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Abstract In 2014, Zhou and Hu (Inf Sci 269:378-387,
2014) introduced a kind of rough sets on a complete com-
pletely distributive lattice (short for CCD lattice), which
can be seen as a unified framework for the study of rough
sets based on ordinary binary relations, rough fuzzy sets
and interval-valued rough fuzzy sets. Han et al. (Soft Com-
put 20:1853-1861, 2016) introduced a new pair of rough
approximation operators via ideal on a CCD lattice in 2016,
which is more general and accurate than Zhou and Hu’s.
In this paper, we further investigate its properties, and then
the axiomatic approaches are studied. Through some of our
axioms, the rough approximations via ideal on a complete
atomic Boolean lattice can be viewed as special cases of
rough approximation operators via ideal on a CCD lattice if
the ideal is well given.
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1 Introduction

As a mathematical tool to deal with inaccuracy and nonde-
terminacy in data analysis, rough set theory was introduced
by Pawlak (1982). It has been triumphantly applied to intelli-
gent systems, machine learning, inductive reasoning, pattern
recognition and many other fields (see Pawlak 1991; Pawlak
and Skowron 2007a,b, c). The core tool of Pawlak rough set
model is the equivalence relation; however, in the practice,
this is not always satisfied. To break through this obstacle,
some scholars extended Pawlak rough set into many inter-
esting and meaningful models; for example, equivalence
relations were replaced by tolerance relations in Skowron
and Stepaniuk (1996), similarity relations in Vanderpooten
(1997), binary relations in Liu and Zhu (2008), Yao (1998b)
and so on. On the other hand, various fuzzy generalizations
of rough approximations have been proposed in Dubois and
Prade (1990), Nanda (1992), Qin and Pei (2005) and Wu et al.
(2003), where the fuzzy rough set was acquired by replac-
ing the crisp relations with fuzzy relations and crisp subsets
with fuzzy sets. As generalizations, rough sets defined with
a mapping were introduced by Jarvinen (2002) and Tantawy
and Mustafa (2013). In addition, there is another direction for
promoting the Pawlak rough set model. It is well known that
the crisp power set of a universe is an atomic Boolean lattice,
thus a complete completely distributive lattice (short for CCD
lattice), where all the single point sets are atoms and equiva-
lence classes are the elements of this power set in the Pawlak’s
rough sets, and the fuzzy power set of auniverse is alsoa CCD
lattice. This leads authors to take a CCD lattice as the uni-
verse to construct rough set models, which brings different
kinds of generalizations of rough set models into a unified
framework. In fact, Chen et al. (2006) have introduced rough
approximations based on covers of a CCD lattice; later on, the
topological properties and structure of these rough sets were
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investigated in Gao et al. (2009). Qin et al. (2013) studied
approximation operators on a CCD lattice based on neigh-
borhoods in terms of a cover, and the connections among the
operators were studied. By using a binary relation on a CCD
lattice, Zhou and Hu (2014) defined one type of rough sets,
which was a generalization of rough sets based on a binary
relation (Yao 1998a,b), rough fuzzy sets (Dubois and Prade
1990), rough sets on Boolean lattices (Qi and Liu 2005) and
interval-valued rough fuzzy sets (Gong et al. 2008). As we
know, the ideal plays an important role in making some fore-
gone and related concepts of the universe together, through
which the imprecise concept can be approximately gained.
Based on the above work, Han et al. (2016) improved the
rough approximation operators in Zhou and Hu (2014) by
means of an ideal on a CCD lattice and obtained new rough
approximation operators on a CCD lattice; moreover, they
concluded that Zhou and Hu’s (2014) approximations, Yao’s
(1996) approximations, Pawlak’s (1982) approximations and
Dubois’s (1990) approximations are all their special cases.
It is shown that the accuracy measure of the approximations
via ideal is better than Zhou and Hu’s (2014).

By making a general survey of the approaches for the
research of approximation operators, the axiomatic approach
is important for the conceptual understanding of the rough
set theory. Many authors explored and refined the axiomatic
approaches in the development of rough set theory and fuzzy
rough set theory (see Liu 2013; Lin and Liu 1994; Mi and
Zhang 2004; Wu and Zhang 2004; Wu et al. 2016), where
Lin and Liu (1994) adopted six axioms on two abstract oper-
ators acting on the power set in the framework of topological
spaces. Mi and Zhang (2004) and Wu and Zhang (2004) con-
sidered axioms for approximation operators in the context of
fuzzy sets. Liu (2013) proved that each axiomatic system
of upper approximations of rough sets and fuzzy rough sets
without any restriction on the cardinality of the universal set
can be replaced by only one axiom. And Wu et al. (2016)
investigated the axiomatic characterizations of (S, T)-fuzzy
rough approximation operators, where S and T are trian-
gular conorm and triangular norm on [0, 1], respectively.
Following the work in Zhou and Hu (2014), the authors also
discussed the axiomatic approaches of rough approximation
operators on a CCD lattice (Zhou and Hu 2016), which are
the generalization of the axiomatic approaches of rough sets,
rough fuzzy sets and fuzzy rough sets.

For the new pair of rough approximation operators via
ideal on a CCD lattice (Han et al. 2016), this paper addresses
the study for the axiomatic approaches of these operators.
With the help of the Galois connection, we overcome the
difficulty that there is no duality between lower and upper
rough approximation operators via ideal on a CCD lattice
successfully. Simultaneously, some small loopholes in Zhou
and Hu (2014, 2016) are rectified, with which the readers
can reduce some confusion.
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The rest of this paper is organized as follows. In Sect. 2,
we show some basic definitions and results to be used in
the paper. In Sect. 3, some new properties of the rough
approximation operators via ideal on a CCD lattice are inves-
tigated, and then the axiomatic characterizations of upper
rough approximation operators are obtained. In Sect. 4, we
study the axiomatic approaches of rough approximation oper-
ators via ideal on a CCD lattice with the assistance of the
Galois connection. Conclusions and future work are given in
Sect. 5.

