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FUZZY IDEALS AND FUZZY LIMIT STRUCTURES

Y. YUE AND J. FANG

ABSTRACT. In this paper, we establish the theory of fuzzy ideal convergence on
completely distributive lattices and give characterizations of some topological
notions. We also study fuzzy limit structures and discuss the relationship
between fuzzy co-topologies and fuzzy limit structures.

1. Introduction

Since Chang [2] introduced fuzzy set theory to topology, many researchers have
tried successfully to generalize the theory of general topology to a fuzzy setting
using crisp methods. The fundamental idea of a topology itself being fuzzy, first
appeared in 1980 in [4] and again in 1991 in [15], in which a topology was an L-
subset of a traditional powerset. This was followed by L-subsets of LX in 1985 in
the independent and parallel generalizations of Kubiak [7] and Sostak [11]. In [16],
we studied topological molecular lattices in the Kubiak-Sostak sense ; we called
these lattices fuzzy topological molecular lattices (FTML) and established fuzzy
remote neighborhood systems.

In posets, the concepts of filter and ideal are dual to each other, and both these
concepts are very useful when studying problems concerning ordered structures.
Since an FTML is, in fact, an ordered structure, it is natural to use these two tools
to study its properties. It is well known that the convergence of ideal (or filter) is
an very important part in fuzzy topology. One aim of this paper is to establish the
convergence theory of fuzzy ideals in FTML.

In addition, limit structures provide a good tool for interpreting topological
structure and play an important role in fuzzy topology. In the framework of L-
topology, K. C. Min [6] introduced fuzzy limit spaces using prefilters and in the
framework of fuzzifying topology, Xu [13] introduced fuzzifying topological limit
structures and characterized fuzzifying topologies by filter convergence structures.
Yang [14] studied ideals on completely distributive lattices and Li [8] established
limit structures on completely distributive lattices using the usual ideals. Another
purpose of this paper is to study fuzzy limit structures using fuzzy ideals in the
framework of FTML.

This paper is organized as follows: In section 2, the concept of a fuzzy ideal and
its properties are introduced. In section 3, we study convergence of fuzzy ideals
and give characterizations of some topological notions. In section 4, we discuss
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relations between fuzzy co-topologies and fuzzy limit structures and find that we
can use fuzzy limit structures to interpret fuzzy co-topology. In section 5, we prove,
from a categorical point of view, that FLimML is a topological category over CD?
and FTML is a bireflective full subcategory of FlimML.

2. Preliminaries

Let a,b be elements in a complete lattice L. An element a € L is said to be
coprime if a < bV ¢ implies that a < b or a < ¢. The set of all coprimes of L is
denoted by M(L). Let e|a denote the set {b € L|e £ b,b > a} and 8*(e) denote
the standard minimal set of e for e € M(L). For basic results about completely
distributive lattices we refer to [3, 9].

Definition 2.1. [12] Let L; and Lo be two complete lattices. A map f: Ly — Lo
is called a generalized order-homomorphism, or briefly, a GOH, if

(1) f(a) =0 if and only if a = 0;

(2) f is union-preserving;

(3) f© is union-preserving, where f"(b) = \/{a € L1|f(a) < b} for all b € L.

Definition 2.2. [7,11,16] Let L be a completely distributive lattice. A fuzzy co-
topology is a map 7 : L — [0, 1] such that-
(FCT1) n(1) = n(0) = 1;
(FCT2) n(u Vv v) > n(u) An(v) for all u,v € L;
(FCT3) n( A\ u;) > A n(uy) for every family {u;|j € J} C L.
jeJ jed

If 5 is a fuzzy co-topology, then we say that (L, n) is a fuzzy topological molecular
lattice (FTML, for short). The value n(u) can be interpreted as the degree of
closeness of u € L. A continuous map between two FTMLs (Ly,n) and (Lg,0)
is a GOH f : Ly — Ly such that n(f"(u)) > 6(u) for all u € Ly. The category
of FTMLs and their continuous GOHs is called the Kubiak-Sostak extension of
Wang’s TML, denoted by FTML.

Definition 2.3. [16] A fuzzy remote neighborhood system is a set R = {R.|e €
M(L)} of maps R, : L — |0, 1] such that:
(FRN1) R.(1) =0, R.(0) =
(FRN2) R.(u )>O:>e$u
(FRN3) R.(uVv) = Re(u) A Re(v);
(FRN4) R (u) = V| QR()
veelu agv

The pair (L, R) is called a fuzzy remote neighborhood space (TFRNS, for short).
A continuous map between fuzzy remote neighborhood spaces (L1, R) and (Lg, S) is
a GOH f: Ly — Ly such that Sy (u) < Re(f"(u)) for all e € M(Ly) and u € Ls.
The category of TFRNSs and their continuous GOHs is denoted by TFRNS.

