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Two kinds of homomorphisms of fuzzy approximation spaces based on complete residuated lattice are proposed. The homomor-
phisms are structure-preserving maps in some sense. We also introduce the fuzzy approximation subspaces and investigate their
correspondence with the homomorphisms. Given a fuzzy equivalence relation, the factor set of the fuzzy approximation space is

discussed.

1. Introduction

The rough set theory proposed by Pawlak [1, 2] is a mathe-
matical tool to deal with intelligent systems characterized by
insufficient and incomplete information. Its key concept is a
pair of lower and upper approximation operators based on
an equivalence relation. Through the pair of operators, the
hidden information may be unraveled. Rough set theory has
received much attention in the past decades. The successful
applications of rough set theory in a variety of problems have
fully demonstrated the usefulness of rough set theory.

In Pawlak’s rough set theory, equivalence relation is an
important concept. The lower and upper approximation
operators are built from the equivalence classes. By replacing
equivalence relations with arbitrary binary relations, general-
izations of Pawlak’s rough set have been obtained. Fuzzy sets
provide a convenient tool for representing vague concepts
by allowing partial memberships. So by replacing the binary
relations with fuzzy ones, various kinds of fuzzy rough sets
could be obtained [3-10]. As in classical rough set theory,
there are two approaches [11] to deal with the fuzzy case,
named the constructive and axiomatic ones. Fuzzy rough sets
based on residuated lattice were proposed by Radzikowska
and Kerre in [12]. She and Wang discussed the axiomatic
approach of the fuzzy rough sets based on residuated lattice
in [13].

Sometimes it is necessary to construct the connection of
two approximation spaces, in order to transmit information

hidden in them. And also we want to deal with a small
database rather than a large one, so building the communica-
tion between them is very important. The homomorphisms
between rough sets are proposed by Graymala-Busse in [14],
in order to deal with the correspondence between two infor-
mation systems. Itis very useful in dealing with data compres-
sion in information systems and approximation spaces. In
[15,16], Wang et al. proposed the type 1 and type 2 consistent
functions, then introduced the homomorphisms in terms of
the consistent function of information systems and the fuzzy
information systems, respectively. Then Zhu and Wen revis-
ited the homomorphisms between information systems (clas-
sical and fuzzy case, resp.) in [17, 18]. And the predecessor-
consistent function and successor-consistent function have
been introduced, they are just the type 1 and type 2 consistent
functions in [17, 18]. The researchers explored more about
invariant properties under the homomorphisms in the liter-

ature.
In this paper, we discuss the homomorphisms between

fuzzy rough approximation spaces based on complete residu-
ated lattice. We propose the homomorphisms between them
as structure preserving maps and discuss their properties.
The fuzzy approximation subspaces and the factor sets of
fuzzy approximation spaces are introduced. The relationship
between the factor sets and the homomorphisms is also
investigated.

We focus on the homomorphism between fuzzy approx-
imation spaces in this paper. It is organized as follows. In
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Section 2, we recall some fundamental properties of residu-
ated lattice, L-fuzzy sets and L-fuzzy relations. Some basic
properties of L-fuzzy rough sets are also given in Section 2.
In Section 3, we introduce the Z-homomorphisms induced
by Zadeh’s forward operators and discuss their properties.
The fuzzy approximation subspaces are proposed in Section 4
and the correspondence with the homomorphisms is also
discussed. In Section 5, we propose another kind of homo-
morphisms that relies more heavily on the relations of the
two fuzzy approximation spaces. The factor set of fuzzy
approximation spaces is also introduced in this section.
Section 6 carries the conclusions.

2. Preliminaries

A residuated lattice [19, 20] (L, %, —,V, A, 0,1) is an algebra
with two binary operations *, — on L such that

(1) (L,V,A,0,1) is a bounded lattice with the greatest
element 1 and the least element 0;

(2) (L, *,1) is a commutative monoid and * is isotonic at
both arguments;

(3) (%, —) are adjoint pairs; that is, x * y < z if and only
ifx<y — zforallx, y,z € L.

A residuated lattice is said to be complete if the underlying
lattice is complete.

In what follows, * is sometimes called a generalized tri-
angular norm and the implicator — is called the residuum of
#. An implicator I is called left monotonic (resp., right mono-
tonic) if I(-,a) is decreasing for every a € L (resp., I(a,-) is
increasing). If I is both left and right monotonic, it is called
hybrid monotonic.