2 Preliminaries

At the beginning, we review some definitions and previous
results which will be used in the subsequent parts of this text.

2.1 Lattice theory
A complete completely distributive lattice (abb. CCD lattice)

(L, Vv, A,0,1) is a complete lattice which satisfies the com-
pletely distributivity laws: for any a;; € L,

VIAa|= A (\/aif(i)>,

ietr \jeJ; fellier Ji Ni€T
AVar)= v (Awo).
i€t \JjeJ; felliec Ji Ni€T

where 7 and J; are non-empty index sets, and f € [[;, /i
means that f is amapping f : 7 — U, J; such that (i) €
J; for every i € 7. Throughout this paper, we denote by L a
CCD lattice unless otherwise stated.

In alattice L, whether the element O (in case L has a zero)
is join irreducible or not, there is a bit of difference about
the introduction in Gierz et al. (2003) and Wang (1992), we
keep pace with Zhou and Hu’s (2014). A nonzero element e
is called join irreducible if forany a, b € L,e < aVvbimplies
e < aore < b. The set of all join-irreducible elements of
a CCD lattice L is denoted by M (L). In a CCD lattice L,
for any nonzero element a, a = \/{e € M(L) : e < a},
moreover, denote u, = {e € M(L) : e < a and Ve’ €
M(L),¢ <a=e &€}, thena =\ u,.

An element ¢ in a complete lattice L is called completely
join irreducible if for any S € L, ¢ < \/ S implies that there
exists s € § such that ¢ < s (see Raney 1952).

Example 1 We give the following examples about CCD lat-
tices, join-irreducible elements and completely join-
irreducible elements, the related details can be found in
Draskovicova (1974), Jarvinen and Radeleczki (2011), Jarvi-
nen et al. (2009) and Raney (1952).



Axiomatic approaches to rough approximation operators via ideal on a complete completely... 2331

1. L = ([0,1],V,A,0,1) is a CCD lattice and M(L) =
L —{0}. However, one can easily verify that every element
in M(L) is not a completely join-irreducible element,
since every element x € L is the join of the setof y € L
such that y < x.

2. A complete Brouwerian, dually Brouwerian lattice and
weakly atomic lattice is a CCD lattice, and every element
of L is a join of completely join-irreducible elements.

3. Let L be a lattice. Then, the following are equivalent:

(a) L is isomorphic to a complete ring of sets.
(b) L isalgebraic, distributive and every element is a join
of completely join-irreducible elements.

4. 7 = {(XY,X4) : X C U} determined by a qua-
siorder R is a CCD lattice isomorphic to a complete ring
of sets, and its completely join-irreducible elements are
members of {(J, {x}4) : |[R(x)| = 2} U {({x}2, {x}24):
x € U}, for more details see Jarvinen et al. (2009).

Definition 1 (Chen et al. 2006) Let L be a CCD lattice and
C C L\{0}soasto \/ a = L. Then, C is called a partition

aeC

of L if forevery a,b € C,a # b implyinga A b = 0.

Definition 2 (Gierz et al. 1980) Let L be a complete lattice
and x, y € L. We say that x is wedge-below y, in symbols,
x <y, iffforany D € L,y < vD always implies that x < d
for some d € D.

Obviously, in a complete lattice L, if a € L is a completely
join-irreducible element, then for any b € L, b < a implies
b<a.

Proposition 1 (Gierzetal. 1980) Let L be a complete lattice
and x, y,u,v € L. Then

I. x<y=x<y.
2 u<x<dy<v=—u<v.
3 x#0=0<ux.

Theorem 1 (Gierzetal. 1980) A complete lattice L isa CCD
lattice iffa = \/{x € L : x < a} foreacha € L.

Proposition 2 (Wang 1988) Let L be a CCD lattice. Then,
foranya,b € L,a<tb = 3c € L s.t.a<Ic<1b. Specially,
forany SC Lia<\/S = 3Is € Ss.t.a<s.

Remark 1 Let L be a CCD lattice. Then
1. for any a # 0, there exists z € M (L) such that z < a.

Proof For any a # 0, there exists b € L and b # 0 such
that b <a by Theorem 1. Then, it follows from the properties
of M (L) that there exists z € M (L) such that z < b, which
means z < a by Proposition 1. O

2. a < b if and only if for any z € M(L), z < a implies
z<b.

Proof (=) It holds by Proposition 1.

(<=) Assuming that for any z € M (L), z < a implies
z < b. Then, for any x € L,x < a, since x = \/{y €
M(L) : y < x}, we claim that x < b. Because for any
y € M(L),y < x implies y < a by Proposition 1, which
means y < b by the assumption, it follows from Theorem 1
that a < b holds. O

2.2 Rough approximation operators on a CCD lattice

We recall the binary relation on a CCD lattice, which is intro-
duced in Zhou and Hu (2014, 2016).

A binary relation R on a CCD lattice L is a subset of
M(L) x M(L). For any x,y € M(L), if (x,y) € R, we
say that y is R-related to x, denoted by x Ry. Moreover,
R¢ denotes the inverse relation of R, i.e., xRy <= yRux,
Vx,y € M(L). Given x € M(L), we note xR = {y €
M(L) : xRy}, ry = \/ xR and Rx = {y € M(L) : yRx},
r¥ = \/ Rx, respectively. For any x, y,z € M(L), we say
that R is reflexive iff x Rx, R is symmetric iff x Ry = yRx,
Ristransitiveiff x Ry, yRz = x Rz and R is an equivalence
relation iff R is reflexive, symmetric and transitive.

