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Background
Today, we are surrounded by voluminous data which is collected from a wide variety of 
fields at a great speed. In order to extract useful information from such a great volume of 
data, which in many cases contains imprecision and uncertainty, the research commu-
nity has proposed and applied several tools like the theory of rough sets (Pawlak 1982; 
Pawlak et al. 1988; Pawlak 1991, 1995), and its extensions (Yao 1996, 1998; Skowron and 
Stepaniuk 1996; Pei and Xu 2004), S-approximation spaces (Hooshmandasl et al. 2014; 
Shakiba and Hooshmandasl 2015a, b; Shakiba et al. 2016), granular computing (Bargiela 
and Pedrycz 2003; Lin 2002, 2003) and fuzzy set theory (Zadeh 1965, 1983). Among 
them, rough set theory is a well-established and popular choice to study information 
systems.

The theory of rough set was originally proposed by Pawlak (1982) and Pawlak et  al. 
(1988) and has been applied to a wide variety of applications like studying incomplete 
information systems through coverings (Bonikowski 1994; Bonikowski et  al. 1998; 
Bryniarski 1989; Cattaneo and Ciucci 2005; Kryszkiewicz 1998), granular computing 
(Lin 2002, 2003; Lin and Liau 2005; lzak and Wasilewski 2007), rule learning (Zhu and 
Hu 2013; Du et al. 2011) and feature selection (Hu et al. 2008). This theory provides a 
systematic approach to data analysis through the notion of indiscernibility. The notion 
of indiscernibility in Pawlak’s original definition is based on equivalence relation, but 
in many situations in real world, equivalence relations are not applicable. Therefore, 
this formulation was extended to tolerance (Skowron and Stepaniuk 1996), dominance 
(Greco et al. 2001), covering (Zakowski 1983; Zhu and Wang 2007), similarity (Slowinski 

Abstract 

Covering approximation spaces are a generalization of equivalence-based rough set 
theories. In this paper, we will consider twelve types of covering based approximation 
operators by combining four types of covering lower approximation operators and 
three types of covering upper approximation operators. Then, we will study the proper-
ties of these new pairs and show they have most of the common properties among 
existing covering approximation pairs. Finally, the relation between these new pairs is 
studied.

Keywords: Rough sets, Approximation spaces, Covering spaces, Approximation 
operators

Open Access

© 2016 The Author(s). This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and 
indicate if changes were made.

RESEARCH

Safari and Hooshmandasl  SpringerPlus  (2016) 5:1003 
DOI 10.1186/s40064‑016‑2670‑y

*Correspondence:  
hooshmandasl@yazd.ac.ir 
1 Department of Computer 
Science, Yazd University, 
Yazd, Iran
Full list of author information 
is available at the end of the 
article

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40064-016-2670-y&domain=pdf


Page 2 of 18Safari and Hooshmandasl  SpringerPlus  (2016) 5:1003 

and Vanderpooten 2000), fuzzy (Wu et al. 2003) and arbitrary relations (Yao 1998, 2003). 
Usually, a concept in rough set theory and its generalizations is approximated by a pair 
of lower and upper approximations. There are some papers devoted to study the behav-
ior of the lower and upper approximation operators using topology (Zhu 2007; Zhu and 
Wang 2007).

The covering based rough set theory is a well studied generalized version of rough set 
theory with important applications such as rule learning (Zhu and Hu 2013; Du et al. 
2011) and feature selection (Hu et al. 2008). There exists some types of approximation 
operator pairs. Zakowski was the first who generalized the Pawlak’s original formulation 
to covering relations (Zakowski 1983). This model is often called the first type of cover-
ing based rough sets. The second type of rough set was proposed by Pomykala along 
a topological analysis of these approximation spaces (Zhu and Wang 2007), since cov-
erings are a fundamental concept in topological spaces (Zhu 2011). The third type of 
covering based rough sets were proposed in Tsang et al. (2004) and then studied in Zhu 
and Wang (2006b) in more details. The fourth type of covering based rough sets were 
proposed in Zhu and Wang (2012). The fifth pair was introduced in Zhu (2007). There 
are many approximation pairs for covering rough sets which are studied in Zhang and 
Luo (2013), Bonikowski (1994), Bonikowski et al. (1998), Bryniarski (1989) and Zhu and 
Wang (2006a).

In this paper, we take three types of covering based upper approximation operators 
and then combine them with four types of covering lower based approximation opera-
tors, which gives us twelve types of covering approximation operator pairs. Then, we 
study their properties and compare them to the properties of Pawlaks’s original formula-
tion. Moreover, we study the relation between these new approximation operators.

The organization of this paper is as follows: in “Preliminaries” section, we will review 
some necessary concepts on rough sets and covering-based approximation spaces. Next, 
in “Combined types of covering-based rough sets” section, we will introduce twelve new 
types of covering based approximation pairs. Also, in this section we will investigate 
basic properties of rough sets for these new types. Then, the results of this section are 
summarized in two tables. In “Relationships between approximations” section, we will 
study the relationships between these new types of covering based approximation opera-
tors. After giving an illustrative example in “Illustrative example” section, we conclude 
the paper in “Conclusion and future research directions” section.

Preliminaries
This section presents a review of some fundamental notions of Pawlak’s rough sets and 
covering rough sets. We refer to Pawlak (1991) for details.

Pawlak’s rough set theory

Let U be a finite non-empty set and R be an equivalence relation over U. The equivalence 
class of x with respect to R is denoted by [x]R and is defined as [x]R = {y ∈ U |(x, y) ∈ R}. 
The lower and upper approximations of a set X ⊆ U are defined as

RX =
⋃

{[x]R : [x]R ⊆ X},
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and

The pair (U, R) is called a Pawlak approximation space and from the definitions of the 
approximation sets, the following conclusions have been established.

Proposition 1 (Pawlak 1991) Let U be a finite non-empty set and R an equivalence 
relation on U. Then for any X ,Y ⊆ U , the followings hold:

(1L)  R(U) = U ,
(1H)  R(U) = U ,
(2L)  R(∅) = ∅,
(2H)  R(∅) = ∅,
(3L)  R(X) ⊆ X,
(3H)  X ⊆ R(X),
(4L)  R(X ∩ Y ) = R(X) ∩ R(Y ),
(4H)  R(X ∪ Y ) = R(X) ∪ R(Y ),
(5L)  R(R(X)) = R(X),
(5H)  R(R(X)) = R(X),
(6L)  X ⊆ Y ⇒ R(X) ⊆ R(Y ),
(6H)  X ⊆ Y ⇒ R(X) ⊆ R(Y ),
(7L)  R(−R(X)) = −R(X),
(7H)  R(−R(X)) = −R(X),
(8LH)  R(−X) = −R(X),
(9LH)  R(X) ⊆ R(X), where −X = U\X.

Covering‑based rough set theory

Definition 1 (Coverings) Let U be a finite non-empty set and C be a family of subsets 
of U. Then, C is called a covering of U if K �= ∅ for every K ∈ C and 

⋃

K∈C K = U .

