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Abstract

Ran and Reurings (Proc. Am. Math. Soc. 132(5):1435-1443, 2004) proved an analog of
the Banach contraction principle in metric spaces endowed with a partial order and
discussed some applications to matrix equations. The main novelty in the paper of
Ran and Reurings involved combining the ideas in the contraction principle with
those in the monotone iterative technique. Motivated by this, we present some
common fixed point results for a pair of fuzzy mappings satisfying an almost
generalized contractive condition in partially ordered complete metric spaces. Also
we give some examples and an application to illustrate our results.
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1 Introduction
The Banach contraction principle [1] is a very popular tool in solving existence problems
in many branches of mathematical analysis. This famous theorem can be stated as follows.

Theorem 1.1 ([1]) Let (X,d) be a complete metric space and T be a mapping of X into itself
satisfying

d(Tx, Ty) < kd(x,y) forallx,y€ X,
where k is a constant in (0,1). Then T has a unique fixed point x* € X.

There is a great number of generalizations of the Banach contraction principle. In fact,
existence theorems of fixed points have been established for mappings defined on vari-
ous types of spaces and satisfying different types of contractive inequalities. Taskovi¢ [2]
presented a comprehensive survey of such results in metric spaces. A new category of con-
tractive fixed point problems was addressed by Khan et al. [3] that introduced the concept
of altering distance function, which is a control function that alters distance between two
points in a metric space (see also [4—6] and references therein).

Definition 1.2 ([3]) ¢ : [0,+00) — [0, +00) is called an altering distance function if the
following properties are satisfied:
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(i) ¢ is continuous and nondecreasing,
(i) p(t) =0 t=0.

Another generalization of the Banach contraction principle was suggested by Alber and
Guerre-Delabriere [7] in Hilbert spaces by introducing the concept of weakly contractive

mappings as follows.

Definition 1.3 Let (X, d) be a metric space. A mapping T : X — X is called weakly con-

tractive if and only if:
d(Tx, Ty) < d(x,y) — (p(d(x,y)) forallx,y € X,

where ¢ is an altering distance function.

Rhoades [6] showed that most results of [7] are still valid for any Banach space. Weak
inequalities of the above type have been used to establish fixed point results in a number
of subsequent works (see [4, 5, 8—10] and references therein).

Recently, many results appeared related to fixed points in complete metric spaces en-
dowed with a partial ordering <. Most of them are hybrids of two fundamental principles:
the Banach contraction principle and the monotone iterative technique. In fact, these re-
sults deal with a monotone (either order-preserving or order-reversing) self-mapping T
satisfying, with some restrictions, a classical contractive condition and such that for some
x0 € X, either xo < Txp or Txg < xo. The first result in this direction was given by Ran
and Reurings [11, Theorem 2.1]. In their paper, Ran and Reurings proved an analog of the
Banach contraction principle in a metric space endowed with a partial ordering and gave
applications to matrix equations. Subsequently, Nieto and Rodriguez-Lépez [12] extended
the result of Ran and Reurings [11] for nondecreasing mappings and applied to obtain a
unique solution for a first order ordinary differential equation with periodic boundary
conditions. Thereafter, many works related to fixed point problems have also been con-
sidered in partially ordered probabilistic metric spaces [13], partially ordered G-metric
spaces [14, 15], partially ordered cone metric spaces [16], partially ordered fuzzy metric
spaces [17—22] and partially ordered non-Archimedean fuzzy metric spaces [23, 24]. For
other related works one is referred to [11, 22, 25-31].

On the other hand, in the year 1965, Zadeh [32] introduced the concept of fuzzy set
which motivated a lot of mathematical activities on generalization of the notion of fuzzy
set. Heilpern [33] introduced the concept of fuzzy mapping and proved a fixed point the-
orem for fuzzy contraction mappings, which was successively generalized by Estruch and
Vidal [34]. Afterward, a number of papers appeared in which fixed points of fuzzy map-
pings satisfying contractive inequalities have been discussed (see [35-37] and references
therein). Recently, many authors studied fixed point results for application to partial dif-
ferential equation and integral equations (see [38—43]).