In this text, R is a tolerance iff R is reflexive and symmet-
ric, R is a quasiorder iff R is reflexive and transitive.

Theorem 2 (Zhou and Hu 2014) Let R be an equivalence
relation on a CCD lattice L. Then, the following assertions
are equivalent:

1. {ry}xem) is a partition of L.
2. Foreveryx,y € M(L),y <x = xRy.

The assertion (2) in Theorem 2 implies that R is reflexive,
which is denoted as (C1). R is called an ordered equivalence
relation iff R is symmetric, transitive and satisfies the condi-
tion (C1).

When considering Theorem 2, we find that the authors
maybe confuse the concepts of join-irreducible elements and
completely join-irreducible elements in the proof of (2) =—
(1), a more rigorous proof is given in the following in order
to avoid causing difficulties for the readers.

Proof of (2) = (1) On the one hand, R is reflexive, which
implies \/, cprcr) 7x = Vyemr)* = 1 by the properties of
M(L). On the other hand, for any ry,ry € {ry}rem), if
ry ATy # 0, then there is z € M (L) such that z <y A1y by
(1) in Remark 1. z <1 r, implies that there exists z/ € M (L)
such that x Rz" and z < 7’ by Propositions 2 and 1, i.e., x RZ’
and zRz'. Then, we get xRz because R is symmetric and
transitive. Analogously, y Rz holds. Hence, z € xRN yR #
@, which means ry = ry.

@ Springer



2332

N. Gao et al.

One can give the proper proofs of Eq. (L3), (LH4) and
(LHS) in Zhou and Hu (2014) and Lemma 1 in Zhou and Hu
(2016) likewise.

Definition 3 (Zhou and Hu 2014) Let R be a binary relation
on a CCD lattice L. Two mappings R, R : L — L, called
lower and upper rough approximation operators, respec-
tively, are defined as follows, for eacha € L,

R(a) = \/{x e M(L) : ry < a},
R(a)=\/{x e M(L) : 3y € xR,y < a}.

R(a) is called a lower rough approximation of a, R(a) is
called an upper rough approximation of a.

2.3 Rough approximations via ideal on a CCD lattice

Han et al. (2016) investigated the rough approximations
based on a binary relation via ideal on a CCD lattice, we
present a review.

Definition 4 (Davey and Priestley 2002) Let L be a lattice.
A non-empty subset / of L is called an ideal if

1. a,belimpliesavbel.
2.aeLlL,belanda <bimplya € I.

Definition 5 (Han et al. 2016) Let R be a binary relation on
L and [ anideal of L. Define lower and upper approximation
operators, R;, R; : L — L, respectively. Foreacha € L,

I. Rj(@=an\/{x:xeMUL),v(xRNL\|a) € I}.
2. Ri(a@)=av \/{x:xeM(L), V(xRN la) ¢ I}.

The elements R;(a) and R;(a) are called the lower and
the upper approximations of a via ideal / with respect to R,
respectively. For convenience, we denote Ry(a) = \/{x :
x € M(L), V(xRN L\la) € I}, R*(a) = \/{x : x €
M(L),V(xRN la) ¢ I}.

Remark 2 (Han et al. 2016) Let R be a reflexive binary rela-
tionon L and I the least ideal {0} of L. Then, foreacha € L,
R;(a) = R(a), Ri(a) = R(a).

Lemma 1 (Han et al. 2016) Let I be an ideal of L. Then,
I ={IlmNM(L):m e l}isanideal on P (M(L)).

Theorem 3 (Han et al. 2016) Let R be a binary relation on
L and I an ideal of L. Then, for eacha € L,

1. Ry(a) =\/{x :x e M(L), xRN L\|la € #}.
2. R*(@)=\/{x:x e M(L), xRN la ¢ 7}.

Proposition 3 (Han et al. 2016) Let R be a binary relation
on L and I an ideal of L. Then, for everya,b € L,
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R/ (a) <a < R/(a).

R;(1)=1,R;(0) =0.

ifa <b, then R, (a) < R;(b), Ri(a) < R (D).
R;(anb) < R;(a) AR (b), moreover, if R is a transitive
relation satisfying (C1), then R;(anb) = R;(a) AR ; (D)
and R;(NA) = N\{R;(a) : a € A}.
Ri(avb)=Ri@) Vv Ri(b).

if R is transitive, then R;R;(a) = R;(a).

7. if R is an ordered equivalence relation, then RiR;(a) =
R[(a).

R~

SN

Theorem 4 (Han et al. 2016) Let I be an ideal of L. If R is
a reflexive binary relation on L, then for eacha € L,

R(a) < R;(a) <a < R/(a) < R(a).

3 Axioms of upper rough approximation operators
via ideal on a CCD lattice

Zhou and Hu (2016) studied the axiomatic approaches of
rough approximation operators on a CCD lattice. In this sec-
tion, we investigate the axiomatic approaches of upper rough
approximation operators via ideal on a CCD lattice, which
are appropriate for the case that the ideal is a special ideal
{0}, i.e., they fit Zhou and Hu’s rough approximation oper-
ators. For the convenience of readers, we point out a small
mistake in Zhou and Hu (2016), the authors recalled the con-
dition (C1) improperly, they consideritasx < y = xRy in
Lemma 2 and Theorem 7; unfortunately, they are not typing
errors after our careful verification.