For every x ∈ U , the neighborhood of x induced by C is defined as 
Cx = ∩{K ∈ C|x ∈ K }. Also, the minimal description of x with respect to C is 
defined as MdC(x) = {K ∈ C|x ∈ K ∧ (∀S ∈ C, x ∈ S ∧ S ⊆ K ⇒ S = K )}. The set 
CFriendsC(x) = ∪K∈MdC(x)K  is called the set of close friends of x with respect to C (Zhu 
and Wang 2007). There are plenty of covering based rough approximation operators 
defined by means of neighborhoods, e.g. Zhu and Wang (2007), Bonikowski et al. (1998) 
and Zhu and Wang (2012). In the following definition, we will review ten types of them.

Definition 2 (Bonikowski et al. 1998; Zhu and Wang 2007; Tsang et al. 2004; Zhu and 
Wang 2012; Zhang and Luo 2013) Let U be a finite non-empty set, C a covering on U and 
X ⊆ U . Then,

RX =
⋃

{[x]R : [x]R ∩ X �= ∅}.
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 1. C1(X) = ∪{K ∈ C|K ⊆ X},

  C1(X) = ∪{CFriendsC(x)|x ∈ X \ C1(X)} ∪ C1(X).

 2. C2(X) = C1(X),

  C2(X) = ∪{K ∈ C|K ∩ X �= ∅}.

 3. C3(X) = C1(X),

  C3(X) = ∪{CFriendsC(x)|x ∈ X}.

 4. C4(X) = C1(X),

  C4(X) = C4(X) ∪
(

∪{K ∈ C|K ∩ (X \ C4(X)) �= ∅}
)

.

 5. C5(X) = C1(X),

  C5(X) = C5(X) ∪
(

∪{Cx|x ∈ X \ C5(X)}
)

.

 6. C6(X) = {x ∈ U |Cx ⊆ X},

  C6(X) = {x ∈ U |Cx ∩ X �= ∅}.

 7. C7(X) = {x ∈ U |∀y ∈ U
(

x ∈ Cy ⇒ y ∈ X
)

},

  C7(X) = ∪{Cx|x ∈ X}.

 8. C8(X) = {x ∈ U |∀K ∈ C(x ∈ K ⇒ K ⊆ X)},

  C8(X) = ∪{K ∈ C|K ∩ X �= ∅}.

 9. C9(X) = {x ∈ U |∀y ∈ U \ X , x /∈ CFriend(y)},

  C9(X) = ∪{CFriend(x)|x ∈ X}.

 10. C10(X) = {x ∈ U |∀y ∈ U , x ∈ Cy ⇒ Cy ⊆ X},

  C10(X) = ∪{Cx|Cx ∩ X �= ∅, x ∈ U}. 

In Tables 1 and 2, the basic properties of these covering based approximation opera-
tors are summarized.

Combined types of covering‑based rough sets

Definition 3 Let (U, C) be a covering approximation space. Then, by combining lower 
approximation operators of types 6, 7, 8, and 10 with upper approximation operators of 
types 1, 4, and 5, we can define twelve different types of covering based rough set as follows:

 1. C61(X) = ∪{CFriends(x)|x ∈ X − C6(X)} ∪ C6(X),

 2. C64(X) = ∪{K ∈ C|K ∩ (X − C6(X)) �= ∅} ∪ C6(X),

 3. C65(X) = ∪{Cx|x ∈ X − C6(X)} ∪ C6(X),

Table 1 Properties of lower approximation operations (Zhu and Wang 2012, 2007; Zhang 
and Luo 2013; Qin et al. 2007)

C
1

C
6

C
7

C
8

C
10

1L � � � � �

2L � � � � �

3L � � � � �

4L – � � � �

5L � � � – –

6L � � � � �

7L – – – – –
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 4. C71(X) = ∪{CFriends(x)|x ∈ X − C7(X)} ∪ C7(X),

 5. C74(X) = ∪{K ∈ C|K ∩ (X − C7(X)) �= ∅} ∪ C7(X),

 6. C75(X) = ∪{Cx|x ∈ X − C7(X)} ∪ C7(X),

 7. C81(X) = ∪{CFriends(x)|x ∈ X − C8(X)} ∪ C8(X),

 8. C84(X) = ∪{K ∈ C|K ∩ (X − C8(X)) �= ∅} ∪ C8(X)

 9. C85(X) = ∪{Cx|x ∈ X − C8(X)} ∪ C8(X),

 10. C101(X) = ∪{CFriends(x)|x ∈ X − C10(X)} ∪ C10(X),

 11. C104(X) = ∪{K ∈ C|K ∩ (X − C10(X)) �= ∅} ∪ C10(X),

 12. C105(X) = ∪{Cx|x ∈ X − C10(X)} ∪ C10(X).

Note that the naming convention for Cxy(X) is as follows:

  • x represents the type of lower approximation operator in use, e.g. 6, 7, 8, and 10,
  • y represents the type of upper approximation operator in use, e.g. 1, 4, and 5,

and Cxy(X) = Cx(X). 

Lemma 2 Let (U, C) be a covering based approximation space, then for any X ⊆ U , we 
have C6(C61(X)) = C61(X).

Proof By property (3L) in Proposition (1), C6(C61(X)) ⊆ C61(X). On the other 
hand, for any x ∈ C61(X), we have x ∈ C6(X) or x ∈ ∪{CFriends(x)|x ∈ X − C6(X)}. If 
x ∈ C6(X), then Cx ⊆ X. By definition of C61(X), X ⊆ C61(X). Thus Cx ⊆ C61(X) and by 
definition of C6(X), x ∈ C6(C61(X)). So C61(X) ⊆ C6(C61(X)).

Also, if x ∈ ∪{CFriends(x)|x ∈ X − C6(X)}, there exists x0 ∈ X − C6(X) such 
that x ∈ CFriends(x0), then Cx ⊆ CFriends(x0). Since CFriends(x0) ⊆ C61(X) , 
then Cx ⊆ C61(X). So x ∈ C6(C61(X)). Thus C61(X) ⊆ C6(C61(X)). Therefore, 
C6(C61(X)) = C61(X).  �

Proposition 3 For C61(X) properties (1H), (2H), (3H) and (5H) do hold.

Proof Properties (1H), (2H), and (3H) are directly derivable from defini-
tions. For property (5H), using the property (3H) in Proposition (1), we have 

Table 2 Properties of upper approximation operations (Zhu and Wang 2012, 2007; Zhang 
and Luo 2013)

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

1H � � � � � � � � � �

2H � � � � � � � � � �

3H � � � � � � � � � �

4H – � � – � � � � � �

5H � – – � � � � – – –

6H – � � – � � � � � �

7H – – – – – – – – – –
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C61(X) ⊆ C61(C61(X)). On the other hand, for any x ∈ C61(C61(X)), either 
x ∈ C6(C61(X)) or x ∈ ∪{CFriends(x)|x ∈ (C61(X)− C6(C61(X))}. However, by Lemma 
(2), C6(C61(X)) = C61(X), which implies that x ∈ C61(X). So C61(C61(X)) ⊆ C61(X). �

For C61(X) properties (4H), (6H) and (7H) do not hold.

Example 1 Let U = {a, b, c, d, e, f , g , h}, X = {a, b, f , h}, Y = {a, b, f , h, d} and C = {{f , d, g}, 
{a, b, c}, {a, d, e, f }, {h}} is a covering of U. C61(X) = U  , C61(Y ) = {a, b, c, d, f , h} and 
C61(X ∪ Y ) = {a, b, c, d, f , h}, thus C61(X ∪ Y ) �= C61(X) ∪ C61(Y )and X ⊆ Y , but 
C61(X) � C61(Y ).