Now, we briefly describe our reasons for being interested in results of this kind. The
applications of fixed point theorems are remarkable in different disciplines of mathemat-
ics, engineering and economics in dealing with problems arising in approximation theory,

game theory and many others (see [44] and references therein).
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Motivated by this, we prove a common fixed point theorem for a pair of fuzzy map-
pings without taking into account any commutativity condition in complete ordered met-
ric spaces. The key feature of our theorem is that the contractive condition is only assumed
to hold on elements that are comparable in respect to the partial ordering. We show that
under such conditions, the conclusions of previous fixed point theorems of fuzzy map-
pings still hold. The main result is based on an almost generalized contractive condition
and generalizes, improves and extends many known results in the comparable literature
[4-6, 17, 35] in the sense of fuzziness under ordered metric spaces. At the end of the pa-
per, we remark that some of the ideas existing in the literature can also be used to extend
our result.

2 Preliminaries

For the sake of completeness, we briefly recall some basic concepts used in the sequel.
Throughout the rest of the paper unless otherwise stated (X, d) stands for a complete

metric space. A fuzzy set in X is a function with domain X and values in [0,1]. If A is a

fuzzy set on X and x € X, then the functional value Ax is called the grade of membership

of x in A. The «-level set of A, denoted by A,, is defined by

Ay ={x:Ax>a} ifa e (0,1], Ap ={x:Ax > 0},

where A denotes the closure of the set A. For any two subsets A and B of X we denote by
H(A, B) the Hausdorff distance.

Definition 2.1 A fuzzy set A in a metric linear space is said to be an approximate quantity
iff A, is compact and convex in X for each & € [0,1] and sup, .y Ax = 1.

Let I = [0,1] and W(X) C IX be the collection of all approximate quantities in X. For
a € [0,1], the family W, (X) is given by {A € I : A, is nonempty and compact}.

For a metric space (X, d) we denote by V(X) the collection of fuzzy sets A in X for which
A, is compact and supAx =1 for all & € [0,1]. Clearly, when X is a metric linear space,
W(X) C V(X).

Definition 2.2 Let A,B € V(X), @ € [0,1]. Then

pa(A,B) = inf d(x,y), Da(A;B) = H(AouBat);
x€Ay,yEBy

where H is the Hausdorff distance.

Definition 2.3 Let A, B € V(X). Then A is said to be more accurate than B (or B includes
A), denoted by A C B, if and only if Ax < Bx for each x € X.

According to [45], for x € X we write {x} the characteristic function of the ordinary
subset {x} of X. For « € (0,1] the fuzzy point x,, of X is the fuzzy set of X given by x, (x) = «
and x4(z) = 0 if z # x. Then we give the following definition.

Definition 2.4 Let x, be a fuzzy point of X. We will say that x, is a fixed fuzzy point of
the fuzzy mapping F over X if x, C Fx (i.e., the fixed degree of x for F, say (Fx)(x), is at
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least ) [34]. In particular, and according to [33], if {x} C Fx, we say that x is a fixed point
of F.

To complete the proof of our main result, we need the following lemma.

Lemma 2.5 ([33]) Let (X,d) be a metric space, x,y € X and A,B € W(X):
(1) ifpal(x,A) =0, then xy C A,
(2) pux,A) <d(x,y) + pa(y,A),
(3) ifxy CA, then p,(x,B) < Dy(A,B).

Definition 2.6 Let X be a nonempty set. Then (X, d, <) is called an ordered metric space
if and only if:

(i) (X,d) is a metric space,

(ii) (X, =) is partially ordered.

Definition 2.7 Let (X, <) be a partially ordered set. Then x,y € X are called comparable
ifx <y ory <« holds.

3 Main results
Denote with @, the family of nondecreasing functions ¢ : [0, +00) — [0, +00) such that

3%, @"(t) < oo for all £ > 0. The next lemma is obvious.
Lemma 3.1 Ifg € ®, then ¢(0) = 0 and ¢(t) <t foreach t > 0.