Remark 3 If I is not only an ideal but also a complete sub-
lattice of L, we call it a complete sublattice ideal (for short)
of L in the rest of this paper.

Theorem 5 Let R be a binary relation on L and I a complete
sublattice ideal of L. Then, for eacha € L, A C L,

1. Ry(a)=\/{x:xeM(L), xRNL\}a C I}
2. R*(a) = \/{x :x e M(L),3y € xR,y < a,but y ¢
1}
=\{ry:yeM(L),ye la\l}
3. Ri(vA) = \/{R/(a) : a € A).

Proof 1. It is sufficient to prove that for everya € L, x €
M(L),v(xRNL\la) el <= xRN L\la CI.

(=) Assuming that V(xRN L\|a) € I ,thenforany y €
xRN IL\la,y <V(xRNL\]a) € [ impliesy € |
by the properties of the ideal /,i.e., xRN L\|a C I.

(<) It is directly obtained by the condition that [ is a
complete sublattice of L.
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2. Foreverya € L,x € M(L), the proof of “V(x RN |a) ¢
I <= 3y € xR,y < a,but y ¢ I” is similar to (1).
Furthermore, we have
R*(a) = \/{x :x € M(L),qy € xR,y <a,but y ¢ I}

=\/lr;:yeM(L).y <a, buty¢l)
=\/lr}:y e ML),y e la\I}.

3. Forany A C L, by (3) in Proposition 3, we only need to
prove R;(VA) < \/{R;(a) : a € A}. Obviously,

R(VA) = VAV R*(VA),
V{Ri(@) : a € A} = \/{a vV R*(a)
VAV \/{R*(a) :a € A}.

ta € A} =

We claim that R*(VA) < \/{R*(a) : a € A}.

In fact, forany x € M(L),letv(xRN | Vv A) ¢ I.Then,
VRN | VA <VxRA\|VA=VxRAVA =
V{VxRAa:a € A}implies \/{VxRAa:a e A} ¢ I.
Moreover, I is a complete sublattice, which implies that
VxRAa ¢ I forsomea € A,ie., R*(VA) < \/{R*(a) :
a €A} m]

Remark 4 Let R be a transitive relation on L and satisfies
condition (C1). Then, for every x, y € M(L), x < y implies
ry < ry, specially, if R is an ordered equivalence relation,
then it also implies ;' < r;“, which is denoted as (C3).

Proof Suppose R is a transitive relation on L satisfying con-
dition (C1). Then, for every x,y € M(L),x < y =
YRx = xR C yR = ry < ry. In the case of ordered
equivalence relation, x < y = yRx = xRy = Rx C
Ryﬂr;‘fr;k, Vx,y € M(L). O

Lemma 2 Let R be a binary relation satisfying (C3) on L
and I a complete sublattice ideal of L. Then, for any x €
M(L),

— X, xel,

Ri(x) = {x\/r;‘, x ¢l

Proof Denote S = {rj : 3y € M(L),y < x, but y ¢ I}.
According to (2) in Theorem 5, we have

1. Ifx € I,theny € I forany y < x,i.e., S = @. Thus,
R;(x) = x.

2. Ifx ¢ I, first, r} € S implies x Vv r} < R;(x), second,
r; < riify < x by (C3), which implies R;(x) < x Vv r}.

Thus, R;(x) = x v ri. O

Now, with the help of Lemma 2, we discuss the upper
rough approximation operators via ideal on a CCD lattice.

Theorem 6 Let I be a complete sublattice ideal of L and
f a mapping on L. Then, there exists a binary relation R’
satisfying (C3) on L, such that f = R’y if and only if f
satisfies

1. £(0)=0.
2. f(Va) =V flai). Va; € L.
LET LET

3. forany x € M(L),

x €1,
x ¢ 1.

=X,
=X,

f(X){

Proof (=) If f = R’;, condition (1) holds by (2) in
Proposition 3 and condition (2) holds by (3) in Theorem 5.
Moreover, since R’ satisfies condition (C3), it follows from
Lemma 2 that condition (3) holds.

(<) Define a binary relation Ron L as: xR'y &= x €
ugyy. Since rf = \/{y € M(L) : yR'x} = Vuyrun =
f(x), from (C3), Lemma 2 and condition (3), we obtain that
for any x € M(L), if x € I, then Rix)=x= f(x) and
FI(x) =xVvri=xV f(x) = f(x)ifx ¢ I, which means
R 1(x) = f(x), Vx € M(L).

Then, for any @ € L, if a = 0, it is straightforward
that £(0) = 0 = R’;(0). If a # 0, we have R';(a) =
Ri(\/{xi e M(L) : x; <a}) = \/{R'1(xi) 1 xi <a,x; €
ML)} = \/{f(xi) 1 xi <a,x; € M(L)} = f(\/{xi €
M(L) : x; <a}) = f(a). |

Theorem 7 Let I be a complete sublattice ideal of L and
f a mapping on L. Then, there exists a reflexive relation
R satisfying (C3) on L, such that f = R; if and only if f
satisfies

1. £(0) =0.
2. f(Va)=YV fla), Ya; € L.

3. forany x € M(L),

xel,
x ¢l

= x7
fx) { -
Proof We only state (<) here, define a binary relation R
on L as: xRy <= x < f(y),Vx,y € M(L). Apparently,
R is reflexive by condition (3) and r} = \/{y € M(L) :
YRx} =\/{y € M(L): y < f(x)} = f(x). Then, f = R,
can be obtained similarly. O

Remark 5 If L is a complete atomic Boolean lattice, then
R’ = R, where R’ and R are binary relations defined in the
proofs of Theorem 6 and 7, respectively.