In the paper, L always denotes a complete residuated
lattice if not otherwise specified. The precomplement on L is
themap —: L — L definedby~a=a — 0foreverya € L.
Some basic properties of complete residuated lattices are as
follows (more properties about complete residuated lattices
can be referred to in [19, 20]):

M1 >a=a,a<boa—->b=1;

2)(a@a—->b)yx(b >c)<a —>c(a—>b)xx(c—d=<
(axc) — (b=d)

B)a—>b-oc)=b—>(@@a@—->c)=(@=*b) - ¢
4)a<b — axb),a*(a — b)<b;
(5) a* (Vierh) = Vies(a = b);

6)a — (Niggb) = Niesla = b), (Vi) — b =
Nierl@ — b);

7)a > b—o>a)=1l,a > (b—>axb)=1;

@®b >c<@a—->b - (a-chec—o>bsb -
a) — (c — a);

(9) a < —a

(10) a — =b==(a * b); 7(\V;e12) = N\ier(-a).
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If --a = a holds for every a € L, then L is called
involutive. In this case, the following conditions hold:

() a — b=(=b) — (a) = ~(a*(-b));axb=-(a —
(=b));

(12) ~(Nies@) = Vier(-ay).

When the * operator is exactly the operator A of the
residuated lattice, it is called Heyting algebra. A complete
Heyting algebra is a special case of complete residuated
lattice, it is also called frame.

In [21], Goguen first introduced L-fuzzy set as a general-
ization of Zadeh’s-fuzzy set, where L is a complete residuated
lattice. An L-fuzzy set Aon X isamap A : X — Landall
the L-fuzzy sets on U are denoted by L*. For every a € L, we
use @ to denote the constant L-fuzzy set on X. For A, B € L*,
we denote A € Bif A(x) < B(x) for every x € X.

Given two L-fuzzy sets A and B, new L-fuzzy sets can be
induced as follows:

(A = B)(x) = A(x) * B(x);

(A A B)(x) = A(x) A B(x);
(AV B)(x) = A(x) V B(x);

(A = B)(x) = A(x) — B(x);
(=A)(x) = A(x) — 0.

In [22-27], various types of reflexivities, antisymmetries,
and transitivities are investigated. According to these notions,
proximity and similarity fuzzy relations, fuzzy partitions, and
fuzzy orderings, fuzzy equivalences are introduced. Proper-
ties of these fuzzy binary relations and operations on them
are also studied.

An L-fuzzy relation [21] Ron XisamapR: XxX — L,
where R(x, y) denotes the degree between x and y, (x, y) €
U xU.

R is serial if for every x € X, \/ xR(x,y) = L; R
is reflexive if 1 < R(x,x) for all x € X; R is transitive
if \/yexR(x, y) * R(y,z) < R(x,z) for all x,z € X; R
is symmetric if R(x,y) = R(y,x) for all x,y € X; Ris
antisymmetric if for all x,y € X, R(x,y) = R(y,x) = 1
implies that x = y.

A reflexive, symmetric, and transitive L-fuzzy relation R
on a set X is called a fuzzy equivalence relation [28]. The
antisymmetric fuzzy equivalence relation is called a fuzzy
equality. The set of fuzzy equivalence relations on X forms a
complete lattice. The meet coincides with the intersection of
the L-fuzzy relations, but the join does not coincide with the
ordinary union.

Let R be a fuzzy equivalence relation on a set X. For every
a € X, R, is called a fuzzy equivalence class determined by
R, where R,(y) = R(a, y) for every y € X. The set X/R =
{R,, a € X} is called the factor set of X with respect to R.

Lemmal (see [28]). Let R be a fuzzy equivalence relation on a
set X. Then, for every x, y € X, the following is true:

(1) R(x, y) =V exR(x,2) * R(y, 2);
2)R(x,y)=1©R, = R,.
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The notion of fuzzy rough sets based on residuated lattice
was proposed by Radzikowska and Kerre in [12]. By taking
complete residuated lattices instead of [0, 1] as the truth value
structures, it differs from the concept of fuzzy rough sets that
are investigated in [4-10].

Definition 2 (see [12, 13]). Let (L, *, —,V, A, 0, 1) be a com-
plete residuated lattice, U a nonempty set, and R an L-relation
on U. (U, R) is called an L-fuzzy approximation space. For
every A € LY and every x € U, R(A) and R(A) are defined as

RA) ) =\ (R(x ) A(y)),

yeU

RA)(x) = )\ (R(xy) — A(y)).

yeUu

)

R(A) and R(A) are called an upper and lower L-
fuzzy rough approximation of A, respectively. The pair
(R(A), R(A)) is called the fuzzy rough set of A;if R(A) = A =
R(A), then A is called R-definable fuzzy set.

It is easy to check that fuzzy rough set defined above is a
wide generalization of (I, T)-fuzzy rough sets [10], where T
is a t-norm and I is the residual implicator based on T. In
the case when L = {0,1}, A and R can be reduced to crisp
subsets of U and U x U, respectively, and R(A) and R(A)
are precisely the corresponding concepts in classical rough
set theory. Nevertheless, R(A) < R(A), which is true in the
classical case, is not true in the fuzzy setting.

The following proposition provides basic properties of the
lower and upper L-fuzzy rough approximation operators.

