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I. Introduction

The fuzzy set theory introduced by Zadeh [18] in 1965 has emerged an
interesting branch of pure and applied sciences. Since then, a lot of structures
on fuzzy sets are obtained and many authors have developed the fuzzy sets

and their applications.

In 1984, Kaleva and Seikkala [12] introduced the concept of fuzzy metric
space which generalizes the notion of metric space by setting the distance
between two points to be a nonnegative fuzzy number, and investigated some

connections between fuzzy metric spaces and probabilistic metric space.

Recently, George and Veeramani[7] modified the concept of fuzzy metric
spaces introduced by Kramosil and Michalek [14] and defined the Hausdortt

topology of fuzzy metric spaces.

Heilpern [11] proved some Banach type fixed point theorem for contrac-
tion fuzzy mapping. Kang and Cho[13] shows that Heilpern’s theorem is
a special case of generalized formulations of Caristi-Kirk type fixed point

theorem in complete metric space.

It is well-known that the existence of maximal element of a partially
ordered set is equivalent to the existence of fixed points of some monotone

functions.



In 1955, Tarski [17] proved a fixed point theorem for increasing functions
on complete lattices. And Davis [4] proved that the converse of Tarski’s
Theorem is true. Since then, many authors studied the fixed point theorem

of monotone operators.

In 1987, Park [15] showed that Zorn’s lemma can be reformulated by

various types of fixed point theorems.

In many cases, the iterated sequence {f"(z)} converges to a maximal
fixed point of f, where f is a monotone function defined on some topological

ordered space X and = € X.

In 1991, Chang and Ma [3] discussed the existence and iterative approxi-
mation of coupled fixed points for mixed monotone condensing operators and
extended and improved the corresponding results of Guo and Lakshmikan-

tham [9].

In 2004, Chang et. al. [2] proved some fixed point theorems for increasing
operators for fuzzy numbers on real line. They applied their theorem to solve
fuzzy equation for fuzzy numbers. Their theorems are based in the maximal

principle on general ordered sets.

Beg et. al [1] studied the existence of minimal and maximal fixed points
for mixed monotone operators on probablistic Banach space. Their proofs

are based on the iterative techniques of monotone operators.



In this paper, we will discuss some fixed point theorems for monotone
operators in ordered topological space and increasing operators for fuzzy

numbers.

In section II, we will introduce some basic definitions of fuzzy sets and
fuzzy numbers. We will show that the set of fuzzy numbers can be equipped

with a metric using a Hausdorff metric.

We also introduce some definitions and basic concepts about general or-

dered sets and ordered topological spaces.

In section ITI, we will prove some fixed point theorems for ordered topolog-
ical spaces and fuzzy numbers. Also, we will prove a fixed point theorem for
condensing map in ordered metric spaces and in the space of fuzzy numbers.
And we will prove some coupled fixed point theorems for mixed monotone

operator in ordered topological spaces.



II. Preliminaries

In this section, we introduce some definitions and basic results for fuzzy
sets and fuzzy numbers. We also consider the basic facts about ordered

topological spaces and mixed monotone operator.

Let X be a nonempty set. A function f : X — [0, 1] is called a fuzzy subset

of X. If f is a fuzzy subset of X, f(z) is called the grade of membership of

xin f.

Definition 1. Let z : R — [0, 1] be a fuzzy subset. Then z is called a fuzzy

number if

(1) the set z, = {€ | z(§) > a} is a closed interval [z,,, Z,,] for each a > 0.

(2) {£€€R | z(§) > 0} is bounded.

The set of all fuzzy numbers is denoted by Ry.

For each fuzzy number z and £ € R, we have

z(§) =sup{a >0 | £€x,}.

Moreover, the following basic properties are true (see Chang et. al. [2]).

Lemma 1. For each fuzzy number x, the mapping o« — z,, and o — z,, of

Ly={a€[0,1] | a> 0} into R have the following properties.
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(1) & — x4, Is increasing, o — x,, is decreasing and x,, < Z,,.
(2) Toy = SUPgpq Tp, and 1o, = infocpeq g, for all o € L.
(3) The infimum xy, = inf,~¢ z,, and the supremum x, = SUpP,-qLa, €XIst

in R.