€

Suppose 7 : L — [0,1] is a fuzzy co-topology. Let R? : L — [0, 1] be defined as

follows: Y (v) z
yi — vEelu nmv), e U,
E(w) { 0, e < u.
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Then we have the following lemmas.

Lemma 2.4. [16] (1) R" = {R!|le € M(L)} is a fuzzy remote neighborhood system.
(2) n(u) = Nog,, RE(u), for allu € L.

Lemma 2.5. [16] A GOH f : (L1,m) — (L2,m2) is continuous if and only if
f (L1, R™) — (La, R™) is continuous.

In the following discussion, the superscript n of R} is usually omitted if no
confusion arises.

3. Fuzzy Ideals
In this section, we define the concept of a fuzzy ideal and discuss its properties.

Definition 3.1. A map Z : L — [0, 1] is called a fuzzy ideal on L if 7 satisfies the
following conditions:

(FID1) Z(1) = 0 and Z(0) = 1;

(FID2) Z(u V v) = Z(u) A Z(v).

Remark 3.2. If we replace [0,1] with {0, 1} in the above definition, then a fuzzy
ideal is just the usual real ideal.

Remark 3.3. Let (L,n) be an FTML. Then R, is a fuzzy ideal on L. If e € M (L),
then é: L — [0,1] is a fuzzy ideal on L, where

é(u):{ 0, e<u.
Obviously, R, < é for all e € M (L).

Definition 3.4. Suppose a map B : L — [0, 1] satisfies the following conditions:
(FIB1) B(1) = 0 and \/, ., B(v) = 1; (FIB2) B(u Vv v) > B(u) A B(v)
then B is called a fuzzy ideal base on L.

Lemma 3.5. Let B be a fuzzy ideal base on L and define Ig : L — [0,1] as follows:
Ip(u) = V5, B(v). Then I is a fuzzy ideal on L.

Proof. (FID1) is trivial and Zg(uVv) < Zp(u) AZp(v) is obvious from the definition
of Zp. In order to prove (FID2), it suffices to show that Zg(uV v) > Zg(u) AZg(v).
Let r < Ip(u) A Zg(v). Clearly, r < Zg(u) and r < Zg(v). Then there exists
a € L such that a > v and r < B(a). Similarly, there is some b € L such that
b>wvand r < B(b). Hence aVb > uVovand r < Ba) A B(b) < B(a VD).
Therefore, r < \/ 5, B(d) = Zp(u V v). From the arbitrariness of r, we have
I(uVv) > Ig(u) NI (v). O

Lemma 3.6. Let T be a fuzzy ideal on L and define Iy = {u|Z(u) > t} for
t€10,1], Zy = {u|Z(u) >t} fort €[0,1). Then we have:

(1) Iy and Iy are usual real ideals;

(2) Ziy) = Noci Zis) = Ao Zs and Lo = Voo Ii5) = V oy L

(3) I = \/te[o,1] (t /\I[t])7 1= vte[O,l)(t ANI).
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Lemma 3.7. Let f : L — Ly be a GOH and T be a fuzzy ideal on L. Define
fIZ]: Ly — [0,1] by fIZ)(u) = Ve (<, Z(v) = Z(f"(u)). Then f[I] is a fuzzy
ideal on Lq.

Lemma 3.8. Let Fidl(L) denote all fuzzy ideals on L. If 1 € M(L), then Fidl(L)
is a complete lattice.

Proof. Tt is easy to check that A\,.,Z" defined by (A,crZ")(u) = Ner(TH(w)) is
just the infimum of {Z*}4cp and it is routine to verify that \/,. Z* defined by

\/It \/{/\z T (ug) | u=ViZtu;, 1<i<n, u;€ Lne N}
teT
is the supremum of {Z'};c7. O

As the following example shows, if 1 ¢ M (L), then Fidl(L) is not necessarily a
complete lattice.