Example 2 Let U = {a, b, c, d},X = {b, c} and C = {{a, b}, {b, c, d}, {c, d}} is a cover-
ing of U. C61(X) = {b, c, d} then −C61(X) = {a} and C61(−C61(X)) = {a, b}. Thus 
C61(−C61(X)) �= −C61(X).

Lemma 4 C6(C64(X)) = C64(X).

Proof By property (3L) in Proposition (1), C6(C64(X)) ⊆ C64(X). On the other hand, 
for any x ∈ C64(X), we have x ∈ C6(X) or x ∈ ∪{K ∈ C|K ∩ (X − C6(X)) �= ∅}. If 
x ∈ C6(X), then Cx ⊆ X. By the definitions of C64(X), X ⊆ C64(X). Thus Cx ⊆ C64(X). 
According to definition C6(X) we have x ∈ C6(C64(X)). So C64(X) ⊆ C6(C64(X)).

If x ∈ ∪{K ∈ C|K ∩ (X − C6(X)) �= ∅} there exists Ki ∈ C such that 
Ki ∩ (X − C6(X)) �= ∅ and x ∈ Ki. Since Cx ⊆ Ki and Ki ⊆ C64(X), then 
Cx ⊆ C64(X). So x ∈ C6(C64(X)), then C64(X) ⊆ C6(C64(X)). Thus, we proved that 
C6(C64(X)) = C64(X) .  �

Proposition 5 For C64(X) properties (1H), (2H), (3H) and (5H) do hold.

Proof (1H), (2H), and (3H) are obvious from the definition.
(5H): By property (3H) in Proposition (1), C64(X) ⊆ C64(C64(X)).
On the other hand, for any x ∈ C64(C64(X)), x ∈ C6(C64(X)) or x ∈ ∪{K ∈ C|K∩

(C64(X)− C6(C64(X)) �= ∅}. but By Lemma (4), C6(C64(X) = C64(X) , then x ∈ C64(X). 
So C64(C64(X)) ⊆ C64(X). Therefore, C64(X) = C64(C64(X)).  �

For C64(X) properties (4H), (6H), (7H) do not hold.

Example 3 Let U = {a, b, c, d, e, f , g , h}, X = {a, b, f , h}, Y = {a, b, f , h, d} and  
C = {{f , d, g}, {a, b, c}, {a, d, e, f }, {h}} is a covering of U. C64(X) = U , C64(Y ) 
= {a, b, c, d, f , h} and C64(X ∪ Y ) = {a, b, c, d, f , h}, then C64(X ∪ Y ) �= C64(X) ∪ C64(Y ) 
and howeverX ⊆ Y , but C64(X) � C64(Y ).

Example 4 Let U = {a, b, c, d}, X = {b, c} and C = {{a, b}, {b, c, d}, {c, d}} is a covering 
of U. C64(X) = {b, c, d} and C64(−C64(X)) = {a, b}. Thus C64(−C64(X)) �= −C64(X).

Theorem 6 C65(X) = ∪{Cx|x ∈ X}.
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Proof It is obvious that ∪{Cx|x ∈ X − C6(X)} ⊆ ∪{Cx|x ∈ X}. By property (3L) in 
Proposition (1), C6(X) ⊆ X and since X ⊆ ∪{Cx|x ∈ X}, then C6(X) ⊆ ∪{Cx|x ∈ X}. So 
C65(X) = ∪{Cx|x ∈ X − C6(X)} ∪ C6(X) ⊆ ∪{Cx|x ∈ X}.

On the other hand, it is easy to see ∪{Cx|x ∈ X} = ∪{Cx|x ∈ X − C6(X)}∪

(∪{Cx|x ∈ C6(X)}). For any x ∈ C6(X) , we have Cx ⊆ X. By the definition C65(X),  
X ⊆ C65(X), then Cx ⊆ C65(X). So ∪{Cx|x ∈ X} ⊆ C65(X). We proved that 
C65(X) = ∪{Cx|x ∈ X}.  �

Proposition 7 For C65(X) properties (1H), (2H), (3H), (4H), (5H), (6H) do hold.

Proof (1H), (2H), and (3H) are obvious from the definition.

(4H): By Theorem (6) we have:

(5H): By Theorem (6) we have:

(6H) If X ⊆ Y  then C65(X) = ∪{Cx|x ∈ X} ⊆ ∪{Cx|x ∈ Y } = C65(Y ).  �

For C65(X) property (7H) does not hold.

Example 5 Let U = {a, b, c, d, e}, X = {a, b, c, d} and C = {{a, b, c}, {a, b, c, d}, {d, e}} is 
a covering of U. C65(X) = {a, b, c, d} and C65(−C65(X)) = {d, e}, thus C65(−C65(X))

�= −C65(X).

Proposition 8 For C71(X) properties (1H), (2H) and (3H) do hold.

Proof (1H), (2H), and (3H) are obvious from the definition. �

For C71(X) properties (4H), (5H), (6H) and (7H) do not hold.

Example 6 Let U = {a, b, c, d}, X = {c, d}, Y = {d} and C = {{a, b}, {a, c, d}} is a 
covering of U. C71(X) = {c, d} and C71(Y ) = {a, c, d}, thus C71(X ∪ Y ) = {c, d} �=

C71(X) ∪ C71(Y )and however X ⊆ Y , but C71(X) � C71(Y ).

Example 7 In Example (6) let X = {d}. C71(X) = {a, c, d} and C71(C71(X)) = U  thus 
C71(C71(X)) �= C71(X).

C65(X ∪ Y ) = ∪{Cx|x ∈ (X ∪ Y )}

= ∪{Cx|(x ∈ X) ∪ (x ∈ Y )}

= ∪{Cx|x ∈ X} ∪ (∪{Cx|x ∈ Y })

= C65(X) ∪ C65(Y ).

C65(C65(X)) = ∪{Cx|x ∈ C65(X)}

= ∪{Cx|x ∈ Cy, y ∈ X}

= ∪{Cy|y ∈ X}

= C65(X).
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Example 8 In Example (6) let X = {b}. C71(X) = {b} then −C71(X) = {a, c, d} and 
C71(−C71(X)) = U thus C71(−C71(X)) �= −C71(X).

Proposition 9 For C74(X) properties (1H), (2H) and (3H) do hold.

Proof (1H), (2H), and (3H) are obvious from the definition. �

For C74(X) properties (4H), (6H), (5H) and (7H) do not hold.

Example 9 Let U = {a, b, c, d, e} and C = {{a, b, c}, {a, b, c, d}, {d, e}} is a cover-
ing of U.if X = {a} and Y = {a, b, c},then C74(X) = {a, b, c, d}, C74(Y ) = {a, b, c} and 
C74(X ∪ Y ) = {a, b, c}. Thus C74(X ∪ Y ) �= C74(X) ∪ C74(Y ). Although X ⊆ Y , but 
C74(X) � C74(Y ).

Example 10 Let U = {a, b, c, d}, X = {b} and C = {{a, b, c}, {a, d}} is a covering of U. 
C74(X) = {a, b, c} and C74(C74(X)) = {a, b, c, d}, thus C74(C74(X)) �= C74(X).

