hence doctor B also
thinks the patient x¢ is more likely to be sicken.

Remark 7.2 (1) In the above MCGDM method, we use 1-COMGRFS models.

(2) From the point of view of risk decision making with uncertainty, in general, A reflects
the preference of decision maker for the risk of decision making problems. The larger
the value of A when decision maker is risk-preferring. The smaller the value of A when
decision maker is risk-averse. Hence the decision maker can adjust A according to the
goal in our real life.

7.2 An application of MCGDM method based on 2-COMGRFS models

In this subsection, we use 2-COMGRFS models to present the MCGDM method in order to
determine whether a person is ill or not.

7.2.1 Decision making methodology based on 2-COMGRFS models

Firstly, in order to determine whether a person is ill or not we establish the multigranulation
fuzzy decision information systems based on the considered MCGDM problems.
Secondly, we construct the covering approximation space and compute the neighborhoods.
Thirdly, we calculate the C OZ'-E G (n) and 602:1: | C; (w) for the given fuzzy set p. Then
we can obtain the ranking of the‘:given degree of sicken by experts as their judgements for
every patients. Denote by
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ZC (1) = 2C%m ¢, () + (1~ A)?"ELI ¢, (1), where 1 € [0, 1].

Finally, based on the value of Y ;" | Ci(1), we give the ranking for the given degree of
sicken by using the principle of maximum membership in Zadeh’s fuzzy set theory.

Remark 7.3 (1) If » = 1,then ) /L, Ci(n) = Zm o ().
(2) 12 =0, then Y7, Ci(u) = Csn ¢, (1),

From the point of view of risk decision making with uncertainty, » /-, C;(u) can be
regarded as the compromise rule with a right weight A. In general, X reflects the preference
of decision maker for the risk of decision making problems. The larger the value of A when
decision maker is risk-preferring. The smaller the value of A when decision maker is risk-
averse. Hence the decision maker can adjust A according to the goal in our real world.

7.2.2 Algorithm for the proposed MCGDM method based on 2-COMGRFS models

Now, we put forth an algorithm for the proposed MCGDM method.
Algorithm II (Based on 2-COMGRFS models):

Step 1 Input the object U = {x1, ..., x,}, the condition attributes C = {C{, C,, ..., C,,;}
and a fuzzy set u of U.

Step 2 Compute the neighborhood Ng, (x), forallx e U,i =1,2,...,m
Step 3 Compute QUZE"ZI c; (u) and foz?nz | Ci (n) according to Definition 5.1.
Step 4 Determine the right weight value of X, where A € [0, 1].

Step 5 Compute 37 Ci(1) = ACn ¢ () + (1 = MCSn ¢ ().

Step 6 Obtain the ranking according to the decision principle.

7.2.3 An applied example

Consider the examples as in Sect. 7.1. By calculation, we have

C?C (IL):E—FE"FE‘F%‘F%‘F%

=0t X1 X2 X3 X4 X5 X6
and

60 (n) = %‘Fgﬁ‘ﬂ‘i‘ﬂ E_FB

Ci+Cy WK X2 X3 X4 X5 X6

Let A = 0.2, then the MCGDM of u can be obtained as follows:

Z Ci() = 0.2C% ¢, (W) + (1 = 02)C¢ g, ()
i=1
054 026 058 064 0.64 0.72
=t —F—+—F—+—

X1 X2 X3 X4 X5 X6
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According to the principle of maximum membership in Zadeh’s fuzzy set theory, the order
of the degree of sicken as follows: xg > x4 = x5 > x3 > x1 > x3. Hence, doctor A thinks
the patient x¢ is more likely to be sicken.

Similarly, we can calculate

02 02 02 05 05 05

for: =+ =+ =+ =4+=
Cerre, ) X1+x2+x3+x4+x5+x6

and

° W) 0.7 N 0.3 4 0.6 n 0.6 N 0.6 N 0.9
V= —+ —F —F — + — + —.
Ci+C X1 X2 X3 X4 X5 X6

Hence, then the MCGDM of v can be obtained as follows:

2
> Ciw) =02C¢ o, + (1 —02)Ce, 4, (v)
i=1
0.6 028 052 058 058 0.82
=—F—+—+—F+ —+ —.
X1 X2 X3 X4 X5 X6
According to the principle of maximum membership in Zadeh’s fuzzy set theory, the order
of the degree of sicken as follows: xg > x| > x4 = x5 > x3 > x3. Hence doctor B also
thinks the patient x¢ is more likely to be sicken.

Remark 7.4 (1) In the above MCGDM method, we use 2-COMGRFS models. Certainly, we
also can use other CMGREFS models to discuss this topic.

(2) By means of different methods, the obtained results are also different. In order to achieve
the most accurate results, further diagnosis is necessary in combination with other hybrid
methods.