Example 3.9. Let L be the diamond lattice, i.e., L = {0,a,b,1} with aVb =1
and a Ab = 0. Then we have 1 ¢ M(L). Define Z; : L — [0,1] and Zy : L — [0, 1]
as follows:

[ 1, u={0,a}
Li(u) = { 0, ue{b1},

[ 1, uw={0,b},
Io(u) = { 0, we{a,1},

Then it is easy to verify that Z; and Z, are two fuzzy ideals on L, and there is no
fuzzy ideal on L bigger than both Z; and Z,.

and

Definition 3.10. Let I be a fuzzy ideal on L. If there is no other fuzzy ideal L
bigger than 7, then 7 is called a maximal fuzzy ideal.

By Definition 3.10, both Z; and Z5 in Example 3.9 are maximal fuzzy ideals.

4. Convergence of Fuzzy Ideals and its Applications

The purpose of this section is to introduce the convergence theory of fuzzy ideals
and discuss its applications.

Definition 4.1. Let (L,n) be an FTML and Z be a fuzzy ideal on L. If R, < 7,
then we say that e is a limit point of Z (or Z converges to e): in symbols, Z — e.
If V 4yp_q(Re(A) ANZ(P)) = 0, then we say that e is a cluster point of Z or 7
accumulates to e (briefly Zooe). We denote the union of all limit points of Z by
limZ and the union of all cluster points by adZ.

Remark 4.2. From the above definition, we have R, — e. If 1 € M (L), then Zoce
for all Z € Fidl(L) and e € M (L), i.e., adZ =1 for all Z € Fidl(L).
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Theorem 4.3. The following statements are true:

(1) T - ese<limZ;

(2) Tooe < e < adZl;

(8) If e > u, then T — e(resp. Tooe) => T — u(resp. Toou); (4) If Tn < Iy, then
limTy < limZy and adZy < adZy;

(5) T — e = Tooe.

Proof. We only prove (1) and (5), the others are trivial and omitted.

(1) T - e = e < limZ is obvious. Let e < limZ and A < R.(u) =
Voeelu Nago Ba(v). Then there exists v € L such that e £ v > u and A <
Nago Ba(v). Since e £ v and e = \/ 3*(e), there exists r € (*(e) such that
r £ v > u. Hence A < R, (v) < R,(u). Furthermore, by r € 8*(e) and e < limZ,
there is some p € M (L) such that Z — pand r < . Thus R, < R, <Z. Therefore,
A < Z(u), as desired.

(5) Let T — e, i.e., Re <Z. Then we have

V R(A)rZ(P) < \/ Z(A)NI(P)

AVP=1 AVP=1

= \/ zZ(4vp)
AVvP=1
Z(1) =0,

i.e., Tooe. (I

Theorem 4.4. For any T € Fidl(L), e < adZ if and only if there exists T* €
Fidl(L) such that T <I* and I* — e.

Proof. Let e < adZ. From Theorem 4.3 (2), we have Zooe, i.e., \/ 4, p_; (Re(4) A
Z(P)) =0. Define Z* : L — [0, 1] as follows:

Yu € L, T%(u) = \/{Re(ul) ANZ(ug) | u=u1Vus}.

Then we have Z* € Fidl(L), R, <Z* and Z < Z*. Hence I* — e.
Conversely, if there exists 7* € Fidl(L) such that Z < Z* and Z* — e, then we
have e < limTI* < adZ* < adZ from (2), (4) and (5) of Theorem 4.3. O

Theorem 4.5. If T is a maximal fuzzy ideal on L, then adZ = limI.

Proof. We need to prove adl < limZ. Let e < adZ. From Theorem 4.4, we know
that there exists Z* € Fidl(L) such that Z < 7* and 7* — e. Since 7 is a maximal
fuzzy ideal, we have Z = Z*. Hence T — e, i.e., e < limZ, as desired. ([l

From Theorem 4.4 and Theorem 4.5, we have the following Corollary.

Corollary 4.6. For an FTML (L,n), the following conditions are equivalent:
(1) Every fuzzy ideal has cluster points;
(2) Every mazimal fuzzy ideal has limit points.

Definition 4.7. Let e € M(L) and a € L. If R.(a) = 0, then e is called an
adherence point of a.
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It is easy to verify the following theorem.

Theorem 4.8. e is an adherence point of a if and only if there exists a fuzzy ideal
7 such that I(a) =0 and T — e.

Definition 4.9. An FTML (L, n) is called T if Va,b € M (L) with a Ab = 0(a and
b are disjoint) implies \/ p, o_; (Ra(P) A Ry(Q)) > 0.