Example 11 In Example (10) let X = {d}. C74(X) = {d} and C74(−C74(X)) = {a, b, c, d} , 
thus C74(−C74(X)) �= −C74(X).

Proposition 10 For C75(X) properties (1H), (2H), (3H), (5H) and (7H) do hold.

Proof (1H), (2H), and (3H) are obvious from the definition.  �

For C75(X) properties (4H) and (6H) do not hold.

Example 12 Let U = {a, b, c, d, e, f }, X = {b, d},Y = {a, b, c, d} and C = {{a, b}, {a, c, d, e}, 
{e, f }} is a covering of U. C75(X) = {a, b, c, d, e}, C75(Y ) = {a, b, c, d} and 
C75(X ∪ Y ) = {a, b, c, d}. Thus C75(X ∪ Y ) �= C75(X) ∪ C75(Y ) . However X ⊆ Y , but 
C75(X) � C75(Y ).

Theorem 11 C81(X) = ∪{CFriends(x)|x ∈ X}.

Proof It is obvious that ∪{CFriends(x)|x ∈ X − C8(X)} ⊆ ∪{CFriends(x)|x ∈ X} . By 
property (3L) in Proposition (1), C8(X) ⊆ X and since X ⊆ ∪{CFriends(x)|x ∈ X}, then  
C8(X) ⊆ ∪{CFriends(x)|x ∈ X}. So C81(X) = ∪{CFriends(x)|x ∈ X − C8(X)} ∪ C8(X) 
⊆ ∪{CFriends(x)|x ∈ X}. On the other hand, it is easy to see

For any x ∈ C8(X), we have ∀K ∈ C(x ∈ K ⇒ K ⊆ X). Thus CFriends(x) ⊆ X . By the 
definition C81(X), X ⊆ C81(X). Then CFriends(x) ⊆ C81(X). So ∪{CFriends(x)|x ∈ X}

⊆ C81(X).
We proved that C81(X) = ∪{CFriends(x)|x ∈ X}.  �

Proposition 12 For C81(X) properties (1H), (2H), (3H), (4H) and (6H) do hold.

Proof (4H): by Theorem (11) we have:

∪{CFriends(x)|x ∈ X} = ∪{CFriends(x)|x ∈ X − C8(X)} ∪ (∪{CFriends(x)|x ∈ C8(X)}).
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(6H): If X ⊆ Y , then by Theorem (11)

 �

For C81(X) properties (5H) and (7H) do not hold.

Example 13 Let U = {a, b, c, d, e}, X = {a, b} and C = {{a, b}, {a, c, d}, {d, e}} 
is a covering of U. C81(X) = {a, b, c, d} and C81(C81(X)) = {a, b, c, d, e}, thus 
C81(C81(X)) �= C81(X).

Example 14 In Example (13) −C81(X) = {e} and C81(−C81(X)) = {d, e}, thus 
C81(−C81(X)) �= −C81(X).

Theorem 13 C84(X) = ∪{K ∈ C|K ∩ X �= ∅}.

Proof It is obvious that ∪{K ∈ C|K ∩ (X − C8(X)) �= ∅} ⊆ ∪{K ∈ C|K ∩ X �= ∅} . 
By property (3L) in Proposition (1), C8(X) ⊆ X and since X ⊆ ∪{K ∈ C|K ∩ X �= ∅},  
then C8(X) ⊆ ∪{K ∈ C|K ∩ X �= ∅}. So C84(X) = ∪{K ∈ C|K ∩ (X − C8(X)) �= ∅}

∪C8(X) ⊆ ∪{K ∈ C|K ∩ X �= ∅}. On the other hand, it is easy to see

For any x ∈ ∪{K ∈ C|K ∩ C8(X) �= ∅} there exists K ∈ C such that K ∩ C8(X) �= ∅ and 
x ∈ K  and x ∈ C8(X). Since K ∩ C8(X) �= ∅ then K ⊆ X. By the definition of C84(X) 
we have X ⊆ C84(X), then K ⊆ C84(X), thus x ∈ C84(X). x ∈ C8(X) and By property 
(3L) in Proposition (1), C8(X) ⊆ X and by the definition of C84(X), X ⊆ C84(X), then 
x ∈ C8(X) ⊆ C84(X).So ∪{K ∈ C|K ∩ X �= ∅} ⊆ C84(X).

We proved that C84(X) = ∪{K ∈ C|K ∩ X �= ∅}.  �

Proposition 14 For C84(X) properties (1H), (2H), (3H), (4H) and (6H) do hold.

Proof (4H) By Theorem (13)

(6H) If X ⊆ Y , then by Theorem (13) C84(X) = ∪{K ∈ C|K ∩ X �= ∅} ⊆ ∪

{K ∈ C|K ∩ Y �= ∅} = C84(Y ). �

For C84(X) properties (5H) and (7H) do not hold.

C81(X ∪ Y ) = ∪{CFriends(x)|x ∈ (X ∪ Y )}

= ∪{CFriends(x)|x ∈ X} ∪ (∪{CFriends(x)|x ∈ Y })

= C81(X) ∪ C81(Y ).

C81(X) = ∪{CFriends(x)|x ∈ X}

⊆ ∪{CFriends(x)|x ∈ Y }

= C81(Y ).

∪{K ∈ C|K ∩ X �= ∅} = ∪{K ∈ C|K ∩ (X − C8(X)) �= ∅} ∪ (∪{K ∈ C|K ∩ C8(X) �= ∅}).

C84(X ∪ Y ) = ∪{K ∈ C|K ∩ (X ∪ Y ) �= ∅}

= ∪{K ∈ C|(K ∩ X) ∪ (K ∩ Y ) �= ∅}

= ∪{K ∈ C|K ∩ X �= ∅} ∪ (∪{K ∈ C|K ∩ Y �= ∅})

= C84(X) ∪ C84(Y ).
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Example 15 Let U = {a, b, c, d}, X = {a, b, c} and C = {{a, b, c}, {a, b, c, d}, {d, e}} 
is a covering of U. C84(X) = {a, b, c, d} and C84(C84(X)) = {a, b, c, d, e}, thus 
C84(C84(X)) �= C84(X).

Example 16 In Example (15) C84(X) = {a, b, c, d} then −C84(X) = {e} and 
C84(−C84(X)) = {d, e}, thus C84(−C84(X)) �= −C84(X).

Theorem 15 C85(X) = ∪{Cx|x ∈ X}.

Proof It is obvious that ∪{Cx|x ∈ X − C8(X)} ⊆ ∪{Cx|x ∈ X}. By Property(3L) in 
Proposition (1), C8(X) ⊆ X and since X ⊆ ∪{Cx|x ∈ X}, then C8(X) ⊆ ∪{Cx|x ∈ X}. So 
C85(X) = ∪{Cx|x ∈ X − C8(X)} ∪ C8(X) ⊆ ∪{Cx|x ∈ X}. On the other hand, it is easy 
to see

For any x ∈ C8(X), we have ∀K ∈ C(x ∈ K ⇒ K ⊆ X). Thus Cx ⊆ X. Since X ⊆ C85(X), 
then Cx ⊆ C85(X). Therefore, ∪{Cx|x ∈ X} ⊆ C85(X).

We proved that C85(X) = ∪{Cx|x ∈ X}.  �

Corollary 16 C65(X) = C85(X).

Proposition 17 For C85(X) properties (1H), (2H), (3H), (4H), (5H) and (6H) do hold.