Example 2 By using an ideal on B, Tantawy and Mustafa
(2013) introduced two pairs of rough approximations on a
complete atomic Boolean lattice B.
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(1) Letgp : A(B) —> B be an any mapping, where A(B)
is the set of atoms of B. For each a € B, the lower and upper
approximations of a via ideal I with respect to ¢ are defined
as:

av"l'=aA\/{y:ye AB),p(y) nad' €1,a+0).
at! =av\/{y:ye AB).p(y) Aa ¢ l.a#1}

(2) Let (¢) be a mapping induced from ¢ as (¢)(x) =
/\xsw(y) ¢(y), for all x € A(B). For each a € B, the lower
and upper approximations of a via ideal I with respect to (¢)
are defined as:

a''=an\/{y:yeAB), (p)(x)rad' €l,a#0)}.
aM=av\/{y:yeAB), (p)(x) Aa ¢ l,a#1}.

where 2/ satisfies the following properties:

(a) (Proposition 3.11in Tantawy and Mustafa2013) 02/ = 0.

(b) (Proposition 3.3 in Tantawy and Mustafa 2013) if
every element in / is completely join irreducible, then
\ SA1 = (\/ $)2! forany S C B.

(c) forany x € A(B), if x € I, then x2! = x.

Proofof (c) Denote H ={y:y € A(B),p(y)Ax ¢ I, x #
1}. If x € I, then ¢(y) A x € I because ¢p(y) A x < x for
any y € A(B), i.e., H = @, thus, x2! = x.

Thus, let / be a complete sublattice ideal of a com-
plete atomic Boolean lattice B. If every element in [ is
completely join irreducible, since the mapping 2/ on B sat-
isfies the condition in Theorem 7 and any complete atomic
Boolean lattice is a CCD lattice, it follows from Theorem 7
that there exists a reflexive relation R on B, defined as
xRy <= x < ¢(y), Vx,y € A(B), such that 2/ = R;.
Similarly, let I be a complete sublattice ideal of a complete
atomic Boolean lattice B. If every element in / is completely
join irreducible, then there exists a reflexive relation R on B,
defined as xRy <= x < (p)(y), Vx,y € A(B), such that
=R,

The example above shows that if the ideal [ is a complete
sublattice ideal and every element in / is completely join
irreducible, then Tantawy and Mustafa’s rough approxima-
tions can be seen as rough approximation operators based on
a reflexive relation via ideal on a CCD lattice.

Remark 6 In Theorem 7, if we set I = {0}, then it coincides
with Theorem 5 in Zhou and Hu (2016).

Theorem 8 Let I be a complete sublattice ideal of L and f
a mapping on L. If f satisfies

1. £(0)=0.

@ Springer

2. f(Va)=YV fla), Ya; € L.

3. forany x € M(L),

xel,
x ¢l

:_)C7
=X,

f(x){

4. foranyx € M(L), f(x) >Vv{ye M(L) : x < f(y)}.

then there exists a tolerance R on L, such that f = R;.

Proof Define a binary relation R on L as Theorem 7. It is
immediate to get f = R; from the proof of Theorem 7. We
only prove the symmetry of R, for any x € M (L), condition
(4) implies f(x) = V{y :x < f(M} = V{y : xRy} = ry,
then xRy = y <ry < f(x) = yRx, Vx,ye M(L). O

The condition of Theorem 8§ is sufficient but not necessary,
and we consider the following example.

Example 3 LetL = {0, a1, a2, a3, by, b2, b3, c, 1} beaCCD
lattice depicted in Fig. 1, where M (L) = {ai, a», b1, ba}.
Define a tolerance R on L as Table 1. Then a; R = {ay, b»},
aR = {az, b2}, biR = {b1}, 2R = {a1, a2, b2}, 14 =
ray =b3, ray =1y, =1,rp = r,;*l =bjandrp, = r,;*z =1,
it is trivial that R satisfies (C3).

Let I = {0,ay,b1,c}. We have Ri(a)) = a; and
R (b)) = b by Lemma 2. Moreover,

R(ap) =a2V\/{x cx e M(L),qy e xR,y <ap,buty ¢ I}
=ayV(ap Vb)) =1,

Ri(by) =byv \[lx:x e M(L),3y e xR,y < by, but y ¢ I}
=byV(ar VayVvby =1.

Fig. 1 The lattice L 1
a4 b,
a, b,
al bl
0
Table 1 The tolerance R in R a1 a by by
Example 3
ai 1 0 0 1
a 0 1 0 1
by 0 0 1 0
by 1 1 0 1
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Thus,

Ria)=a1?l=aiVayVh
= V{y e M(L) : a1 < R;(»)}.

Corollary 1 Let f be a mapping on L. If f satisfies

1. £(0) =0.
2. f(Va) =\ f(@), Va € L.
LET LET

3. foranyx € M(L), f(x) > x.
4. forany x € M(L), f(x) = v{y e M(L) : x < f(V)}.

then there exists a tolerance R on L, such that f = R.

Theorem 9 Let I be a complete sublattice ideal of L and f
a mapping on L. If f satisfies

1. f(0)=0.
2. f(\/ a;) = \/ f(a,-), Va; € L.

3. forlZZyx e M(L), f(x)=x.

then there exists a quasiorder R on L, such that f = Rj.

Proof Define a binary relation R on L as Theorem 7. We only
illustrate that R is transitive, assume that x, y,z € M (L),
xRy and yRz, then x < f(y),y < f(2), it follows from
condition (3) that x < f(y) = y < f(2), thus, z < f(x),
1.e., xRz. O

The following example indicates that the inverse of The-
orem 9 does not always hold.