Proposition 3 (see [12,13]). Let (L, *, —,V, A, 0, 1) be a com-
plete residuated lattice and (U, R) an L-fuzzy approximation
space. Then for all A,B € LY and A, € LY (foralli € I),

(1) R(®) = 0, RW) = U;

(2) If A C B, then R(A) < R(B), R(A) € R(B);

(3) R(A) € 7R(=4), R(A) € ~R(=A), ~R(A) = R(=A);

(4) E(\/iezAi) = VieIF(Ai)’ R(Nier(A)) = NietR(A));

(5 R@* A)=a*R(A),R@@ — A) =a — R(A);

(6) R(a) € @, a < R(a);

(7) R@) =a & R(U) =U,a = R(@ = RO) = 0;

(8) E(ly *a)(x) = R(x, y) * a, B(ly — a) =R(x,y) —

a, where 1, € LY, defined by

ly(x)={1’ ifx = s 2)

0, otherwise.

It is necessary to mention that when L is not involutive,
R(A) and R(A) are not dual to each other. So many results
of R(A) based on complete residuated lattice are not dual to
R(A) as in many other kinds of fuzzy rough sets. However,
the following proposition shows that R(A) and R(A) are dual
to each other when the truth value is an involutive complete
residuated lattice.

Proposition 4 (see [13]). Let (L, *, —,V,A,0, 1) be an invo-
lutive complete residuated lattice and (U, R) an L-fuzzy approx-
imation space. Then for every A ¢ LY, R(A) = —R(~A),
R(A) = ~R(-A).

For more details about fuzzy rough sets based on residu-
ated lattices, please refer to [12, 13]. In the following, we use
fuzzy instead of L-fuzzy for the consistency of the context.

3. Homomorphism Determined by Zadeh’s
Fuzzy Forward Operators

In this section, we always assume that L is a complete
residuated lattice. Let f : X — Y be a map, the Zadeh’s
fuzzy forward operators f,” : L* — L' and fuzzy backward
operators f; : L' — L are defined as follows:

firW@=\ Alx), VAeL¥ Vaey;
Jee 3)

fi (B)(x) =B(f(x)), VBel', VxeX.

In this section, we proposed the Z-homomorphisms
determined by Zadel’s forward operators between fuzzy
approximation spaces based on complete residuated lattice.
Some of their properties are discussed.

Definition 5. Let (X,R;), (Y,R,) be fuzzy approximation
spaces and f : X — Y a map. Then f is called an upper
Z-homomorphism if it satisfies f " (R,(A)) € R,(f " (A)),
for every A € L%; f is called a lower Z-homomorphism if it
satisfies f~ (R;(A)) € R,(f 7 (A)), for every A € L fis
called a Z-homomorphism if it is both fuzzy upper and fuzzy
lower Z-homomorphism.

We callamap f: (X,R;) — (Y,R,) relation-preserving
ifand only if R, (x, y) < R,(f(x), f(¥)); f is called relation-
embedding if R, (x, y) = R,(f(x), f(¥)); f is called relation-
isomorphism if f is bijective and relation-embedding. For
every y € X, 1, denotes the fuzzy subset of X, where

1, ify=x,
1, (x) = {0)

Theorem 6. Let (X,R;), (Y,R,) be fuzzy approximation
spaces and f : X — Y a map. Then f is an upper Z-
homomorphism if and only if f is relation-preserving.

(4)

otherwise.

Proof. For every x, y € X,

FERO))F@ =V &)@

f@)=f(x)

= \/ \/R1 (z,u) = ly(u)

f)=f(x)ueX

= \/ R, (z,y);

f2)=f(x)



R(f7)(1,)(f@) = /R, (f(x),a) ( Vi, (z)>,

aeYy f(z)=a

:\/ \/ R, (f (x),a) * 1, (2)

a€Y f(z)=a

=R, (f(x), f ().
(5)

Since f is an upper Z-homomorphism, we have R,(x, y) <
R,(f(x), f(»)); that is, f is relation-preserving.
On the other hand, for every A € X aey,

- (R_1(A))(a) = \/ <\/R1 (z,u) = A(u))

f(z)=a \ueX

(6)
Ry (f7 ()@= \/Ry(ab) < \V A(z)).

bey f(z)=a

Since f : (X,R;) — (Y,R,) is a relation-preserving map,
we have R, (z,u) < R,(f(2), f(u)) = Ry(a, f(u)), forz € X
such that f(z) = a. So Ri(z,u) * A(u) < Ry(a, f(u)) *
(\/f(v):f(u)A(v)). Hence,

\/R1 (z,u) * A(u) < \/R2 (a, f (w)) = < \/ A(V)>
ueX ueX f(V):f(u)

< \/R2 (a,b) = ( \/ A(v)).

bey F()=b

(7)
Therefore, f ~ (R;(A)) € Ry(f ~)(A). O

Corollary 7. Let (X,R;), (Y,R,) be fuzzy approximation
spaces and f : X — Y a map. Then f is an upper Z-
homomorphism if and only if f~ (R;(1,)) € R,(f ~)(1,) for
every x € X.