Proof (4H): by Theorem (15) we have:

(5H): by Theorem (15) we have:

(6H): If X ⊆ Y  then C85(X) = ∪{Cx|x ∈ X} ⊆ ∪{Cx|x ∈ Y } = C85(Y ).  �

For C85(X) property (7H) does not hold.

Example 17 Let U = {a, b, c, d, e},X = {a, b} and C = {{a, c}, {a, b}, {d, e}} is a covering 
of U. C85(X) = {a, b} and C85(−C85(X)) = {a, c, d, e}, thus C85(−C85(X)) �= −C85(X).

Theorem 18 C101(X) = ∪{CFriends(x)|x ∈ X}.

∪{Cx|x ∈ X} = ∪{Cx|x ∈ X − C8(X) ∪ (∪{Cx|x ∈ C8(X))}.

C85(X ∪ Y ) = ∪{Cx|x ∈ (X ∪ Y )}

= ∪{Cx|(x ∈ X) ∪ (x ∈ Y )}

= ∪{Cx|x ∈ X} ∪ (∪{Cx|x ∈ Y })

= C85(X) ∪ C85(Y ).

C85(C85(X)) = ∪
{

Cx|x ∈ C85(X)
}

= ∪
{

Cx|x ∈ Cy, y ∈ X
}

= ∪{Cy|y ∈ X}

= C85(X).
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Proof It is obvious that ∪{CFriends(x)|x ∈ X − C10(X)} ⊆ ∪{CFriends(x)|x ∈ X} . 
By Property(3L) in Proposition (1), C10(X) ⊆ X and since X ⊆ ∪{Cx|x ∈ X},  
then C10(X) ⊆ ∪{Cx|x ∈ X}. So C101(X) = ∪{CFriends(x)|x ∈ X − C10(X)}∪ 
C10(X) ⊆ ∪{CFriends(x)|x ∈ X}.

On the other hand, it is easy to see

For any x ∈ C10(X), we have ∀y ∈ U , x ∈ Cy =⇒ Cy ⊆ X. Thus CFriends(x) ⊆ X 
and from definition C101(X), X ⊆ C101(X), then CFriends(x) ⊆ C101(X). So 
∪{CFriends(x)|x ∈ X} ⊆ C101(X). Therefore C101(X) = ∪{CFriends(x)|x ∈ X}.  �

Corollary 19 C81(X) = C101(X).

Proposition 20 For C101(X) properties (1H), (2H), (3H), (4H) and (6H) do hold.

Proof (4H): By Theorem (13) we have:

(6H) If X ⊆ Y ,then C101(X) = ∪{CFriends(x)|x ∈ X} ⊆ ∪{CFriends(x)|x ∈ Y }  
= C101(Y ) .  �

For C101(X) properties (5H) and (7H) do not hold.

Example 18 Let U = {a, b, c, d, e},X = {a, b} and C = {{a, b}, {a, c, d}, {d, e}} is 
a covering of U. C101(X) = {a, b, c, d} and C101(C101(X)) = {a, b, c, d, e}, thus 
C101(C101(X)) �= C101(X).

Example 19 In Example (18) C101(X) = {a, b, c, d} and C101(−C101(X)) = {d, e}, thus 
C101(−C101(X)) �= −C101(X).

Proposition 21 For C104(X) properties (1H), (2H) and (3H) do hold.

Proof (1H), (2H) and (3H) are obvious from the definition.  �

For C104(X) properties (4H), (6H), (5H) and (7H) do not hold.

Example 20 Let U = {a, b, c, d, e} and C = {{a, b, c}, {a, b, c, d}, {d, e}} is a covering 
of U. If X = {a} and Y = {a, b, c}, then C104(X) = {a, b, c, d}, C104(Y ) = {a, b, c} and 
C104(X ∪ Y ) = {a, b, c}. Thus C104(X ∪ Y ) �= C104(X) ∪ C104(Y ). Although X ⊆ Y  , but 
C104(X) � C104(Y ).

Example 21 In Example (20) C104(X) = {a, b, c, d} and C104(C104(X)) = {a, b, c, d, e}, 
thus C104(C104(X)) �= C104(X).

∪{CFriends(x)|x ∈ X} = ∪{CFriends(x)|x ∈ X − C10(X)} ∪ (∪{CFriends(x)|x ∈ C10(X)}).

C101(X ∪ Y ) = ∪{CFriends(x)|x ∈ (X ∪ Y )}

= ∪{CFriends(x)|x ∈ X} ∪ (∪{CFriends(x)|x ∈ Y })

= C101(X) ∪ C101(Y ).
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Example 22 In Example (20) C104(X) = {a, b, c, d} and C104(−C104(X)) = {d, e}, thus 
C104(−C104(X)) �= −C104(X).

Theorem 22 C105(X) = ∪{Cx|x ∈ X}.

Proof It is obvious that ∪{Cx|x ∈ X − C10(X)} ⊆ ∪{Cx|x ∈ X}. By property (3L) in 
Proposition (1), C10(X) ⊆ X and since X ⊆ ∪{Cx|x ∈ X}, then C10(X) ⊆ ∪{Cx|x ∈ X}. So 
C105(X) = ∪{Cx|x ∈ X − C10(X)} ∪ C10(X) ⊆ ∪{Cx|x ∈ X}. On the other hand, it is easy 
to see

For any x ∈ C10(X), we have ∀y(x ∈ Cy ⇒ Cy ⊆ X). Since x ∈ Cy and X ⊆ C105(X) , 
then Cx ⊆ Cy and Cx ⊆ C105(X). Thus ∪{Cx|x ∈ X} ⊆ C105(X). Therefore, 
C105(X) = ∪{Cx|x ∈ X}.  �

Corollary 23 C65(X) = C85(X) = C105(X).

Proposition 24 For C105(X) properties (1H), (2H), (3H), (4H), (5H), (6H) do hold.

Proof (4H): By Theorem (22)

(5H):  

(6H): If X ⊆ Y  then C105(X) = ∪{Cx|x ∈ X} ⊆ ∪{Cx|x ∈ Y } = C105(Y ).  �

For C105(X) property (7H) does not hold.

Example 23 Let U = {a, b, c, d}, X = {a, b} and C = {{a, b, c}, {a, d}} is a covering of U. 
C105(X) = {a, b, c} and C105(−C105(X)) = {a, d}, thus C105(−C105(X)) �= −C105(X).

The results of this section are summarized in Table 3.

Relationships between approximations
In this section, we will establish the following relationships between the new combined 
types of coverings for a covering approximation space (U, C) and X ⊆ U :

∪{Cx|x ∈ X} = ∪{Cx|x ∈ X − C10(X) ∪ (∪{Cx|x ∈ C10(X))}.

C105(X ∪ Y ) = ∪{Cx|x ∈ (X ∪ Y )}

= ∪{Cx|(x ∈ X) ∪ (x ∈ Y )}

= ∪{Cx|x ∈ X} ∪ (∪{Cx|x ∈ Y })

= C105(X) ∪ C105(Y ).

C105(C105(X)) = ∪{Cx|x ∈ C105(X)} = ∪{Cx|x ∈ Cy, y ∈ X} = ∪{Cy|y ∈ X}

= C105(X).