Theorem 4.10. (L,n) is Ty if and only if for each fuzzy ideal T on L, limZ contains
no disjoint points.

Proof. Assume that limZ contains two disjoint points a and b, i.e., Z — a, Z — b
and a A b= 0. Hence

V (R(P)ARy(@) <\ @P)AI@)= \ Z(PVQ)=0
PvQ=1 PvQ=1 PvQ=1
This is in contradiction to V p, g_, (Ra(P) A Ry(Q)) > 0.

Conversely, suppose that there exist a € M (L) and b € M (L) with aAb = 0 such
that \/ py g1 (Ra(P) A Rp(Q)) = 0. Then Ryoca. From Theorem 4.4, there exists
I* € Fidl(L) such that Ry < Z* and Z* — a. Hence 7* — a and Z* — b. Therefore,
limZ* contains two disjoint points. This contradicts the given condition. (]

Theorem 4.11. A GOH f : (L,n) — (L1,m) is continuous if and only if f[Z] —
f(e) whenZ — e (or f(limZ) < limf[Z]).

Proof. Let T — e. Then R. < I. Hence R.(f"(u)) < Z(f"(uv)) = f[Z](u).
Since f: (L,n) — (Ly,m) is continuous, we have Ry()(u) < Re(f"(u)). Thus
Ryey(u) < f[Z](u). Therefore, f[I] — f(e).

Conversely, we want to prove Ry)(u) < R.(f"(u)). By R. — e, we have
f[Re] — f(e). In other words, Ryey(u) < f[Re](u) = R.(f"(u)).

5. Fuzzy Limit Structures

In this section, we mainly study fuzzy limit structures using fuzzy ideals and
discuss the relationship between fuzzy limit structures and fuzzy co-topologies.

Definition 5.1. A fuzzy limit structure on L is a subset F'Lim.S of Fidl(L)x M (L)
satisfying the following conditions:

(L1) (é,e) € FLimS for all e € M(L);

(L2) If a < b and (Z,b) € FLimS, then (Z,a) € FLimS;

(L3) If 7y CZy and (Zy,e) € FLimS, then (Za,e) € FLimS,

(L4) If (Z1,e) € FLimS and (Za,e) € FLimS, then (Z1 AZz,e) € FLimS.

The pair (L, FLimS) is called a fuzzy limit molecular lattice. For two limit
molecular lattices (L, FLimSy) and (N, FLimSy), a GOH f : (L, FLimSL) —
(N,FLimSy) is called limit continuous if (Z,e) € FLimSy always implies that
(fIZ], f(e)) € FLimSy. Let FLimML denote the category of fuzzy limit molecular
lattices and limit continuous GOHs.
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Lemma 5.2. Let (L,n) be an FTML and FLimS" = {(Z,e)|[T — e}. Then
FLimS" is a fuzzy limit structure.

Lemma 5.3. Let (L, FLimS) be a fuzzy limit molecular lattice and n™ ™S . [ —
[0,1] be defined by

Sy = N (e

efa (Z,e)eFLimS
Then ntEmS js a fuzzy co-topology on L.

Proof. (FCT1) is obvious from the definition of 7715, Now we prove (FCT2)
and (FCT3)

(FCT2): Let A < pf'EmS(g) Anf'LimS(b) ie., A < nf'L™mS(g) and A < nFLimS(p).
For each e € M (L) with e £ a V b and for each Z € Fidl(L) with (Z,e) € FLimS,
we have e € a and e £ b. Hence A < Z(a) and A < Z(b). Thus A < Z(a) ANZ(b) =
Z(a Vb), as desired.

(FCT3): Let A < A,ern" ™5 (a;). Then A < nfLimS(a,) for all t € T. Let
e € M(L) and T € Fidl(L) be such that e £ A, . a; and (Z,e) € FLimS. Then
there exists to € T such that e £ az,. Hence X < Z(ay,) < Z(A,cp a:) and FCT3
follows. d

From the above two lemmas we may conclude that we can construct a fuzzy
limit structure F'LimS" from a fuzzy co-topology n as well as a fuzzy co-topology
nFLmS from a given fuzzy limit structure FLimS. In what follows, we study their
relationship.