Proof. The claim is easily derived from Theorem 6. O

Corollary 8. Let (X,R;), (Y,R,) be fuzzy approximation
spaces and f : X — Y a surjective upper Z-homomorphism.
Then the following assertions hold:

(1) If R, is serial, then R, is serial;

(2) If R, is reflexive, then R, is reflexive.

Proof. Since f is surjective, for every a € Y, there exists a
x € X, such that f(x) = a.

(1) Assume that R, is serial, we have

1= /R (xy) < VRy(a f (1) < /Ry @b). (g

yeX yeX bey

Hence, R, is serial.

(2) R,(a,a) = R,(x,x) = 1,sowe have R, that is reflexive.
O
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Proposition 9. Let (X,R,), (Y,R,) be fuzzy approximation
spacesand f : X — Y alower Z-homomorphism. IfR,, R, are
reflexive and transitive, then f— (R;(Ry,)) = Ry(f ~ (R},)).

Proof. For every x € X,a €Y, R, R, is reflexive and transi-
tive as follows:

f_) (& (Rlx)) (a) = \/ </\R1 (Z, I/l) - Rlx (M))

f(z)=a \ueX
=\ Ri(x2),
f(z)=a

R, (f~ (Ry)) (@) = AR, (a,b) —>< \/ R, (x,z)>.

bey f(z)=b
)

Since f is a lower Z-homomorphism, we have \/ s, _,R; (x,

2) < NperRo(@,b) = (Vyi)apR1(%,2)) < Vpp)-o Ry (%, 2).
Therefore, f ™ (Ry(Ry,)) = Ry(f " (Ryy). O

Theorem 10. Let L be an involutive complete residuated lattice,
(X, R;), (Y, R,) be fuzzy approximation spaces, and f : X —
Y be bijective. Then the following assertions hold:

(1) f is an upper Z-homomorphism if and only if
£ (R(A) 2 Ry(f ™ (A));

@) f is a lower_Z—homomorphism if and only if
fT (R (A) 2 Ry, (f 7 (A));

(3) f is a Z-homomorphism if and only if f7 (R, (A) =
Ry(f7(A)) and f7 (R(A)) = Ry(f~ (A)). More-
ovet, Ry (x, y) = Ry(f (x), f(y)).

Proof. (1) Since f is bijective, there exists a unique x € X

such that f(x) = a for every a € Y. So for every A € L%, we
have f 7 (=A) = -f 7 (A). Therefore, f is an upper Z-
homomorphism & f~ (R,(A)) € R,(f ~(A)) &

7 (Ri(A) SR (f7 (-4))
= f7 ("R, (4) <~ (R, (f(4)))
= (7 (RW)) s~ (R (f (W)

= 7 (R (A) 2R, (f ().

(10)

The duality of R and R is guaranteed when L is involutive.
(2) It could be proved similarly as (1).
(3) It follows (1), (2), and Definition 5. From Theorem 6,
we have R, (x, y) = R,(f(x), f(»)). O

Proposition 11. If L is not involutive, f: (X,R;) — (Y,R,)is
a bijective Z-homomorphism, we also have f— (R,(A)) =

Ry(f ™ (A).
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Proof. Since f is bijective, for every a € Y, there exists a
unique x € X such that f(x) = a. So for every A € L%,

7 (RAW)(f @) = AR (x.9) — A(y),

yeX

R(f~ (A)(f @)= AR (f (), f () — A(y).
(1)

Because f is a homomorphism, we have f~ (R;(A)) ¢
R,(f 7 (A)) and f is relation-preserving. Therefore, R, (x,
y) = A 2 Ry(f(x), f(y)) — A(y). So f7 (R (A)) 2
Ry(f~ (A)). O

Proposition 12. Let L be an involutive complete residuated
lattice, (X, R,), (Y, R,) be fuzzy approximation spaces, and f :
X — Y be a bijective map. Then f is a Z-homomorphism if
and only if f~" is a Z-homomorphism.

Proof. Assume that f is a bijective Z-homomorphism, for
every B € LY, we have

() Ra®) @) = VR (f ). £ () = B(f ()

=R, (f7 (Bo ) (f ),
(12)

R((F7)" ®) = \/R (x9) = (Be £) ()
yexX (13)

=~ (R (B ) (f ().
From Theorem 10, (') ~ (R,(B)) = R,((f~") ~ (B)). We can
also prove that (f™')~ (Ry(B)) = &((fﬁl) ~(B)) via direct

computing. Therefore, £ is a Z-homomorphism. The con-
verse could be proved similarly. O

Remark 13. Assume that L is not involutive, and (X, R,),
(Y, R,) are fuzzy approximation spaces.

@ f : (X,R)) — (Y,R,) is a bijective Z-homomor-
phism, we could not deduce that £ is a bijective Z-
homomorphism in general.