Example 4 Let L be the same CCD lattice and / the same
complete sublattice ideal of L as in Example 3, respec-
tively. Define a quasiorder R on L as Table 2. Then, aj R =
{a1, b1, b2}, 2R = {az}, b1R = {b1, b2}, b2R = {b2}.
Thus,

Ry(by) =by v \/{x :x € M(L).3y € xR,
y<by,butyé¢l}
=by V(a1 Vb1 Vb)) = b3 #b;.

Corollary 2 Let f be a mapping on L. If f satisfies

Table 2 The quasiorder R in R a1 a by by
Example 4
ai 1 0 1 1
as 0 1 0 0
b 0 0 1 1
by 0 0 0 1

1. f(0)=0.
2. f(Va) =YV fla), Va; € L.
IET

3. forany x € M(L), f(x) = x.

then there exists a quasiorder R on L, such that f = R.

Theorem 10 Let I be a complete sublattice ideal of L and
f amapping on L. If f satisfies

1. f(0)=0.
2. f(\/ a;) = \/ f(a,-), Va; € L.

3. forany x € M(L),

xel,
x ¢l

=X,

f(x){

> X,
4. foranya € L, f(a) = f(f(a)).

then there exists a quasiorder R on L, such that f = Rj.

Proof Define a binary relation R on L as Theorem 7. The
transitivity of R is examined here. Suppose x, y, z € M (L),
xRy and yRz. It follows from conditions (4) and (2) that
r=fO) = ) = f0D) = FVip ¢ pRY)
V{f(p) : pRy} = \/{r; : pRy}, then xRy implies r}

{r;; : pRy}, ie., rf <ry, similarly, r;‘ <r} thus,x <rj

* ko s
ry <= f(2),i.e., xRz.

OlIA m

Example 5 Continue with Example 2, we note that AT 3150
possesses the property:

(d) (Lemma 3.2 in Tantawy and Mustafa 2013) if ¢ is a
closed mapping, then a®/2! = a*! for any a € B.

Thus, let I be a complete sublattice ideal of a complete
atomic Boolean lattice B, ¢ : A(B) —> B aclosed mapping
on B. If every element in / is completely join irreducible, it
follows from Theorem 10 that there exists a quasiorder R on
B, defined as xRy <— x < ¢(y), Vx,y € A(B), such
that 2/ = R;. Similarly, let I be a complete sublattice ideal
of a complete atomic Boolean lattice B, ¢ : A(B) — B a
closed mapping on B. If every element in / is completely join
irreducible, then there exists a quasiorder R on B, defined as
xRy <= x < (¢)(y), Vx,y € A(B), such that "/ = R;.

The example above indicates that Tantawy and Mustafa’s
rough approximations can be taken for rough approximation
operators based on a quasiorder via ideal on a CCD lattice
if ¢ is a closed mapping, the ideal / is a complete sublattice
ideal, and every element in / is completely join irreducible.

The following example demonstrates that the condition in
Theorem 10 is non-necessity.

@ Springer
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Fig. 2 The lattice L

E‘zgrlﬁpf;e "ghe quasiorder R in R a b d e f I p
a 1 0 0 0 0 0 O
b 01 0 0 0 0 O
d 0 0 I 1 0 0 O
e 0 0 01 0 0 O
f 0 0 0 1 1 0 O
/0 1 0 0 0 1 O
p 0 0 0 0 0O 0 1

Example 6 Let L be a CCD lattice defined as shown in Fig. 2,
where M(L) = {a, b,d, e, f,l, p}. Define a quasiorder on L
in Table 3. Then aR = {a}, bR = {b}, dR ={d, ¢}, eR =

e}, fR={e, [}, IR=1{b,1}, pR ={p}.
Let I = {0, a}. We get,

f](e):ev\/{x:xeM(L),EIyexR,yfe,butyél}
=ev(dvVveV f)=m,
RiRi(e) = Ry(m)
:m\/\/{x:xeM(L),EIyexR,yfm,butyc,él}

=mvbvdvev fVvil)=nz#m.

Corollary 3 Let f be a mapping on L. If f satisfies

1. £(0)=0.
2. f(Va)=\V fla), Ya; € L.

3. foranyx € M(L), f(x) > x.
4. foranya € L, f(a) = f(f(a)).

then there exists a quasiorder R on L, such that f = R.

Theorem 11 Let I be a complete sublattice ideal of L and
f amapping on L. If  satisfies

@ Springer

1. £(0) =0.
2. f(Va) =YV fla), Va; € L.
ILET IET

3. forany x € M(L),

=x,x€l,
f(x){Zx,xgél.
4. foranyx,y € M(L), f(x) # f(y) = f(X)Af(y) =
0.

then there exists an ordered equivalence relation R on L,
such that f = R;.

Proof Define abinary relation R on L as Theorem 7. We need
to illustrate that R is symmetric, transitive and satisfies (C1).
Forany x,y e M(L), xRy = x < f(y) = x A f(y) #
0, then x A £(y) < f(x) A f(¥) # O, thus, f(x) = f(3)
by (4), it follows from (3) that y < f(y) = f(x),i.e., xRy.
Suppose x, v,z € M(L), xRy and yRz. Then, by the proof
above, x < f(x) = f(y) = f(2),1i.e., xRz. Condition (3)
and the symmetry of R imply that y < x < f(x) <
yRx <= xRy, i.e., R satisfies (C1). O

Remark 7 When we pick I = {0} in Theorem 11, the con-
dition in Theorem 11 is necessary and sufficient for the
existence of an ordered equivalence relation (see Theorem
8 in Zhou and Hu 2016). However, it does not hold for the
general ideal. The following example indicates this view.