Theorem 5.4. Let (L,n) be an FTML. Then nt'tmS" =y,

Proof. From the definition of nf¥S" and Lemma 2.4, we have the following com-
putation:
IS = NN )
efa (Z,e)eFLimSn
= /\ Ri(a)
eLa
= n(a).
This is to say that nfLmS" = . (]

Theorem 5.5. Let (L, FLimS) be a fuzzy limit molecular lattice. Then FLimS C
FLimS

FLimS" .
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Proof. Let (Z,e) € FLimS. We want to Prove that (Z,e) € FLims"™""™"° . 1t
suffices to Show that RZFLWS < Z. In fact, we have
RV (w) =\ TS ()
veelu
- VA A Tw
veeluakv (I*,a)EFLimS
<V W)
vEelu
= Z(u).
O

Definition 5.6. Let (L, FLimS) be a fuzzy limit molecular lattice. FLimS is
said to be topological generated if there exists a fuzzy co-topology n such that
FLimS = FLimS".

FLimS

Remark 5.7. If FLimS is topological generated, then F LimS" = FLimS
according to Theorem 5.4.

Theorem 5.8. f: (Ly,m1) — (La,12) is continuous if and only if f : (L1, F LimS™)
— (La, FLimS™) is limit continuous.

Proof. In fact, this theorem is just Theorem 4.11. ([l

Theorem 5.9. If f : (L1, FLimSy) — (Lz2, F'LimSs) is limit continuous, then
[ (Ly,nFEmsSyy — (Ly, nf'limS2) js continuous.

Proof. We need to show that nf'Lim5z2(y) < nFLimSi(f7(y)) for allu € Lo. Since f :
(L1, FLimS1) — (Lo, FLimS5) is limit continuous, we have (f[Z], f(e)) € FLim.Ss
whenever (Z,e) € FLimS;. Therefore,

) = NN T

wfu (Z1,w)EFLimSs

< A A fZ)(w)

f(e)Zu (f[Z],f(e))EF LimS;

A A I W)

eLf"(u) (Z,e)eFLimS:
= (T (u)),
as desired. O

IA

6. Category of FLimML

Let CD denote the category of completely distributive lattices with complete
lattice morphisms as morphisms. We know that the category of completely dis-
tributive lattices with GOHs as its morphisms is the dual category of CD. For
definitions and preliminaries of category theory, please refer to [1, 5, 10].



Fuzzy Ideals and Fuzzy Limit Structures 63

Theorem 6.1. FLimML is a topological category over CDP.

Proof. We only prove that it fulfills the initial lift property. Let {f; : N —
(Lj, FLimS})}jes (f; is GOH for all j € J) be a source in LimML and let
FLimS C Fidl(N) x M(N) be defined by

(Z,e) € FLimS if and only if (f;[Z], fj(e)) € FLimS; for all j € J

Then it is routine to show that F'LimSy is the unique FLimML-structure on N
which is initial with respect to the source {f; : N — (L;, FLimS;)}je. O

Let TFLimML denote the category of all topological fuzzy limit molecular
lattices and their limit continuous maps. It is easy to verify that TFLimML is a
full subcategory of FLimML. Moreover, we have the following theorem.

Theorem 6.2. TFLimML is a bireflective full subcategory of FLimML.

Proof. Assume that (L, FLimS) is an FLimML. We assert that its TFlimML-
reflection is defined by idy, : (L, FLimS) — (L, FLimsn™"™°
as follows:

(1) It is obvious that (L, FLimS"FLmS) is TFlimML. (2) It is trivial by Theorem
5.5 that idy, : (L, FLimS) — (L,FLimS”FLms) is limit continuous.

(3) We now prove that for each TFLimML (N, FLimS*) and each GOH f :
L — N, the continuity of f : (L, FLimS) — (N, FLimS™*) implies the continuity
of f: (L,FLimS"""™"%) — (N, FLimS*). In fact, from Theorem 5.9, we have
[ (L,nFLmS)y — (N, nFEmS™) is continuous if f : (L, FLimS) — (N, FLimS*)
Ty (N, FLimS? ) s limit
continuous from Theorem 4.8, i.e., f : (L, FLimS"FLmS) — (N, FLimS*) is limit
continuous on account of Remark 5.7. O

). This can be proved

is limit continuous. Hence f : (L, FLimS"

The following theorem follows from Theorems 5.4, 5.8, 5.9 and Remark 5.7.
theorem.

Theorem 6.3. TFLimML is isomorphic to FTML.
Corollary 6.4. FTML is a bireflective full subcategory of FlimML.

Question 6.5. In Theorem 6.1, It is shown that FLimML is a topological cat-
egory over CD. Is FLimML M-topological, Monotopological or topologically
algebraic?
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