(2) If f and £ are both bijective upper Z-homomor-
phisms, then R, (x, ¥) = R,(f(x), f()). Certainly, if
fand £ are both bijective Z-homomorphism, we
also have R, (x, ¥) = R,(f(x), f(¥)).

Proposition 14. Let L be an involutive complete residuated
lattice, (X, R;), (Y, R,) fuzzy approximation spaces, and f a
bijective Z-homomorphism, then the following assertions hold:

(1) R, is serial if and only if R, is serial;
(2) Ry is reflexive if and only if R, is reflexive;
(3) Ry is symmetric if and only if R, is symmetric;

(4) Ry is transitive if and only if R, is transitive.

Proof. It is easy to verify from Theorem 10(3). O

4. Approximation Subspaces

In this section, we introduce the fuzzy approximation sub-
spaces. Let (X, R) be fuzzy approximation space and R a fuzzy
equivalence relation, we firstly investigate some properties of
R-definable fuzzy sets.

Lemma 15. Let (X, R) be fuzzy approximation space and R a
fuzzy equivalence relation. Then for every A € L,

(1) R(A) = A & R(x,y) < A(y) — A(x), for every
xyeX;

(2) R(A) = A & R(x,y) < A(x) — A(p), for every
xy€X;

(3) A is a R-definable fuzzy set if and only if R(x, y) <
A(x) & A(y), forevery x, y € X.

Proof. (1)IfR(A) = A, then R(A)(x) = \/ e xR(x, y) * A(y) =
A(x) for every x € X. So for every y € X, we have R(x, y) *
A(y) < A(x). And this is equivalent to R(x, y) < A(y) —
A(x) for every y € X.

Conversely, for every x, y € X, R(x, y) < A(y) — A(x)
implies that R(A)(x) < A(x) for every x € X. Since R is
reflexive, we have A < R(A).

(2) It could be proved similarly as in (1).

(3) It is immediately a deduction of (1) and (2). O

Lemma 16. Let (X, R) be fuzzy approximation space and R a
fuzzy equivalence relation. If A, B are R-definable fuzzy sets,
then AN B, AV B, A = B, ~A are R-definable fuzzy sets. R-
definable fuzzy sets of X are closed under arbitrary intersection
and union.

Proof. Assume that A, B are R-definable fuzzy sets as follows:
(AAB)(x) «— (AAB)(y)
= ((AAB)(x) — (AAB)(y))
A((AAB)(y) — (AAB) () (14)
> (A(x) — A()) A (B(x) — B(»))
>R(x,y).

According to Lemma 15, we have A A B which is R-definable
fuzzy set. The claim that A V B, A * B, A are R-definable
fuzzy sets could be proved similarly. O

Lemma 17. Let (X, R) be fuzzy approximation space and R a
fuzzy equivalence relation. Then every fuzzy equivalence class
R, is R-definable fuzzy set for z € X. Moreover, R(x,y) =
NoexR (%) & R (y) = N\scgAlx) & A(y), where € is the
set of R-definable fuzzy sets.

Proof. Since R is transitive, for every x, y,z € X, we have
R(x, y)*R(z,x) < R(z, y)and R(y, x)*R(z, y) < R(z, x); that
is, R(x, y) < R(z,x) — R(z,y)and R(y,x) < R(z,y) —
R(z, x). Because R is symmetric, we have R(x, y) < R(z, x) <
R(z, y). Therefore, R(x,y) < N,exR(z,x) < R(z, ).



Obviously, A,cxR(z,x) < R(z,y) < 1 — R(x,y) =
R(x, ). So we have R(x,y) = N,xR,(x) & R,(y) =
NacgA(x) < A(y) since every fuzzy equivalence is a R-
definable fuzzy set. Forevery A € €, R(x, y) < A(x) < A(y)
Hence, R(x, ¥) = A\ pcgA(X) & A(y).

We propose the fuzzy approximation subspaces induced
by fuzzy sets and investigate some of their properties. Let
(X, R) be a fuzzy approximation space, R a fuzzy equivalence
relation, and S € LX. We define Rl € L% where Rlg(x, y) =
R(x, y) A (s(x) < s(y)) for every x, y € X. Obviously, R| is
a fuzzy equivalence relation on X.

Definition 18. Let (X, R) be fuzzy approximation space, R an
equivalence relation, and S € LX. If R(A) = R_|S(A) and
R(A) = R|4(A) for every A € Lx, (X, Rlg) is called a fuzzy
approximation subspace of (X, R).

The next theorem characterizes the correspondence
between R-definable fuzzy sets and fuzzy approximation
subspaces.

Theorem 19. Let (X, R) be fuzzy approximation space, R a
fuzzy equivalence relation, and S € L*. Then the following is
equivalent:

(1) S is a R-definable fuzzy set;

(2) R(A) = R_IS(A)for every A € L%

(3) R(A) = R|g(A) for every A € L%

4) (X, Rls)gfuzzy approximation subspace of (X, R).