We will define a metric D on Ry, to show that (Ry, D) is a metric space.

If (X, d) is a metric space and A, B C X are bounded subsets of X,
d(A,B) =inf{e >0 | AC N(B,e),BC N(A,¢)}
is called the Hausdorff metric between A and B, where

N(Aje) ={r € X | d(a,x) <e for some a € A}.

Define D : Ry, x Ry, — R, U {0} by
D(u,v) = sup {d(ua,vs) | u,v € Ry}
a€l0,1]

where d(A, B) is the Hausdorff metric between A and B.

First, we will show that D is a metric on Ry,.

Lemma 2. D: R, x R, — R, U {0} is a metric.



Proof. Let u,v,w € Ry then,

(1) D(u,v) = sup d(te,ve) = max{|ts, — Vol |Ua, — Va,|} > 0.
a€l0,1]

(2> D(uv U) = max{|ual - vazlv |uar - /UQT‘}
= max{|vy, — U, [Va, — Ua, |}
= D(v,u)

(3) D(u,v) = 0 if and only if u,, = v,, and u,, = U, .

That is, D(u,v) =0 if and only if u = v.

(4) D(u,v) = max{|ua, — v, [ta, = Va,|}
< maX{|UOéz — Wy |a |uocr - war|} + max{|wal - Uoéz|> |war - UOér|}
= D(u,w)+ D(w,v)

By (1), (2), (3) and (4), we have shown that D is a metric. O

Now we will discuss the basic definitions and properties of ordered sets.

Let < be an order relation on a nonempty set X. Then (X, <) will be
called an ordered set. For elements z,y € X, x > y means y < x. The
terms upper and lower bound, maximal and minimal element, supremum and

infimum etc. will be used as usual.

Definition 2. Let (X, <) be an ordered set. For any € X, we denote
S)={yeX | z<y}
is called the super set of . And for u,v € X such that u < v, the set
u, 0] ={xe X | u<z<wv}

is called an order interval.



Definition 3. Let X be a topological space and < an order relation on X.

Then (X, <) is called an ordered topological space if

lim z, < lim y,

for all convergent sequences {z,} and {y,} in X satisfying z,, <y, for all

n € N.

If (X, <) is an ordered topological space, x € X and {x,} is a convergent
sequence in S(z), then =, > = (n = 1,2,3,---) implies than lim z, >

x. Hence lim z, € S(x) and so S(x) is sequentially closed that is, every

n—oo

convergent sequence in S(z) converges to a point in S(x).

Obviously, if X is a metric space, then S(z) is closed for all z € X.
Definition 4. Let (X, <) be an ordered set. A sequence {z,} in X is said
to be monotone increasing (decreasing, resp.) if

Tpo1 < xp (Tp_1 > xp, resp.)
forallm=1,2,3,---
Definition 5. An ordered topological space (X, <) is said to be sequentially

order compact if every increasing sequence in X has a convergent subse-

quence.

The following is well-known.



Lemma 3. Let (X, <) be an ordered topological space. If {u,} is an in-
creasing sequence having a convergent subsequence {u,, } and v = klim U,
— 00

then v = sup u,.
n

Lemma 3 shows that any increasing sequence in X having convergent

subsequence has a supremum.

Definition 6. Let (X, <) be an ordered set and f : X — X be a function.
We say that f is increasing if x < y implies that f(x) < f(y).

For any x € X, the sequence {x,} defined by
Ty =T, xlzf(m())a ) xn:f(xn—1>a neN

is called the iteration of x by f.

Note that if f is increasing and zo < f(xg), then

zo < f(wo) < f(f(w0)) < -+

and so the iteration of zy by f is increasing.

Let X be a nonempty set and f : X — X be a self function on X. Then

a point x € X is called a fized point of f if f(z) = .

Now consider the following.