C75(X) ⊆ C85(X) = C65(X) = C105(X) ⊆ C61(X) ⊆ C64(X) ⊆ C104(X) ⊆ C84(X)

C75(X) ⊆ C85(X) = C65(X) = C105(X) ⊆ C61(X) ⊆ C81(X) = C101(X) ⊆ C104(X) ⊆ C84(X)

C75(X) ⊆ C71(X) ⊆ C101(X) = C81(X) ⊆ C104(X) ⊆ C84(X)

C75(X) ⊆ C71(X) ⊆ C74(X) ⊆ C84(X)
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Theorem 25 Let U be a finite non-empty set, C a covering on U and X ⊆ U . Then, we 
have

 1. C65(X) ⊆ C61(X)

 2. C61(X) ⊆ C64(X)

 3. C75(X) ⊆ C71(X)

 4. C71(X) ⊆ C74(X)

 5. C85(X) ⊆ C81(X)

 6. C81(X) ⊆ C84(X)

 7. C105(X) ⊆ C101(X)

 8. C101(X) ⊆ C104(X)

 9. C61(X) ⊆ C81(X)

 10. C64(X) ⊆ C104(X)

 11. C71(X) ⊆ C101(X)

 12. C74(X) ⊆ C84(X)

 13. C74(X) ⊆ C104(X)

 14. C75(X) ⊆ C85(X) = C65(X) = C105(X)

Proof  1. By the definitions C65(X) and C61(X), we need only to prove ∪{Cx|x ∈ 
X − C6(X)} ⊆ ∪{CFriends(x)|x ∈ X − C6(X)} . Since Cx = ∩Md(x) ⊆ CFriends(x), 
then ∪{Cx|x ∈ X − C6(X)} ⊆ ∪{CFriends(x)|x ∈ X − C6(X)}.

 2. By the definitions C61(X) and C64(X), we need only to prove ∪{CFriends(x)|x ∈  
X − C6(X)} ⊆ ∪{K ∈ C|K ∩ (X − C6(X)) �= ∅} . For any x ∈ X − C6(X), there exists  
K ∈ C such that x ∈ K . Then x ∈ K ∩ (X − C6(X)). Therefore by the definition  
CFriends(x) we have ∪{CFriends(x)|x ∈ X − C6(X)} ⊆ ∪{K ∈ C|K ∩ (X − C6(X))

�= ∅}.
 3, 5, 7. The proof is similar to part (1).
 4, 6, 8. The proof is similar to part (2).
 9. By Theorem (11) it is obvious that ∪{CFriends(x)|x ∈ X − C6(X)} ⊆ C81(X) . 

By property (3L) in Proposition (1), C6(X) ⊆ X and by property (3H) in Proposi-
tion (1), X ⊆ C81(X), then C6(X) ⊆ C81(X). So C61(X) = ∪{CFriends(x)|x ∈ X

−C6(X)} ∪ C6(X) ⊆ C81(X).
 10. By property (3L) in Proposition (1), C6(X) ⊆ X and by property (3H) in Propo-

sition (1), X ⊆ C104(X), then C6(X) ⊆ C104(X). By Theorem  8 in Qin et  al. 
(2007), C10(X) ⊆ C6(X), Then for any x ∈ ∪{K ∈ C|K ∩ (X − C6(X)) �= ∅} we 

Table 3 Properties of upper approximation operations

C61 C64 C65 C71 C74 C75 C81 C84 C85 C101 C105

1H � � � � � � � � � � � �

2H � � � � � � � � � � � �

3H � � � � � � � � � � � �

4H – – � – – – � � � � – �

5H � � � – – � – – � – – �

6H – – � – – – � � � � - �

7H – – – – – � – – – – – –
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have x ∈ ∪{K ∈ C|K ∩ (X − C10(X)) �= ∅}. Therefore, C64(X) = ∪{K ∈ C|K∩ 
(X − C6(X)) �= ∅} ∪ C6(X) ⊆ C104(X).

 11. By Theorem (18) it is obvious that ∪{CFriends(x)|x ∈ X − C7(X)} ⊆ C101(X) . 
By property (3L) in Proposition (1), C7(X) ⊆ X and by prop-
erty (3H) in Proposition (1), X ⊆ C101(X), then C7(X) ⊆ C101(X). So 
C71(X) = ∪{CFriends(x)|x ∈ X − C7(X)} ∪ C7(X) ⊆ C101(X).

 12. By Theorem (13) it is obvious that ∪{K ∈ C|K ∩ (X − C7(X)) �= ∅} ⊆ C84(X) . 
By property (3L) in Proposition (1), C7(X) ⊆ X and by prop-
erty (3H) in Proposition (1), X ⊆ C84(X), then C7(X) ⊆ C84(X). So 
C74(X) = ∪{K ∈ C|K ∩ (X − C7(X)) �= ∅} ∪ C7(X) ⊆ C84(X).

 13. By property (3L) in Proposition (1), C7(X) ⊆ X and by property (3H) in Propo-
sition (1), X ⊆ C104(X), then C7(X) ⊆ C104(X). By Theorem  8 in Qin et  al. 
(2007), C10(X) ⊆ C7(X), Then for any x ∈ ∪{K ∈ C|K ∩ (X − C7(X)) �= ∅} 
we have x ∈ ∪{K ∈ C|K ∩ (X − C10(X)) �= ∅}. Therefore, C74(X) = ∪{K ∈ C|

K ∩ (X − C7(X)) �= ∅} ∪ C7(X) ⊆ C104(X).
 14. By Theorem (6), it is obvious that ∪{Cx|x ∈ X − C7(X)} ⊆ C85(X). By property (3L) 

in Proposition (1), C7(X) ⊆ X and by property (3H) in Proposition (1), X ⊆ C85(X), 
then C7(X) ⊆ C85(X). So C75(X) = ∪{Cx|x ∈ X − C7(X)} ∪ C7(X) ⊆ C85(X).

 �

Corollary 26 Let U be a finite non-empty set, C a covering on U and X ⊆ U . Then, we 
have

 1. C65(X) ⊆ C61(X) ⊆ C64(X)

 2. C75(X) ⊆ C71(X) ⊆ C74(X)

 3. C85(X) ⊆ C81(X) ⊆ C84(X)

 4. C105(X) ⊆ C101(X) ⊆ C104(X)

 5. C61(X) ⊆ C84(X)

 6. C65(X) ⊆ C104(X)

 7. C65(X) ⊆ C81(X)

 8. C65(X) ⊆ C84(X)

 9. C71(X) ⊆ C104(X)

 10. C75(X) ⊆ C81(X) ⊆ C84(X)

 11. C75(X) ⊆ C61(X) ⊆ C64(X)

 12. C75(X) ⊆ C101(X) ⊆ C104(X)

Proof  
 1. It follows from parts (1) and (2) of Theorem (25).
 2. It follows from parts (3) and (4) of Theorem (25).
 3. It follows from parts (5) and (6) of Theorem (25).
 4. It follows from parts (7) and (8) of Theorem (25).
 5. It follows from parts (5) and (8) of Theorem (25).
 6. It follows from part (10) of Theorem (25) and part (1).
 7. It follows from part (9) of Theorem (25) and part (1).
 8. It follows from part (6) of Theorem (25) and part (7).
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 9. It follows from parts (8) and (11) of Theorem (25).
 10. It follows from part (14) of Theorem (25) and part (3).
 11. It follows from part (14) of Theorem (25) and part (1).
 12. It follows from part (14) of Theorem (25) and part (4).