Our first result is the following common fixed point theorem involving an almost gen-
eralized contractive condition.

Theorem 3.2 Let (X,d, <) be a complete ordered metric space and Ty, Ty : X — Wy(X) be
two fuzzy mappings satisfying

Do (Tix, Toy) < ¢(M(x,)) + Lmin{p, (x, T1x), pa (3 T2y), pa (%, Toy), pa (s Tix)} (1)

for all comparable elements x,y € X, where L > 0 and

1
M(x:}’) = max{d(x:y);Pa (xr Tlx)rpa ()’, Tz)’); E[ L‘t(‘xi sz) + Pa ()/: Tlx)] }

Also suppose that
(i) ify € (Tix0)a, then y,x¢ € X are comparable,
(ii) ifx,y € X are comparable, then every u € (T1x)y and every v € (T2y)q are
comparable,
(iii) if a sequence {x,} in X converges to x € X and its consecutive terms are comparable,
then x,, and x are comparable for all n.
Then there exists a point x € X such that x, C Ti\x and x, C Tox.

Proof Let x in X. Since (T1x¢)y # ¥, then there exists x; € X such that x; € (T1x¢)s. By
assumption (i), xo and x; are comparable. Since (T5x1), is a nonempty compact subset of
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X, there exists x, € (Tox1), such that

d(x1,%2) = po (%1, Tox1) < Do(T1%0, Tox1).
Moreover, x; and x; are comparable. Continuing this process, one obtains a sequence {x,}
in X such that xy,,.1 € (T1%2,)e and x99 € (ToX2,,41)e for all m > 0, x,,, and x,,,1 are com-
parable and

A(X2415%2n42) < Do(T1%04, ToXops1)-

Since x5, and x,,,1 are comparable, by taking x5, for x and x,,,1 for y in the inequality (1),
it follows that

A(Xons1,%2142) < Do(T1%21, ToXons1)
< (M2, %¥2011)) + Lmin{pe (%2, T1%2),

Pu (x2n+1v T2x2n+1))pa (me T2x2n+1)rpoz (x2n+1; T1x2n) } ’ (2)
where
M2, X2041) = max{d(xz,,,xQ,,+1),pa (%215 T1%21)s P K241, ToX2ms1)s
1
E[ ol(x2m T2x2n+1) t Pa (x2n+l» Tlx2n)]
= max { d(xZMr x2n+1)rpa (x2nr Tlen);pa (x2n+1) T2x2n+1);
1
FPe (%20 ToXop41)
1
< max | d(X2u, X2141) A(X21415 X2n42)5 id(xm;xzmz)
= maX{d(xzn;xerl)rd(x2n+lrx2n+2)}'
Therefore from (2), we have
d(x2n+1; x2n+2) <o (max{d(xZn; x2n+1), d(x2n+l, x2n+2) } ) .
If d(x2,, %241) = 0, it follows that d(x2,,41, X2,,42) = 0. Now, X3, = X911 = X904 implies x4 €
(Thxo)q = (T1x041)e and Xo,41 = X010 € (T2X2,41)a, then the proof is finished. Therefore,
we assume d(x2,, %2,41) > 0. By Lemma 3.1, we get ¢(t) < ¢ for each ¢ > 0.
Consequently, if d(xy,,41, %2442) > (%2, X2441), for some #, then we have
d(Xan11,X2n42) < ¢(d(x2n+1r x2n+2)) < d(X2n41,%2n42),

which is a contradiction. Therefore

d(x2n+17 x2n+2) = (P(d(me x2n+1)) < d(x2mx2n+l)¢

Page 5 of 14


http://www.advancesindifferenceequations.com/content/2014/1/232

Nashine et al. Advances in Difference Equations 2014, 2014:232 Page 6 of 14
http://www.advancesindifferenceequations.com/content/2014/1/232

that is,

A(x2n41, %2142) < AKX, X241)- 3)
Similarly it can be shown that

d(%2n43, Xans2) < ¢(d(x2n+2:x2n+l)) < d(x242,%2n41),
that is,

d(x2n+3’ x2n+2) < d(x2n+2: x2n+1)' (4)