Example 7 Let L be the same CCD lattice as in Exam-
ple 3. We consider the ordered equivalence relation R =
1M(L)><M(L), i.e.,ny, Vx, y € M(L) Then, alR = azR =
biR = bR = M(L), thus, R;(a1) = a1 # 1 = Rj(a2).
But,

Ri(a) ARj(@) =ai Al =a; #0.

4 Axioms of rough approximation operators via
ideal on a CCD lattice in terms of Galois
connection

The following concepts and results of Galois connection are
reviewed in order to further explore the axiomatic approaches
of rough approximation operators via ideal on a CCD lattice,
for more details, see Gierz et al. (2003). We claim that the
condition (2) of Theorem 10, 12 and 13 in Zhou and Hu
(2016) is erroneous, because the formulas g(s) > ¢t <—
s> f(t)and g(s) <t <= s < f(¢t) are not equivalence in
the theory of Galois connection.

Definition 6 (Gierz et al. 2003) For posets P and Q, a pair
(g, f)of maps g : P —> Qand f : Q —> P iscalled a
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Galois connection between P and Q iff for all p € P and Table 4 The binary relation R R a b d e f | p
q€Q, in Example 8

a 1 0 0 0 O 0 O
gp)zq<=pz=[f@. b0 1000 00

d 0 0 1 1 0 0 O
Theorem 12 (Gierz et al. 2003) Let g : P — Q and e 000 10 00
f 1 QO —> P be two order preserving functions between f 000 0 1 00
posets P and Q. Then, forany p € P, q € Q, the following L0 1 1 00 10
conditions are equivalent: p 0 0 0 0 0O 0 1

1. g(p)>q < p=> f(q).
2. p= f(g(p), g(f(p) =q.

Moreover, these conditions imply

3. fogof=fandgo fog=g.
4. The map g is a meet preserving function and f is a join
preserving function.

Theorem 13 (Gierz et al. 2003) In a Galois connection
(g, f), each of g and f uniquely determines the other via
the formulae

1. ¢(p)=Vig:p= f(@} VpeP.
2. f(@)=/N\lp:g(p)=q}, Yq€Q.

Remark 8 According to Pawlak (1982) and Yao (1998a),
when L is a power set of a universe X, the symmetry of
R implies the following property: forany a € L,a < RR(a)
and RR(a) < a, which imply that ¢ < R°R(a) and
RR (a) < aif R is an ordinary binary relation, i.e., (R, R)
forms a Galois connection on & (X). For these two formulas,
Zhou and Hu (2014) illustrated that RR(a) < a does not
hold for the general CCD lattice L by a counterexample, of
course, it does not hold for rough approximation operators
via ideal on a CCD lattice either. Let I be an ideal of L. The
following example states that ¢ < R¢ ,E; (a) is not always
true for rough approximation operators via ideal on a CCD
lattice.

Example 8 Let L be the same CCD lattice as in Example

6. Define a binary relation R on L as Table 4. Then, aR =

{a}, bR = {b}, dR = {d,e}, eR = {e}, fR = {f},

IR = {b,d,l}, pR = {p} and Ra = {a}, Rb = {b,1},

Rd ={d,l}, Re={d,e}, Rf ={f}, Rl ={l}, Rp = {p}.
We consider I = {0, a, b, c}, then

Ri(g) = g\/\/{x:x e M(L),3y exR,y <g,buty ¢ 1}
=gVv(dvVve) =i,
RE/Ri(9) = RS (=i A\/{x sxeM(L), RyNL\}iC 1)

=iAn@aVe)=e}g.

Now, we present when (R, R;) is a Galois connection
onaCCD L.

Remark 9 Denote (I1): xRy — x < y, Vx,y € M(L).
Then, if R is a transitive relation satisfying (C1) and (I1)
on L, it is easy to verify that R is an ordered equivalence
relation.

Proposition 4 Let R be a binary relation satisfying (11) on
L and I an ideal of L. Then, for everya € L,

1. a < R¢;R(a).
2. if I is a complete sublattice of L, then RiR®;(a) <
a,VYa € L.

Proof (1) R°;Ri(a) = Ri(a) A\/{x : x € M(L), Rx N
L\lR;(a) € #}. Denote S = {x : x € M(L), Rx N
L\¢§,(a) € #}. Forany z € M(L), z < a, we claim that
2 <Ri@)AVS.

In fact, it is direct that z < a < R;(a) by (1) in Propo-
sition 1 and (1) in Proposition 3. According to (I1), we
have r} < z, which implies r} < R(a), it is equivalent
to Rz € |Rj(a), thus, Rz N L\|R;(a) = 0¥ € 7, ie.,
z € S. Therefore, z < R_“I§1(a), ie,a < R_C1§1(a).

) RiR (@) = RS @) v \{rE -y € ML)y ¢
JR¢;(a)\I}. Denote T = {r;‘ y € M(L),y €
JR¢;(@)\I}. We only need to prove \/T < a by (1) in
Proposition 3. It follows from Proposition 2 that for any
z€ M(L),z<\/ T,thereexistsy € M(L),y € | R¢;(a)\]
such that z < r;“, thus there exists p € Ry such that z < p,
p € Ry implies p < y by (I1), moreover, y < E?(a) <a,
Thus, z < p < y < a. This completes the proof. O

Theorem 14 Let R be a binary relation satisfying (11) on L
and I a complete sublattice ideal of L. Then, (R, R))isa
Galois connection.