 �

Theorem 27 C104(X) ⊆ C84(X).

Proof The proof is similar to part (12) of Theorem (25).  �

Corollary 28 C64(X) ⊆ C84(X).

Proof It follows from part (10) of Theorem (25) and Theorem (27).  �

Corollary 29 C71(X) ⊆ C84(X).

Proof It follows from part (9) of Corollary (26) and Theorem (27).  �

Proposition 30 C61(X) has no relationship with C71(X) and C74(X).

Example 24 Let U = {a, b, c, d, e} and C = {{a}, {a, b}, {a, c, d}, {d, e}} is a covering of U.

If X = {a, c, d} then C61(X) = {a, c, d} and C74(X) = U , so C61(X) ⊆ C74(X) .
If X = {b} then C61(X) = {a, b} and C74(X) = {b}, so C74(X) ⊆ C61(X).

Example 25 In Example (24) let X = {b} , then C71(X) = {b} and C61(X) = {a, b}, so 
C71(X) ⊆ C61(X). But, if X = {a, c, d}, C71(X) = {a, c, d, e} and C61(X) = {a, c, d}, so 
C61(X) ⊆ C71(X).

Proposition 31 C64(X) and has no relationship with C71(X), C74(X) and C81(X).

Example 26 Let U = {a, b, c, d, e} and C = {{a, b, c}, {a, b, c, d}, {d, e}} is a cover-
ing of U and X = {a, b, c, d}, then C64(X) = {a, b, c, d} and C81(X) = {a, b, c, d, e}, so 
C64(X) ⊆ C81(X). But, if X = {b, c}, C64(X) = {a, b, c, d} and C81(X) = {a, b, c}. So 
C81(X) ⊆ C64(X).

Example 27 Let U = {a, b, c, d, e} and C = {{a}, {a, b}, {a, c, d}, {d, e}} is a covering 
of U. If X = {b}, then C71(X) = {b} and C64(X) = {a, b}, so C71(X) ⊆ C64(X). But, if 
X = {a, c, d}, C71(X) = {a, c, d, e} and C64(X) = {a, c, d}. So C64(X) ⊆ C71(X).

Example 28 In Example (27) if X = {b}, then C74(X) = {b} and C64(X) = {a, b}, so 
C74(X) ⊆ C64(X). But,if X = {a, c, d},C74(X) = {a, b, c, d, e} and C64(X) = {a, c, d}. So 
C64(X) ⊆ C74(X).

Proposition 32 C65(X) = C85(X) = C105(X) has no relationship with C71(X) and 
C74(X).
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Example 29 Let U = {a, b, c, d, e} and C = {{a}, {a, b}, {a, c, d}, {d, e}} is a covering 
of U. if X = {b}, then C71(X) = {b} and C65(X) = {a, b}, so C71(X) ⊆ C65(X) but, if 
X = {a, c, d}, C71(X) = {a, c, d, e} and C65(X) = {a, c, d}. So C65(X) ⊆ C71(X).

Example 30 In Example (29) if X = {b}, then C74(X) = {b} and C65(X) = {a, b}, so 
C74(X) ⊆ C65(X) but, if X = {a, c, d}, C74(X) = {a, b, c, d, e} and C65(X) = {a, c, d}. So 
C65(X) ⊆ C74(X).

Proposition 33 C81(X) = C101(X) have no relationship with C64(X) and C74(X),

Example 31 Let U = {a, b, c, d, e} and X = {b, c}, C = {{a}, {a, b}, {a, c, d}, {d, e}} is 
a covering of U. C74(X) = {b, c} and C81(X) = {a, b, c, d}, so C74(X) ⊆ C81(X). But, if 
X = {a, c, d}, C74(X) = U and C81(X) = {a, c, d, e},so C81(X) ⊆ C74(X).

Illustrative example
To illustrate the approximation pairs defined so far, the following example is given.

Example 32 Let U =
{

a, b, c, d, e, f , g , h
}

 and C a covering defined as

For X = {a, b, c, d, e}, we have

Note that X �∈ C. For Y = {c, d, e}, we have

Note that Y ∈ C.

C =
{

{c, d}, {f , g}, {a, b, c}, {c, d, e}, {a, b, g}, {b, d, g}, {a, b, d}, {c, g , h}, {b, e, h}
}

.

C6(X) = X , C6(X) = X ,

C61(X) = X , C64(X) = X ,

C65(X) = X ,

C7(X) = X , C7(X) = X ,

C71(X) = X , C74(X) = X ,

C75(X) = X ,

C8(X) = ∅, C8(X) = {a, b, c, d, e, g , h},

C81(X) = {a, b, c, d, e, g , h}, C84(X) = {a, b, c, d, e, g , h},

C85(X) = X ,

C10(X) = X , C10(X) = X ,

C101(X) = X , C104(X) = X ,

C105(X) = X .

C6(Y ) = Y , C6(Y ) = Y ,

C61(Y ) = Y , C64(Y ) = Y ,

C65(Y ) = Y ,

C7(Y ) = Y , C7(Y ) = Y ,

C71(Y ) = Y , C74(Y ) = Y ,

C75(Y ) = Y ,

C8(Y ) = ∅, C8(Y ) = {a, b, c, d, e, g , h},

C81(Y ) = {a, b, c, d, e, g , h}, C84(Y ) = {a, b, c, d, e, g , h},

C85(Y ) = {c, d, e},

C10(Y ) = Y , C10(Y ) = Y ,

C101(Y ) = Y , C104(Y ) = Y ,

C105(Y ) = Y .
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Conclusion and future research directions
In this paper, we proposed a new approach in developing covering based approximation 
operators using the existing ones, e.g. combination of approximation operators. We used 
three types of covering based upper approximation operators and then combine them 
with four types of covering lower based approximation operators, which gives us twelve 
types of covering approximation operator pairs. The relationships between these new 
approximation operators is investigated as well as the properties of Pawlaks’s rough set 
theory.

Possible future research directions include studying topological properties of these 
new operators; e.g. under which conditions the lower and upper approximation opera-
tors coincide with the interior and closure operations in topological spaces, like Zhu and 
Wang (2006c) and Zhu and Wang (2007). Moreover, topology is used to count the num-
ber of different classes of equivalent covering rough sets, which is shown to be equal 
to the number of topologies of the universe (Ma 2014). Therefore, it seems feasible to 
apply the same approach to the covering approximation spaces obtained by these pairs 
of operators. Finally, studying the relation between the covering approximation spaces 
obtained by these twelve pairs of approximation operators from a topological point, like 
Zhu and Wang (2006b) and Zhu (2009), of view is another fruitful direction.

Authors’ contributions
All of the authors have significant contributions to this paper and the final form of this paper is approved by all of them. 
Both authors read and approved the final manuscript.

Author details
1 Department of Computer Science, Yazd University, Yazd, Iran. 2 The Laboratory of Quantum Information Processing, 
Yazd University, Yazd, Iran. 

Acknowlegements
The authors are grateful to Professor B. Davvaz and Dr. A. Shakiba for their constructive comments and suggestions on 
improving of our paper.

Competing interests
The authors declare that they have no competing interests.