Therefore, for all 1, we get

AXny Xp1) < @ (d(xn—b xn))

= (p"(d(xo,xl)).
Hence

A%y Xnam) < AKps K1) + AXpa1s Xna2) + -+ + AXem—1, Xpam)

< ¢"(d(xo,%1)) + -+ + """ (d(x0,%1))

n+m-1

= Y ¢M(dxo,x)).

k=n

Since Y .-, ¢"(d(x0,%1)) < 00, then {x,} is a Cauchy sequence in X. Now, from the com-
pleteness of X, there exists x € X such that x,, — x as » — +00 and since consecutive
terms of {x,} are comparable, by hypothesis also x, and x are comparable for all #. Now,
we claim that p, (x, Tox) = 0 for each « € [0,1]. If not, then for some « € [0,1], we have
Po(x, Tox) > 0. Consider

Do (%, Tox) < d(%,%04.41) + Pa(X2ns1, Tox)
= d(x’ x2n+1) + Da(Tlen; sz)

<d®,%x01) + @ (maX{d(xzmx),pa (%20, T1%21), P (%, Tox),

1
5 [ o (%20, ToX) + po (X, T1x2n)] })
+ Lmin{pq (¥20, T1%20), Par (%, Ta%), (%20, ToX), P (%, Ti2) }

= d(%,Xon41) + @ <max { A%, %), A(X20 X241 Por (%, Tox),

1

3 [£o (2> Tox) + d(%, %21 ] })

+L min{d(xZ;fn x2n+1)7pot (.X, sz),pa (me sz)J?a (x7 T1x2n) } .
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We note that d(xy,,x) = 0, d(%2,,%2,41) = 0, and pg (%21, Tox) — pu(x, Tox) as n — +00.
This implies that there exists #y € N such that

1
maX{d(xzm %), d(Xon, X2n41)s 5 [P (2, Tox) + d(%, %311) | } < Pa(x, Tox)
for all n > ny. Consequently, we have

Pa(%, Tox) < @(pa(x, Tox)) + Lmin{d(xan, %2n41)s Pa (%, To%); Pa (%2, ToX), Pa (%, Tion) }

for all n > ny, which on taking the limit as n — +00 gives

Pa(%, Tox) < ¢ (pa(x, Tox)) < po(x, Trx),

a contradiction. Hence p,(x, Tox) = 0 and so x, C Thx. Similarly we deduce that x, C
Tlx. O

From Theorem 3.2, assuming ¢(¢) = gt with 0 < g <1 and L = 0, we deduce the following

result.

Corollary 3.3 Let (X,d, X) be a complete ordered metric space and T1,T, : X — W,(X)
be two fuzzy mappings satisfying

Dy (Tix, Toy) < qmax{d(xry)»pa (x, T1x), pa (9, T2y), % [Pa (x, Toy) + pa(y, Tlx)]} (5)

for all comparable elements x,y € X. Also suppose that
(i) ify € (T1x0)a> then y,xo € X are comparable,
(i) ifx,y € X are comparable, then every u € (T1x), and every v € (Tay)q are
comparable,
(iii) if a sequence {x,} in X converges to x € X and its consecutive terms are comparable,
then x, and x are comparable for all n.
Then there exists a point x € X such that x, C Ti\x and x, C Tox.

Now, we give an illustrative example, by adapting Example 6 in [46]; also we refer to the
same paper for a better understanding of the situation.