Definition 7. Let (X, <) be an ordered set and D = [u,v] be an order
interval in X. A function f : D x D — X is called a mized monotone
operator if f(z,y) is increasing in « for each fixed y € D and decreasing in y

for each fixed in x € D. That is,

f(xlay) S f($27y) if T S T,

and

flz,yn) > fo,y) if g <o

For a mixed monotone operator f, the sequence {(z,,y,)} in D x D

satisfying
Tn = f('rn—17yn—1)7 Yn = f(yn—lvxn—1)7 n= ]-7 27 T
is called an iteration by f.
Definition 8. Let (X, <) be an ordered set and D = [u,v] be an order

interval in X. Let f: D x D — X be a mixed monotone operator.

(1) If x,y € D with x < y satisfies

r < flz,y) and f(y,z) <y,

then (z,y) is called a coupled lower and upper fixed point of f.

(2) If z,y € D with # <y can be found such that

= f(r,y) and f(y,z) =y,

9



then (z,y) is called a coupled fized point of f. If a coupled fixed point (z*, y*)
can be found such that

¥ <z and y <y,

for every coupled fixed point (z,y) of f, then (z*,y*) is called the minimal
and maximal fixed point of f.

(3) A point 2* € D is a fized point of f if

flz*, x*) = x".

We introduce some definitions related to topological spaces and metric

spaces.

Definition 9. Let X be a topological space and A C X. We say that A is

relatively compact if A is compact.

We define the measure of noncompactness as follows.

Definition 10. Let X be a metric space and B the set of all bounded subsets

of X. A real valued function r : B — [0, 00) defined by
r(S) =inf{e >0 | S can be covered by finite number of sets of diam < ¢}

is called the measure of noncompactness of S € B.

10



Definition 11. Let X be a metric space and r be the measure of noncom-
pactness. Let f: X — X be a function. f is said to be condensing if it is
continuous, bounded and r(f(S)) < r(S) for any bounded set S C X with
r(S) > 0.

Fixed point theorems for condensing operator is originated from Sadovskii[16].

In this paper, we will discuss some fixed points of fuzzy condensing functions.

The following Lemma is well-known (See Kirk[8]).

Lemma 4. Let X be a metric space and S C X be a bounded subset. Then
the following are equivalent;

(1) r(S) = 0.

(2) For any € >0, S can be covered by finite number of set of diam < «.
(3) S is compact.

(4) S is relatively compact.

11



III. Main results

In this section, we will prove some fixed point theorems for increasing
operators in ordered topological space and apply to fuzzy numbers.
To begin with, we prove the following maximal principle on general or-

dered sets.

Theorem 5. Let (X, <) be an ordered topological space, ug,vy € X and
uy < vg. Assume that B = [ug, vg] is a closed set of X and every iteration
in B has a convergent subsequence. Let f : B — B a continuous increasing

operator. Suppose that

ug < f(uo), f(vo) < vo.

Then f has a minimal and a maximal fixed point.

Proof. Let u; = f(ug), v1 = f(vo) and
Up = flup—1) and v, = f(v,_1), n=1,23,---.
Since f is increasing, it follows from

up < flug) =u1, v1 = f(vo) <y

12



that

holds.

Since the sequence S = {u,},2, is an iteration, S has a convergent sub-
sequence {u,, }.

Let khﬂrgo Up, = T, € X. By Lemma 3, x, = supu,, and hence u,, < z, for
all n € N.

If k € N, then f(uy,,) = tun,+1 < z. and the contiuity of f implies that

fla) = Jim f(un,) < o,

Since f is increasing, u, < z, implies that f(u,) < f(x,) for all n € N.
Hence z, = khlgou"‘“ = Ji_)lgof(unk_l) < f(x4). Hence z, = f(x,) and
therefore x, is a fixed point of f.

Finally, we will prove that z, is a minimal fixed point of f in B.

Let z € B and f(x) = z. Since f is increasing, it follows from ug < x
that f(ug) < f(z), id.e., w < x. Assume that n > 1 and u, < z. Then
Uns1 = f(u,) < f(z) = z. By induction, we have u, <z (n=1,2,3,---).
So

Ty = SUP U, < T.