Received: 20 October 2015   Accepted: 25 June 2016

References
Bargiela A, Pedrycz W (2003) Granular computing: an introduction. Springer, Berlin (00618)
Bonikowski Z, Bryniarski E, Wybraniec-Skardowska U (1998) Extensions and intentions in the rough set theory. Inf Sci 

107(14):149–167
Bonikowski Z (1994) Algebraic structures of rough sets. In: Ziarko WP (ed) Rough sets, fuzzy sets and knowledge discov-

ery. Springer, Berlin, pp 242–247
Bryniarski E (1989) A calculus of rough sets of the first order. Bull Pol Acad Sci 36(16):71–77
Cattaneo G, Ciucci D (2005) Algebraic structures for rough sets. In: Transactions on Rough Sets II, pp. 208–252. Springer, 

Berlin
Du Y, Hu Q, Zhu P, Ma P (2011) Rule learning for classification based on neighborhood covering reduction. Inf Sci 

181(24):5457–5467
Greco S, Matarazzo B, Slowinski R (2001) Rough sets theory for multicriteria decision analysis. Eur J Oper Res 129(1):1–47
Hooshmandasl MR, Shakiba A, Goharshady AK, Karimi A (2014) S-approximation: a new approach to algebraic approxi-

mation. J Discrete Math 2014:1–5
Hu Q, Yu D, Liu J, Wu C (2008) Neighborhood rough set based heterogeneous feature subset selection. Inf Sci 

178(18):3577–3594
lzak D, Wasilewski P (2007) Granular sets foundations and case study of tolerance spaces. In: An A, Stefanowski J, 

Ramanna S, Butz CJ, Pedrycz W, Wang G (eds) Rough sets, fuzzy sets, data mining and granular computing. Springer, 
Berlin, pp 435–442

Kryszkiewicz M (1998) Rough set approach to incomplete information systems. Inf Sci 112(1–4):39



Page 18 of 18Safari and Hooshmandasl  SpringerPlus  (2016) 5:1003 

Lin TY (2002) Granular computing on binary relations analysis of conflict and chinese wall security policy. In: Alpigini JJ, 
Peters JF, Skowron A, Zhong N (eds) Rough sets and current trends in computing. Springer, Berlin, pp 296–299

Lin TY (2003) Granular computing: structures, representations, and applications. In: RSFDGrC’03. Springer, Berlin, pp 
16–24

Lin TYY, Liau C-J (2005) Granular computing and rough sets. In: Maimon O, Rokach L (eds) Data mining and knowledge 
discovery handbook. Springer, Berlin, pp 535–561

Ma L (2014) Classification of coverings in the finite approximation spaces. Inf Sci 276:31–41
Pawlak Z (1982) Rough sets. Int J Comput Inf Sci 11:341–356
Pawlak Z (1991) Rough sets: theoretical aspects of reasoning about data. Theory and decision library: system theory, 

knowledge engineering, and problem solving. Kluwer Academic Publishers, Dordrecht
Pawlak Z (1995) Vagueness and uncertainty: a rough set perspective. Comput Intell 11(2):227–232
Pawlak Z, Wong SKM, Ziarko W (1988) Rough sets: probabilistic versus deterministic approach. Int J Man Mach Stud 

29:81–95
Pei Z, Xu ZB (2004) Rough set models on two universes. Int J Gen Syst 33(5):569–581
Qin K, Gao Y, Pei Z (2007) On covering rough sets. In: Rough sets and knowledge technology. Springer, Berlin, pp 34–41
Shakiba A, Hooshmandasl MR (2015a) S-approximation spaces: a three-way decision approach. Fundam Inform 

139(3):307–328
Shakiba A, Hooshmandasl MR (2015b) Neighborhood system S-approximation spaces and applications. Knowl Inf Syst 

1–46
Shakiba A, Hooshmandasl MR, Davvaz B, Fazeli SAS (2016) An intuitionistic fuzzy approach to S-approximation spaces. J 

Intell Fuzzy Syst 30(6):3385–3397
Skowron A, Stepaniuk J (1996) Tolerance approximation spaces. Fundam Inform 27(2):245–253
Slowinski R, Vanderpooten D (2000) A generalized definition of rough approximations based on similarity. IEEE Trans 

Knowl Data Eng 12(2):331–336
Tsang ECC, Chen D, Lee JWT, Yeung DS (2004) On the upper approximations of covering generalized rough sets. In: 

Proceedings of 2004 international conference on machine learning and cybernetics, vol 7, pp. 4200–4203
Wu W-Z, Mi J-S, Zhang W-X (2003) Generalized fuzzy rough sets. Inf Sci 151:263–282
Yao YY (1996) Two views of the theory of rough sets in finite universes. Int J Approx Reason 15(4):291–317
Yao Y (1998) Generalized rough set models. In: Polkowski L, Skowron A (eds) Rough sets in knowledge discovery 1: meth-

odology and approximations, vol 1. Physica Verlag, Heidelberg, pp 286–318
Yao Y (2003) On generalizing rough set theory. In: Wang G, Liu Q, Yao Y, Skowron A (eds) Rough sets, fuzzy sets, data min-

ing, and granular computing, vol 2639. Springer, Berlin, pp 44–51
Zadeh LA (1965) Fuzzy sets. Inf Control 8(3):338–353
Zadeh LA (1983) The role of fuzzy logic in the management of uncertainty in expert systems. Fuzzy Sets Syst 

11(1):197–198
Zakowski W (1983) Axiomatization in the space (U,�). Demonstr Math XVI:761–769
Zhang Y-L, Luo M-K (2013) Relationships between covering-based rough sets and relation-based rough sets. Inf Sci 

225:55–71
Zhu W (2007) Topological approaches to covering rough sets. Inf Sci 177(6):1499–1508
Zhu W (2009) Relationship among basic concepts in covering-based rough sets. Inf Sci 179(14):2478–2486
Zhu P (2011) Covering rough sets based on neighborhoods: an approach without using neighborhoods. Int J Approx 

Reason 52(3):461–472 (Dependence issues in knowledge-based systems)
Zhu P, Hu Q (2013) Rule extraction from support vector machines based on consistent region covering reduction. Knowl 

Based Syst 42:1–8
Zhu W, Wang F-Y (2007) On three types of covering-based rough sets. IEEE Trans Knowl Data Eng 19(8):1131–1144
Zhu W, Wang F-Y (2006a) A new type of covering rough set. In: 2006 3rd international IEEE conference intelligent sys-

tems, pp 444–449 (00085)
Zhu W, Wang F-Y (2006b) Relationships among three types of covering rough sets. In: GrC, pp 43–48
Zhu W, Wang F-Y (2006c) Covering based granular computing for conflict analysis. In: Intelligence and security informat-

ics. Springer, Berlin, pp 566–571
Zhu W, Wang F-Y (2007) Topological properties in covering-based rough sets. In: Fourth international conference on 

fuzzy systems and knowledge discovery, 2007 (FSKD 2007), vol 1. IEEE, pp 289–293
Zhu W, Wang F-Y (2012) The fourth type of covering-based rough sets. Inf Sci 201:80–92


	On twelve types of covering-based rough sets
	Abstract 
	Background
	Preliminaries
	Pawlak’s rough set theory
	Covering-based rough set theory

	Combined types of covering-based rough sets
	Relationships between approximations
	Illustrative example
	Conclusion and future research directions
	Authors’ contributions
	References