Example 3.4 Let X = [0,1] endowed with the usual order of real numbers and the Eu-
clidean metric d(x,y) = |x — y| for all x,y € X. Clearly (X, d) is a complete (ordered) metric
space. Let a € (0,1/2) and define ¢ : [0, +00) — [0, +00) and T1, T : X — W, (X) by

B/(1+¢) ifxel0,1],

% if x € (1, +00),

1 ifx=0,
(T0)(x) = (To)(x) =y ifx e (0,1/2],
a2 ifxe (1/2,1],

Page 7 of 14
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1 ifx=0,
(Th1)(x) = (T20)(x) = {1 2 if x € (0,1/2],
a/2 ifxe(1/2,1],

1 ifx=0,
(Thz)(x) = (Te2)(x) = Yo ifx € (0,1/2], whereze (0,1).
0 ifxe(1/2,1],

Then we discuss the existence of fixed fuzzy points of mappings 77 and T5. To this aim,
we note that (770)y = (Ti2)e = (Til)e = [0,1/2], (T;0)as2 = (Til)as2 = [0,1], and (Ti2)es2 =
[0,1/2], where i = 1,2. Consequently, it is easy to show (see also [46]) that all the hy-
potheses of Theorem 3.2 are satisfied. In particular, condition (1) holds trivially since
D, (T1x, Toy) = 0 for all x,y € X. We conclude that each x € [0,1/2] is such that x, C Tix
and x, C Tox.

On the other hand, in view of Definition 2.4, we can apply our Theorem 3.2 to establish
the existence of a common fixed point of 77 and T5. In this case, we note that (7;0); =
(Tiz)1 = (T;1); = {0}, and hence x = 0 is a common fixed point of 77 and T5.

Now, we briefly discuss the validity of our theorem. In fact, a question that arises nat-
urally is: ‘Is it possible to prove this kind of result without assuming that ) -, ¢"(¢) < 00
for all £ > 07'. In the sequel we provide a positive answer to the above question. Precisely,
Theorem 3.2 still holds if the condition:

(2) ¢:[0,+00) — [0, +00) is a nondecreasing function such that Y -, ¢"(¢) < oo for all

t>0,
is replaced by

(b) ¢:[0,+00) — [0, +00) is a right-continuous function such that ¢(¢) < ¢ for all £ > 0.
Next, we give the proof of Theorem 3.2 under condition (b). To this aim, we recall the
following lemma.

Lemma 3.5 Let (X, d) be a metric space and let {x,} be a sequence in X such that

lim d(x,,%,.1) = 0.

n—+00

If {x2,,} is not a Cauchy sequence, then there exist € > 0 and two sequences {my} and {ny}
of positive integers such that the following four sequences converge to € when k — +00:

{d(meeran)}’ {d(meeranH)}’ ©)

{d(x2mk—l7x2nk)}: {d(xzmk_1,x2nk+1)}~

Remark 3.6 Note that assertions similar to the above lemma (see, for example, [10]) were
proved and used to obtain several fixed point results in many papers.

Finally, we state and prove the following result.

Theorem 3.7 Let (X,d, X) be a complete ordered metric space and Ty, T, : X — W (X) be
two fuzzy mappings satisfying

Dy (T1x, Toy) < (M(x,y)) + Lmin{pq (%, T1%), pa (s T23), Pa (% T29), pa (0, T1x)}  (7)
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for all comparable elements x,y € X, where L > 0,

M(x,y) = maX{ d(x,9), pe(x, T1x), po (¥, T2), %[ (¥ T2y) + pa(y, Th 1x)]}

and ¢ : [0,+00) — [0, +00) is a right-continuous function such that ¢(t) < t for all t > 0.
Suppose that
(i) ify € (T1xo)a, then y,xo € X are comparable,
(ii) ifx,y € X are comparable, then every u € (T1x), and every v € (Tay)q are
comparable,
(ili) if a sequence {x,} in X converges to x € X and its consecutive terms are comparable,
then x,, and x are comparable for all n.
Then there exists a point x € X such that x, C Ti\x and x, C Tox.