Hence z, is a minimal fixed point of f. Similarly, we can show that f has
a maximal fixed point z*,

" =infuv,

13



where {v,} is a decreasing sequence defined by v, = f(v,—1), n € N. O

From Theorem 5, we can prove a fixed point theorem for continuos in-

creasing operators on ordered topological space as follows.

Corollary 6. Let (X, <) be an ordered topological space, ug,vg € X and
uy < vg. Let B C [ug,vo] be a closed subset of X. Let f : B — B be a
continuous increasing operator. Assume that B or f(B) is sequentially order
compact.

Suppose that

ug < f(uo), f(vo) < vo.

Then f has a minimal fixed point.

Proof. 1t B or f(B) is sequentially order compact, then every iteration by f

has a convergent subsequence. Hence the result follows from Theorem 5. [

Using Theorem 5, we can prove the following fixed point theorem for

condensing maps.

Theorem 7. Let X be an ordered metric space and B = [ug, vy] be a closed
subset of X. Let f : B — B a continuous increasing map. Assume that
uy < f(ug), fl(vg) < wo. If f is condensing, then f has a maximal and a

minimal fixed point.

14



Proof. By Theorem 5, it suffices to show that any iteration by f has a conver-
gent subsequence. Let S = {z,}>°, be an iteration by f, that is 21 = f(zo)
and z,, = f(z,—1) for all n = 1,2,---. Then S = {xo} U f(S) implies that
r(S) = r(f(S)). Since f is condensing, r(S) = 0 and so S is relatively

compact. Therefore {x,} has a convergent subsequence. ]

Corollary 8. Let the condition of Theorem 7 be satisfied. Suppose that
f has only one fixed point x in B. Then for any o € B, the successive
interation

xn:f<mn—1)a n:172737"'

converges to x.

Proof. Let By = [0, 0], then f maps By into By. As in the proof of Theorem

7, the iteration {x,} converges to some fixed point y. Since f has only one

fixed point z, y = . Hence lim x,, = x. ]
n—oo

Now we will state and prove some fixed point theorems on the set of fuzzy

numbers.

Let Ry, be the set of all fuzzy numbers of R. Define a relation < on Ry,
by

<Y Ty < Yo and z,, <y, forall ac L.

15



Obviously, < is an order relation on Ry and so (Ry, <) is a partially ordered

set.

Let D be the metric defined on Ry in Section II. The following Lemma

is due to Chang et. al. [2].
Lemma 9. Let z,y,z € Ry. If t <y < z, then D(z,y) < D(z,z).
Using Theorem 5, we can prove the following.

Theorem 10. (Theorem 2.3 in [2]) Let B = [ug, vy be a closed subset of
R, and f : B — B a continuous increasing operator. Assume that f is
condensing and ug < f(ug), f(vo) < vg. Then f has a maximal and a

minimal fixed point.

Proof. From Lemma 2, we have known that (R, D) is a metric space. To
apply Theorem 5, we will show that (Ry, <) is an ordered metric space.

Let {u,},{v,} be convergent sequences such that u, < v,, n € N. Let
lim u, = ug and lim v, = vg.

n—oo n—od

Since lim wu,, = ug,

n—oo

lim D(un, up) = sup max{|un,, — o, |, [tn,, — vo,, |} =0
n—oo n

16



implies that u,, — uo,, and up, — uo,, asn — oo.
Similarly, vy, — vo,, and vy, — v, asn — oo.

Since vp,,, > Up,, and vy, > un, for all n € N, and we have

V0, = Uy, and v, > ug,, .

[e3

This show that uy < vy and hence (Ry, <) is an ordered metric space.

Hence the result follows from Theorem 5. O

Remark. In Theorem 10, the iteration {u,} given by
flug) =wy, and f(up—1) =u,, n=12,3 -

converges to a minimal fixed point z,. Indeed, if m,k € N and m > ny,

Up, < Uy < z, implies that D(z,,u,) < D(z.,u,,) — 0 as ny — oo, by

Lemma 2.