Proof It follows from Proposition 4 and Theorem 12. O
Corollary 4 Let R be a binary relation satisfying (I1) on L

and I a complete sublattice ideal of L. Then, for any a, b €
L,A C L, we have

@ Springer
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1. R°;/(a A'b) = R (a) N R;(b) and R°;(NA) =
MR (a) za e A} B

2. ifRE transitive, then Ry R;(a) = Rj(a).

3. R°/RiR(a) = R;(a).

4. RiR;R;(a) = R°(a).

Proof (1) holds by Theorem 14 and (3) in Theorem 5.

(2) R is transitive implies that R¢ is transitive, thus,
R¢;R°;(a) = R (a) by (6) in Proposition 3. According
to Theorem 13 and 14, we have

RiR(@) = /\{b: R ;(b) = Ri(@)} = /\{b: R°;R;(b)
> a}

= /\{b: R, (b) = a} = R;(a).
(3) and (4) hold by Theorem 12 and 14. O

Theorem 15 Let I be a complete sublattice ideal of L and
(g, f) a Galois connection on L. Then, there exists a qua-
siorder R satisfying (C3) and (11) on L, such that g = R,
and f = Ry if and only if f satisfies

1. f(0)=0.
2. foranyx € M(L), f(x) = x.

Proof (=) We only need to prove (2), it follows from (C3)
that for any x € M (L),

X, xel,
xvri, x¢l

Ri(x) = {

(I1) implies x > r, thus, R;(x) = x.

(<) (g, f) a Galois connection on L, which implies
that f is a join preserving function by Theorem 12. From
Theorem 9, there exists a quasiorder R such that f = Ry,
and (C3) holds by the property of f. Furthermore, condition
(2) implies xRy <= x < f(y) = y, which means that
R satisfies (I1). Then (R¢,, R;) is a Galois connection by
Theorem 14, thus g = R;. O

Theorem 16 Let I be a complete sublattice ideal of L and
(g, f) a Galois connection on L. Then, there exists an
ordered equivalence relation R satisfying (I1) on L, such
that g = R¢; and f = Ry ifand only if f satisfies

1. f(0)=0.

2. foranyx € M(L), f(x) = x.

3. foranyx,y € M(L), f(x) # f(y) = f)Af(y) =
0.

Proof (=) Since R is an ordered equivalence relation, it
follows from Remark 4 that R satisfies (C3), then (2) holds
by the proof of Theorem 15. We state (3) here, R is reflexive,

@ Springer

symmetric and satisfies (I1), which implies that for any x €
M(L), x = r} = ry. Thus, R;(x) = x = ry. It follows from
Theorem 2 that {ry}xepm(z) is a partition of L, i.e., R;(x) #=
Ri(y) = R;(x) AR/ (y) = 0.

(<=) Combining with Theorem 11, it can be proved by a
similar way to the proof of Theorem 15. O

5 Conclusions and future work

In this paper, we have studied the axiomatic approaches to
relation-based rough approximation operators via ideal on a
CCD lattice. This work may be taken for the extension of
Zhou and Hu (2016) and may also be considered as the com-
pleteness of Han et al. (2016). We believe that the axiomatic
approaches we offer here will help us to gain much more
insights into the mathematical structures of rough approxi-
mation operators.

The recent research has shown that rough set theory and
formal concept analysis provide complementary data mod-
eling techniques for information retrieval and knowledge
representation (Li et al. 2013). In Yao (2004), by combining
these two theories, the author obtained a better understanding
of knowledge embedded in data. Guo et al. (2014) applied
rough set theory to formal concept analysis and then got a
representation of algebraic domains.

Zhou and Hu (2014) also discussed generalized rough
approximation operators defined on two CCD lattices (X, Vv,
A, 0,1)and (Y, v, A, L, T) based on a binary relation R C
M(X) x M(Y). Yao et al. (2016) presented a concept of
lattice-theoretic contexts (G, P, I) for G, P being complete
lattices and I a Galois ideal of G and P, which is a common
generalization of classical formal concept analysis. Further-
more, when the lattices G, P are completely distributive,
a reduction of the relation I in the lattice-theoretic context
(G, P, T) was obtained.

In the future, we will investigate the relation between
rough set theory and formal concept analysis from the fol-
lowing aspects:

1. ForZhou and Hu’s rough sets defined on two CCD lattices
(X, V,A,0,Dand (Y, v, A, L, T) withabinary relation
R € M(X) x M(Y), we can consider the correspond-
ing lattice-theoretic context (X, Y, Ir), where Iy is the
generated Galois ideal of R (the smallest Galois ideal of
X and Y contains R). Then, there comes a natural ques-
tion that: What is the relation between the generalized
rough approximation operators defined on the two CCD
lattices (X, Vv, A,0,1) and (Y, Vv, A, L, T) based on a
binary relation R € M (X) x M(Y) and concept lattices
of related CCD lattice-theoretic contexts (X, Y, Ig)?

2. In a CCD lattice-theoretic context (G, P,I), if we put
Rr = T |m@Gyxmpy (or equivalently Ry = 1IN
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(M(G) x M(P))). Then we can research related rough
approximation operators defined on two CCD lattices
G and M with respect to Ry. Hence, a second ques-
tion arises: What is the connection between the concept
lattices of CCD lattice-theoretic contexts (X, Y, ) and
corresponding generalized rough approximation opera-
tors defined on the two CCD lattices G and P with Ry?
3. Due to the nice features of ideal, we will further study
lattice-theoretic contexts via an ordinary ideal.
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