Proof Following the proof of Theorem 3.2, we can construct a sequence {x,} such that (3)
and (4) hold. It follows that

d(xy, Xpe1) < d(x,-1,%,) for all n. (8)

Thus, in this case {d(x,,%,:1)} is a decreasing sequence of positive numbers and so there
exists r > 0 such that lim,_, ;00 d(%y, %,41) = r. Now, if 7 > 0, then passing to the limit when
n— +00 in d(x,, x,41) < @(d(x,-1,%,)), and using the properties of ¢, we get

r<e(r)<r,

a contradiction and so we have proved that lim,,_, ;o d(%y, %,41) =7 = 0.

Now, suppose that {x,,} is not a Cauchy sequence. Then Lemma 3.5 implies that there
exist € > 0 and two sequences {m;} and {n;} of positive integers such that the sequences
(6) converge to ¢ (from above) when k — +00. Therefore, using (7) with x = x,,,, and

Y =Xom+1, We get

Doz (Tlemkr T2x2nk+l) =¢ (M(x2mk: xanH)) + Lmin {pa (x2mk, T1x2mk);
Pao (xan+1: T2x2nk+1)7pa (x2mkr T2x2nk+1);

Pa (xan+1: TImek)}; (9)

where
M(Xomp s Xom 1) = max{d(xzmk,xuku),l% (X2mg> T1%amy ) P (Komg 415 T2Xomy 1)

1
E [pot (mekr T2x2nk+1) + Po (xanH, Tlemk)]

— &, ask— +oo.

Using the properties of ¢, we obtain the contradiction ¢ < ¢(¢) < ¢, since & > 0. Thus {x,}
is a Cauchy sequence and hence also {x,} is a Cauchy sequence. The rest of the proof is
the same as the proof of Theorem 3.2 and so to avoid repetition we omit the details. O
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To conclude this section, we give an example to illustrate Theorem 3.7, in the case of a

single mapping.

Example 3.8 Let a, b, and ¢ be three real numbers such that a < b < ¢ and consider X =
{a, b, c} endowed with the Euclidean metric d(x,y) = |x — y| for all x,y € X. Let & € (0,1/3)
and define ¢ : [0, +00) — [0, +00) by

22 ift<l,

p(t) =
JE2 o ift>1,

and T : X - W,(X) by

1 ifx =a, 1 ifx =a,
(Ta)(x) = (Tb)(x) = Y a/2 ifx=b, (To)x) = qa/2 ifx=b,
o ifx=c 3a ifx=c.

Firstly, searching for fixed fuzzy points, we notice that (7a)y s = (Th)a/2 = (1¢)a/2 = {4, b, ¢}
and (1a), = (Th)y = (1c) = {a, c}. Also, it is easy to show that all the hypotheses of Theo-
rem 3.7 with T} = T, = T are satisfied and hence ¢, is a fixed fuzzy point of X. Secondly,
searching for fixed points, from (Ta); = (Tb); = (1c); = {a} we deduce that a is a fixed point
of T.

4 Application to ordinary fuzzy differential equation
In this section, we present a situation where our obtained results can be applied. Precisely,
we study the existence of solution for the second order nonlinear boundary value problem:

x"(t) = k(t,x(t),x'(¢)), tel[0,A]l,A>0,
x(f) =x1, (10)
x(tZ) =X2, L, € [0’ A]¢

where k: [0, A] x W(X) x W(X) — W(X) is a continuous function. This problem is equiv-
alent to the integral equation

x(t) = /t2 G(t,s)k(s,x(s),x’(s)) ds+ B(t), tel0,A] (11)

i

where the Green’s function G is given by

(ta-t)s-t1)
Rl i <s<t<t,
Glts)=] o

CEIE
Lo s fast=s<pn,

and B(¢) satisfies 8” = 0, B(t1) = x1, B(t2) = x». Let us recall some properties of G(t,s),
precisely we have

ty )2
/ |G(t,s)|ds5%

5]
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and

fa bh—t
/ |Gi(t,5)| ds < a-t)
t1 2

If necessary, the reader can refer to [47, 48] for a more detailed explanation of the back-
ground of the problem. Here, we shall prove our result, by establishing the existence of a
common fixed point for a pair of integral operators defined as