Theorem 10 can be used to prove the following existence theorem of fuzzy
equation;

Ex*+ Fz+ G =z,

where F, F, G, and z are fuzzy numbers (see Chang et. al. [2]).

The following is a fixed point theorem for mixed monotone operators.

17



Theorem 11. Let X be an ordered topological space and ug, vy € X, ug <
vo. Let B a closed subset of [ug, vo] such that ug,vg € Ry. Let f : BxB — B

be a mixed monotone operator such that

ug < fuo,v0), f(vo,uo) < vo.

Suppose that f is continuous and every iteration by f in B x B has a conver-
gent subsequence. Then f has a coupled fixed point (x,,y*) € B x B, which
is minimal and maximal in the sense that z, < x < y* and x, <y < y* for

any coupled fixed point (x,y) € B x B of f. Moreover, we have

T, = lim u,, y* = lim v,,

n—oo n—oo

where u, = f(up_1,v,—1) and v, = f(vp_1,Un_1), n = 1,2,3,---, which
satisfy

up <y < - <y <<y <o <oy < v

Proof. First, we define an order relation < on B x B by
(z,y) 2 (z,w) <z and w <y.

Then it is easy to show that B x B = [(ug, vo), (vo, ug)] is an order interval
in B x B.
Define F': Bx B — B x B by

F(z,y) = (f(z,y), f(y,2)).

18



If (,y) < (2w), then

f(xy) < fzy) < flz,w) and fy,2) > f(w,2) = f(w, 2)

implies that

Fle,y) = (f(2,9), f(y,2)) 2 (f(z,0), f(w,2)) = F(z,w).

Hence F' is increasing.

Assume that {(x,,y,)} is an iteration by F. Then

(T, yn) = F(fEn—hyn—l) = (f(®p-1,Yn-1), f(yn—h%—l))

implies that
Tp = f('rn—hyn—l)a Yn = f(yn—ly xn—l)-

Hence {(x,,y,)} is a iteration by f. By assumption, it has a convergent
subsequence. By Theorem 5, F' ha a maximal fixed point (xo, 7o) in B x B.
Obviously, (xg,yo) is a coupled fixed point of f, which is minimal and

maximal in the sense given above. [

We say that f is completely continuous if f is continuous and f(5) is
compact for any bounded subset S of B x B (see Chang et. al[2]). Note
that if f is completely continuous then every iteration by f has a convergent

subsequence. Hence we have the following for fuzzy numbers.

19



Corollary 12. (Chang. et. al[2]) Let ug,vg € Ry, wuy < vy and B a closed
subset of [ug,vo]. Let f: B x B — B be a mixed monotone operator such

that
up < f(uo,v0), f(vo,uo) < vo.
Suppose that f is complete continuous, then f has a coupled fixed point

(x«,y*) € Bx B, which is minimal and maximal in the sense that x, < x < y*

and x, <y < y* for any coupled fixed point (x,y) € B x B of f. Moreover,

we have
T, = lim u,, y*= lim v,,
n—oo n—oo
where u, = f(u,_1,v,—1) and v, = f(vp_1,Un_1), n = 1,2,3,---, which
satisfy

u Sup <o Sw

20
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Abstract

Fixed Points of Increasing Operators on Fuzzy Numbers

Since Zadeh introduced the concept of fuzzy set theory, many authors
showed its wide applications to various fields, and proved a lot of properties

of structures and functions on fuzzy sets.

Recently, it is shown that the set of fuzzy sets can be made into metric
spaces by defining some metric, and the fixed point theory on fuzzy metric

spaces are studied widely.

In 2004, Chang et. al. proved some fixed point theorems for increasing
operators for fuzzy numbers on real line. They applied their theorem to solve
fuzzy equation for fuzzy numbers. Their theorems are based in the maximal

principle on general ordered sets.

In this paper, we showed fixed point theorems for increasing operators on
general ordered sets and some fixed point theorems on fuzzy numbers. Also

we proved a fixed point theorem for condensing map in ordered metric space.

Moreover, we proved a coupled fixed point theorem for mixed point mono-

tone operators in ordered topological space.
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