Proof. (1)&(2). Since S is a R-definable fuzzy set, we have
R(x, y) < S(x) < S(y). So R(A) = R_IS(A) for every A € Lx.

Conversely, R(A) = R_IS(A) for every A € L. We assume
that A =1, for all y € X, then ﬁ(ly)(x) = R_|s(1y)(x) for
every x € X, thatis, R(x, y) = R|5(x, y). Therefore, R(x, y) <
S(x) & S(y). That is to say, S is a R-definable fuzzy set.

(1)&(3). We only prove that R(A) = R|4(A) for every A €
L* which implies that S is a R-definable fuzzy set. Assume
that A = R, for all y € X, we have R(R )(x) = RIS(R )(x)
for every x € X; thatis, R(x,y) = RIS(x, ). Hence, S is a
R-definable fuzzy set.

(1)©(4). It is obvious from the verification of (1)&(2),
(1)©(3), and Definition 18. O

We could construct fuzzy approximation subspaces via
given ones. Let (X, R) be fuzzy approximation space and R
an equivalence relation. Then the union, intersection, and
negation of the fuzzy approximation subspaces are defined as
follows. Let A, B € L,

(X, Rl4) N (X, Rlg) = (X, R[4 N Rlp),
(X, R[4) U (X, Rlg) = (X, RI4U Rlp), (15)
- (X> R|A) = (X) _'RlA)'

Proposition 20. Let (X, R) be fuzzy approximation space, R
an equivalence relation, and A, B, A; € L%, i € I are R-defina-
ble fuzzy sets. Then the following assertions hold.
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(1) Rl4 N R[p = Rlgnp Rl4 UR|g = Rlyyp “RI4 = R0
Niex Rla, =Rl ap User Rla, = Rly 4

(2) (X,RIy) N (X, Rlp), (X,R[4) U (X,R[p), ~(X,R,),
(X, Uier Rla ), (X5 Nier Rl4 ) are fuzzy approximation
subspaces of (X,R). Moreover, the set of all fuzzy
approximation subspaces of (X, R) is a complete lattice.

Proof. (1) Since A, B are R-definable fuzzy sets, A N B is R-
definable fuzzy set. So we have R(x, y) < A(x) < A(y),
R(x, y) < B(x) < B(y), R(x, y) < (AN B)(x) & (AN B)(y).
Hence, R| yNR|5 = R| 4p. Similarly, the equationsin (1) could
be proved.

(2) According to (1) and Theorem 19, it is easy to verify
that @ and X are R-definable fuzzy set. Therefore, the set of all
fuzzy approximation subspaces of (X, R) is a complete lattice.

O

5. Homomorphisms between Fuzzy
Rough Approximation Spaces

In this section, we proposed the homomorphisms between
two fuzzy approximation spaces based on Frames. Let (X, R,),
(Y, R,) be fuzzy approximation spacesand f : X — Y a
map. We define the fuzzy forward operators f. ", f*~, f
L* — LY as follows. For every A € L*,a € Y,

o @@=\ A& AR, (a f (x),
xeX
7A@ = \/AX AR, (f (x),a),
xeX
F7 @A @=\/AE AR, (a f (x) AR, (f (x),a).
xeX

(16)

And we define the fuzzy backward operators £, f*~,
LY — L% asfollows. For every B € LY, x e X,

fr® @) =\/B(f(»)AR (xy),

yeX
B« = \/B(f (¥)) ARy (3, %), 17)
yeX
F® )= \/B(f (D) AR (x.9) ARy (3,%).

yeX

Let R be a crisp binary relation on a set X, for any A, B € X;
we use the notation AR = {b | b € X, Ja € Asuchthat
(a,b) € R}and RB={a | a € X, 3b € Bsuchthat(a,b) € R}.
When L = {0,1}, Ry, R, are crisp relations on X, Y,
respectively,and A € X, B €Y, then
7 ()@ =1 acRk(fA),
7 (xa)@=1=ac(f(A)R, (18)

7 (xa)@ =1 acR (f(A)n(f(A)R,

So f.7, f*7, f~ are defined as generalizations of

Ry(f(A), (f(ANRy, Ry(f(A) N (fF(ANRy fi\ f* 7,
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are generalizations of preimage operators of R,( fﬁl(B)),
(S B)Ry, Ry(F B N (T (B)R,.

Next, we introduce homomorphisms between fuzzy
approximation spaces according to the fuzzy forward oper-
ators.

Definition 21. Let (X, R;), (Y,R,) be fuzzy approximation
spaces and f : X — Y a map. Then f is called an upper
homomorphism if it satisfies £, (R,(A)) < R,( f~*_’ (A)), for
every A € L%; f is called a lower homomorphism if it satisfies
f (R,(A)) ¢ Rz(f (A)), for every A € X ; f is called a
homomorphlsm between fuzzy approximation space if it is
both fuzzy upper and fuzzy lower homomorphism.