Ti(x)(2) = /’2 G(t,8)ki(s,x(s),%'(s)) ds + B(¢), t€[0,Ali€ (1,2}, (12)
where ki, ky € C([0, A] x W(X) x W(X), W(X)), x € C'([0, A], W(X)), and B € C([0, A],

Theorem 4.1 Assume that the following conditions are satisfied:
(@) ki, ky:[0,A] x W(X) x W(X) — W(X) are increasing in its second and third
variables,
(b) there exists xo € CX([0, A, W(X)) such that, for all t € [0, A], we have

xolt) < / Gtk (6 00(6), %) (5)) ds + B (D),

where t1,ty € [0, A],
(c) there exist y,8 > 0 such that, for all t € [0, A], we have

ki (£, %(8), ' (£)) — ko (£, 7(8), 5/ ()| < v [a(8) = y(8)] + 8| (&) — ¥/ (2)]

for all comparable x,y € C*([0, A], W(X)),
(d) fory,8>0and t1,t, € [0, A] we have

(- 1n)* . 8(t2 - t)

<1,
8 2

(e) ifx,y € CH[0,A], W(X)) are comparable, then every u € (T1x), and every v € (Toy)
are comparable.
Then the pair of nonlinear integral equations

x(t) = /tz G(t,s)ki(s,x(s),x’(s)) ds+ B(t), tel0,A],ie{1,2} 13)

5]
has a common solution in CY([t;, t,], W(X)).

Proof Consider C = C!([t,,t,], W(X)) with the metric

D(x,y) = max (y|x(t) — y(8)| +8]«'() — ¥/ (£)]).

H<t<t

The space (C, D) is a complete metric space, which can also be equipped with the partial
ordering given by

xy€C, x=<xy <x(t) <y@) forallte]l0,A]

Page 11 of 14
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In [12], it is proved that (C, <) satisfies the following condition:

(r) for every nondecreasing sequence {x,} in C convergent to some x € C, we have

x, <« forallm e NU {0}.

Let T1, Ty : C — C be two integral operators defined by (12); clearly, T1, T are well defined
since ki, k», and B are continuous functions. Now, x* is a solution of (13) if and only if x*
is a common fixed point of 77 and T5.

By hypothesis (a), T1, T, are increasing and, by hypothesis (b), xg < T1(xo). Conse-
quently, in view of condition (r), hypotheses (i)-(iii) of Corollary 3.3 hold true.

Next, for all comparable x,y € C, by hypothesis (c) we have successively

|T1(x)(t) - Tz()/)(t)| < / ’ iG(l’, S)| |k1 (S,x(s),x/(s)) — ks (S)y(S),)/(S)) | ds

i

%) )2
S 6.9)ds = 2= iy (14)

and

(1) () - (T:0)) ()] < / 1Gu(t,5)| [k (5,051, (9)) Ko (5,¥(6), /) | i

i

L . W D, ). (15)

5]
< D(x,y) f Gl 5)| ds <
51

From (14) and (15), we obtain easily

th—t)? t—t
D(Tyx, Try) < (y( 2 3 Y + 8( 2 5 1))D(x,y).
Consequently, in view of hypothesis (d), the contractive condition (5) is satisfied with

(- tn)? (&2 —t1)
+48 <
8 2

1.

Therefore, Corollary 3.3 applies to 77 and T3, which have a common fixed point x* € C,
that is, x* is a common solution of (13). O

As an immediate consequence of Theorem 4.1, in the case T; = T, = T, we find that the
integral equation (11) has a solution in C, and hence the second order nonlinear boundary
value problem (10) has a solution.

5 Conclusions

Our Theorem 3.2 gives a contribution to the ‘fixed point arena’ in the sense of generaliza-
tion by using fuzziness under ordered metric spaces and by assuming the validity of the
contractive condition only on elements that are comparable in respect to partial ordering.
Moreover, using recent ideas in the literature [13, 23, 24, 31], it is possible to extend our
result to non-Archimedean fuzzy metric spaces and probabilistic metric spaces endowed
with a partial ordering induced by an appropriate function.
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