Remark 7.5 (1) In Algorithms I and II, we know that the time complexities of computing
C; partitions are both O(nm|C;|). Thus, the time complexities are both

O(m|Cy| +nm|Ca| + -+ +nm|Cpy|) = O(m(|Ci| + |Co| + - - + |Ci )
=0 (an|(Ci|> .
i=1

(2) In Algorithms I and II, shortcomings of the algorithms: (a) its calculating quantity is
large, (b) The value of A has a great impact on the decision result, which requires the
decision maker to choose A. If the value of A is misvalued, the decision result will be
affected.

Any external comparative analysis suffers from the limitation that traditional MAGDM
problems with fuzzy information are mainly focused on using fuzzy aggregation operators
w.r.t. a fuzzy binary relation. That is, the preference evaluations of different decision-makers
are melded together by using the selected fuzzy aggregation operator, and then the key issue
of traditional MAGDM problems arises as to how to define effective fuzzy aggregation
operators. But especially complicated real-world problems cannot rely on a (fuzzy) binary
relation alone. Covering based rough (fuzzy) set models go beyond that point because they do
not depend on a (fuzzy) binary relation, but on generalizations of that concept. In particular,
covering based multigranulation rough fuzzy rough sets, which generalize both covering
based rough fuzzy sets and multigranulation rough sets, are better suited to deal with more
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—a— The first model (doctor A)
~ »= The first model (doctor B)
The second model (doctor A)
The second model (doctor B)

[$2]
I

Ranking
w
1
/
/
/
[ P
\
/

2 F d
1 -
0 L 1 1 L 1 1]
X1 X3 X3 X4 Xs X6
Alternatives

Fig. 1 The representations of the rankings of all alternatives based four types of cases

subtle problems as described in this section. We have made a preliminary attempt to explore
the methods and models that apply to MAGDM problems based on CMGREFS theory, which
are comparatively little studied in the broad field of MAGDM problems.

7.3 Comparative analysis

From the above analysis, we observe that the ranking results obtained the decision making
methods based two different models have a high degree of consensus. To put forth a better
perspective of the comparison results, we give the results of the rankings of the alternatives
obtained by above four types of cases, see Fig. 1.

It can be easily seen from the Fig. 1 that the ranking of the six candidate alternatives
from the above four cases are quite similar. The optimal results are the same. As there exist
some minor different places on other alternatives, the reason is that we choose two different
models. In real-world decision making process, any preference between the results may be a
surjective choice by the decision-maker.

8 Discussion and the future work

It is well known that covering rough set model is a vital research topic of generalized rough
set theory. Covering rough set model is a very powerful tool that enables the researcher to
study data mining in a more general manner. Many researchers proposed many generalized
fuzzy rough set models. At the same time, some scholars generalized covering based rough set
models to covering based fuzzy rough set models by combining fuzzy sets and covering based
rough set models. MGRS model is an important topic as a generalization of rough sets and
granular computing which is a tool for AI and management sciences. Mardani et al. (2015)
reviewed MCGDMMs based on fuzzy set theory from 1994 to 2014. Regarding decision
making methods based on rough set theory, many researchers put forward new procedures
and techniques too (the reader is addressed to Sun and Ma 2015b, 2017 for examples). By
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Pawlak rough set

T

CRS Rough fuzzy set

T

CMGRS CRFS
\ /

CMGRFS
1-CMGRFS ‘ 2-CMGRFS
1-COMGRFS 1-CPMGRFS 2-COMGREFS 2-CPMGRFS
\ /
1- I CVPMGRFS 1-TICVPMGRFS 2-CVPMGREFS

Fig.2 The relationships of generalized covering based rough set models. In the Fig. 2, A — B means that A
is a particular case of B and A — B means that A includes B

viewing existing studies, it appears that there is a lack of investigation on the applications
in MCGDM method by CMGRFS models. This motivates the present paper on CMGRFS
models, as well as their applications in multiple criteria group decision making. In view of
this reason, in the present paper, we investigate two types of CMGRFS models by means of
the neighborhoods.

The main contributions and the future work in this paper are listed as follows:

(1) Two types of CMGRFS models are investigated.

(2) The relationships between two types of CMGRFS models are established. These studies
have aroused interest in covering based rough set theory, which has quickly become an
important and useful research topic in uncertainty theory.

(3) Based on the theoretical discussion for the combination of CMGRFS models, we have
presented two new approaches to MCGDM problem. The basic model and the procedure
of decision making as well as the algorithm for the new approach are given.

(4) The relationships among these kinds of generalized covering based rough set models are
investigated, see the following Fig. 2.

(5) There are some issues in this topic deserving further investigation. For instances, the study
of parameter reductions of multigranulation rough fuzzy covering models; topological
properties and matroidal structures of CMGRFS models; the other decision making appli-
cations of CMGRFS models; the research of covering based multigranulation fuzzy rough
set models; the design of other hybrid uncertain models and the analysis of their inter-
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actions with existing models; the relationships between CMGRFS models and covering
based multigranulation fuzzy rough set models.
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