Remark 22. We can also define homomorphisms between
fuzzy approximation spaces according to f*~, f . The
three kinds of homomorphisms are the same when R, is
symmetric. And in the paper, we only discuss the homomor-
phisms in Definition 21. Most of their properties could be
generalized to the other two kinds.

Theorem 23. Let (X,R;), (Y,R,) be fuzzy approximation
spaces and f: X — Y a map. When R, is reflexive and tran-

sitive, f is an upper homomorphism if and only if f is relation-
preserving.

Proof. For every x, y € X,

£ (R (1)) (f )
= _( )@ AR, (f (%), f(2)

><< ><<

< R (zu)Al, (u))/\R2 (f %), f(2)
R, (z,y) ARy (f (%), f (2)); (19)

R_z(fi (1,)) (f @)

\/R2 (f(x),a)/\<\/1y(z)/\R2 (a,f(z)))

=\/R,(f(x),a) AR, (a, f (¥)).

Since f is an upper homomorphism and R, is reflexive,
transitive, we have R, (x, ¥) < R,(f(x), f(y)); that is, f is
relation-preserving.

On the other hand, for every A € X aey,

7 (Ri@) (@

= \/ (\/R1 (x,y)/\A(y)) AR, (a, f (x)),

xeX \ yeX

(20)

R, (f.” () ()
(21)
= \/Rz (a,b) A <\/A(z) AR, (b,f(z))) .
bey zeX

Since f: (X,R,) — (Y, R,) is a relation-preserving map, we
have R, (x, y) < R,(f(x), f(y)), for every x, y € X. So,

R, (%, y) NA(y) AR, (a, f (x))
<R (), f(D)NA(Y) AR, (a, f (x))

(22)
< \/R, (a,b) A (\/A(z)/\R (b, f ( z))>
beY zeX
Therefore, f,” (R,(A)) € R,(f.” (A)). O

Corollary 24. Let (X,R,), (Y,R,) be fuzzy approximation
spacesand f: X — Y amap. When R, is reflexive and transi-

tive, f is an upper homomorphism if and only if £ (R;(1,)) €
R,(f”(1,)) for every x € X.

Proof. The claim is easily derived from Theorem 23. O

Corollary 25. Let (X,R,), (Y,R,) be fuzzy approximation
spaces, R, reflexive and transitive, then f : X — Y is an upper
Z-homomorphism if and only if it is an upper homomorphism.

Proof. The claim is easily derived from Theorems 6 and 23.
O

Proposition 26. Let (X, R,), (Y,R,) be fuzzy approximation
spaces.

WIff: X — Y isa lower homomorphism, Ry,
R, are reflexive and transitive, then f,” (R;(R,,)) =
Ry(f,” (Ry,).

) If f : X — Y is an upper homomorphism and R,,
R, are fuzzy equivalence relations on X, Y, respectively,

then f” (Ri(R,,)) = Ry(f.” (R,,).

Proof. (1) For every x € X, a € Y, Ry, R, is reflexive and
transitive as follows:

f;_) (& (Rlx)) (a)
= \/ (/\R1 (z,u) — Ry, (u)) AR, (a, f (2))

zeX \ueX
- 2\64121 (x,2) AR, (a, f (2)), (23)

&(f*_) (Rlx)) (Ol)

= /\R2 (a,b) — <\/R1 (x,9)

bey yeX

ARy (b>f(}’))> .

Since f is a lower homomorphism, we have \/,. R (x, z) A

R,(a, f(2)) NeerRo(@,0) = (\V exR(x, ) A Ry(b,
Ji(y))) < \/ZEXRI(X, z) A Ry(a, f(z)). Therefore,
T (Ry(Ry) = Ry(f. (Ry,)).



(2) Since f is an upper homomorphism, we have
f.7 (Ryy) = Rypy) for every x € X. Foreverya € Y,

f7 (R (R)) @) = \/ R, (x, ) AR, (a, f (¥)),

yeX

R, (£ (Ry))(@) = \/Ry(a,b) A Ry (b) = R, (£ (%), a).
bey
(24)

Since f is an upper homomorphism, f,” (R;(R,,)) ¢

R,(f.” (R,,)). The converse is obvious. O

Corollary 27. Let (X,R,), (Y,R,) be fuzzy approximation
spaces, f : X — Y a bijective map, and R,, R, fuzzy equiva-
lence relations on X, Y, respectively. If f and f™" are both upper
homomorphisms, then R(x,y) = R,(f(x), f(y)) for every
x,y € X. Moreover, f,” (R,(A)) = Ry(f,” (A)) for every A €
Lx.

Proof. The claim is followed from Proposition 26. Since f is
bijective, for every A € L%, f*_’ (R,(4)) = R_Z(f*_’ (A)) in
terms of (20), Theorem 23. O

Corollary 28. Let (X,R,), (Y,R,) be fuzzy approximation
spaces and f : X — Y a map, R,, R, are fuzzy equivalence
relations on X, Y, respectively. If f is a relation isomorphism,
then f.” (A) is R,-definable set when A is R, -definable set, for

every A € Lx

Proof. Since f is relation isomorphism, f is bijective and
R,(x,y) = R,(f(x), f(y)) for every x, y € X. From a direct
computation, we obtain that f is a homomorphism between
(X,R)), (Y;R,). So f.” (R,(A)) = Ry(f,” (A)) for every A €
L*. Assume that A is a R, -definable fuzzy set, then R, (A) =
R,(A). Hence R,(f,” (A) = [ (R(A)) = J” (Ry(A) <
R,( f:f (A)), because f is a homomorphism. The converse is
obvious, since R, is a fuzzy equivalence relation. O

Let (X, R,) be a fuzzy approximation space and R a fuzzy
equivalence relation on X. We define a fuzzy relation &%, on
the quotient set X/R via

R, (R,R,) =RoR, o R(x,y) (25)

for every x, y € X.

First, we show that 2, : X/R x X/R — L is a map. For
every x;, ; € X,i = 1,2 such that R(x;,x,) = 1, R(y;, ,) =
1, we have

%1 (Rxl’RJﬁ) = RORI oR(xl’yl)
=\/ VVR(x;,a) AR, (a,b) AR(b, y,)

aeX beX

= \/ \/R(xz,a) AR, (a,b) AR(b, y,)
aeX beX

=RoR; R (xy ;)

= %1 (sz’R}’z) :

(26)
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Proposition 29. Let (X, R,) be a fuzzy approximation space
and R a fuzzy equivalence relation on X. R, is the fuzzy
relation defined by (25). Then the following assertions hold:

(1) If R, is reflexive, then R is reflexive;
(2) If R, is symmetric, then R, is symmetric.

Proof. The claim is easy to verify from (25). O

If R, is transitive, we could not obtain that %, is transitive
in general. Moreover, even R, is a fuzzy equivalence rela-
tion; %, is not transitive in general. In the following, our
discussion is limited within the scope of fuzzy equivalence
relations. Let (X, R,), (Y, R,) be fuzzy approximation spaces
and f : (X,R,) — (Y,R,) a surjective homomorphism.
We define a fuzzy equivalence relation k¢ on X, for every
x,y € X, by

ke (x )= /\Rz (f(x),a) — R, (f (y).a). (27)

aey

Obviously, k¢ is a fuzzy equivalence relation on X and
kf(x, y) = R,(f(x), f(»)). For convenience, we let R = kf;
then %, (R, R,) = k(x, y) is a fuzzy equivalence relation on
X/R.

Since the homomorphisms of fuzzy approximation spaces
play an important role in data compression and information
transmission, so next we introduce the quotient homomor-

phism.
Proposition 30. Let (X, R;), (Y,R,) be fuzzy approximation
spaces, where R;, i = 1,2 are fuzzy equivalence relations. If

f:(X,R,) = (Y,R,) is a surjective homomorphism, then the
quotient map 1 : (X, Ry) — (X/ky, R,) is a homomorphism.

Proof. For every A € X, X, € X,

i (R (4) (Ry,)
= \/ (/\R1 (y,2) — A(Z)> NR (Rxo’Ry)

= 1.7 (R () (f (x0))3
(4) (R,,)

= N, (R,,R,) — (\/A(x)/\g?l (Ry,RX)>

yeX xeX

=R2(

%, (7,

(4)) (f (x0))-

(28)

Since f is a homomorphism, we have 7~ (R (A)) ¢
R, (A)); that is, 1 is a lower homomorphism. Similarly,
we could prove that 7 is an upper homomorphism. O

Proposition 31. Let (X, R,), (Y,R,) be fuzzy approximation
spaces, where R;, i = 1,2 are fuzzy equivalence relations. If
f:(X,R,) — (Y,R,) is a surjective homomorphism and R, is
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a fuzzy equality, then h : (X/ks, Ry) — (Y, R,) is a bijective
homomorphism, where h((kf)x) = f(x) for every x € X.

Corollary 32. Let (X, R,) be a fuzzy approximation space and
R, R fuzzy equivalence relations on X. If R < R, then the
quotient map 1 : (X, R,) — (X/R, R,) is a homomorphism.

6. Conclusions

We have discussed two kinds of homomorphisms between
fuzzy approximation spaces based on complete residuated lat-
tices in this paper. The notion of homomorphism established
the communication of two universes, so we can deal with
one fuzzy approximation space in terms of information of
another one. We also have investigated fuzzy approximation
subspaces and their correspondence with definable fuzzy sets.
Under some particular conditions, the factor sets of fuzzy
approximations spaces are also discussed. In the future, we
will intend to study the application of homomorphisms of
fuzzy approximation spaces. Moreover, we will investigate the
communication between the fuzzy covering rough sets.
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