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1 Introduction

The theory of modular metric space was initially developed by Chistyakov [2],
extending the earlier concept of modular spaces. This modular metric space has
overcame the difficulties when a linear structure is absent. By the same author [3],
some uses of this space is observed. He also paid great attention towards an exten-
sion of the renowned contraction principle and its further applications in modular
metric spaces as one can see in [4 [5]. At about the same time, another approach
of the contraction principle in this space was also proposed by Mongkolkeha et al.
[6, [7]. Further generalizations can be found in [8] [9].
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On the other hand, the set-valued alternative of the contraction principle was
given in [I,[10]. Unfortunately, the proofs of the main results contains a small, but
defective gap (we shall discuss this matter precisely in the forthcoming section).
This leaves the problem of the set-valued contraction principle open.

This research is conducted to properly give a sufficient conditions for a set-
valued contraction to possess a fixed point. Our results also fix the slip found in
[1, 10], under some additional assumptions. The organization of this manuscript
is as follows: We recall, in Section 2, some preliminaries and consider a very
fundamental topological results in modular metric spaces. Finally, in Section 3, we
discuss the mentioned error, convey to our main results some auxiliary definitions
and lemmas, proposed our main theorems concerning the fixed point of set-valued
contractions.

2 Modular Metric Spaces

In the rest of this paper, we shall write N, R, R*, R, to represent the set of all
positive integers, all reals, all positive reals, and all non-negative reals, respectively.

We shall study, under this section, some elementary topological results in
modular metric spaces. We recall first the definition of a modular metric space
according to Chistyakov [2].

Definition 2.1 (|2]). Let X be a nonempty set. A metric modular on X is a
non-negative extended real-valued function w defined on RT X X x X (we write
we(z,y) instead of w(t,x,y)) such that:

(a) For any x,y € X, x =y if and only if wi(x,y) =0 for all t > 0.

(b) For any z,y € X and any t > 0, wy(x,y) = wi(y, x).

(c) For any z,y,z € X and any s,t > 0, wsri(z,y) < ws(z, 2) + we(z,y).
For a given ' € X, the restriction X, (2') = {z € X, limy_ oo wy(2', x) = 0} is

called a modular metric space around z'. If X,,(z) = X for all x € X, we write
X in place of X (x).

Remark 2.2. w is nonincreasing in t.

Given a modular metric space X,,. Suppose that x € X,, and r > 0, we define
an open ball of radius r around z by

B(xz;r) := {z € X, supw(z, z) < T} .
t>0

Let BM(F') be a set containing all open balls in X,,. We may easily see that
BM(F) actually acts as a base determining a unique topology on X, namely
7. Always assume that X, is a given modular metric space equipped with the
topology generated by BM (F).

With the same elementrary proofs (and so omitted) as in a classical metric
space, we may obtain the following results:
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Proposition 2.3. X,, is Hausdorff separable.

Proposition 2.4. In X,,, the compactness and sequential compactness character-
izes each others.

Proposition 2.5. A sequence (x,) in X,, converges to a point x € X if and only
if for any given € > 0, we have sup,~qw¢(x,z,) < € for sufficiently large n € N.

We may now define a Cauchy sequence in parallel to the characterization in
Proposition

Definition 2.6. A sequence (z,,) in X, is Cauchy if for any € > 0, there holds
that sup,~ o we(Tm, zn) < € for sufficiently large m,n € N.

Naturally, each convergent sequence is Cauchy. If the converse is true for all
sequence in X,,, we say that X, is complete.

Definition 2.7. A set Z C X, is said to be bounded if sup,, , e 7 Sup;~o wi(w,y) <
00.

We may note that a non-singleton finite set in a modular metric space is no
need to be bounded (for instance, take any metric space (M, p), and the metric
modular (t,z,y) € RT XM XM @) This fact gives an example of a compact
set which is not bounded, in contrast to metric spaces. However, a compact set is
always closed by Proposition 2.3

In accordance to Chaipunya et al. [I], for € X, and Y, Z C X, we write

wt(xa Z) = inszZ ’LUt(I, Z)a
et(Yu Z) = Super ’LUt(y, Z)7
WY, Z) := max{e:(Y, Z),e:(Z,Y)}.

A number of fundamental properties of these functions for closed bounded sets
can be found in [I]. In fact, such properties also work, with the same proofs, for
closed (and not necessarily bounded) sets. Also note that if Z C X, is closed and
z € Xy, we have z € Z if and only if wy(z,Z) = 0 for all ¢ > 0.

3 Set-Valued Contractions

3.1 A Remark on Set-Valued Contraction

Given a set-valued map F : X,, = X,,, if there exists a constant k € (0,1) such
that
Wi(F(2), Fy)) < kwi(z,y), (3.1)

for all ¢ > 0 and all z,y € X,,, we say that F' is a set-valued contraction.

The existence of fixed points for a set-valued contraction in modular metric
space is first considered in [I, Theorem 3.3]. The original proof exploited the
existence of a sequence (x,) such that, for each n € N, z,, € F(z,,) and

Ws (T, Tpy1) < k" 4+ Wo(F(xp-1), F(xn)), (3.2)
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where s > 0 is pre-given. Note that the property (8:2) is not preserved upon the
change of s. Unfortunately, (3.2]) is needed for all s > 0, and this leaves out a gap
in this proof.

To fill this gap in, we need some additional definitions, lemmas, and assump-
tions. These materials will be discussed in the succeeding section.

3.2 Auxiliary Results

Definition 3.1. A nonempty subset Z C X,, is said to be reachable from a point
z € Xy if

inf sup wy(z, z) = sup inf wy(zx, z) < co.
2E€EZ >0 t>0 2€Z

Remark 3.2. To show the reachability, we only need to show that

inf sup wy(z, z) < sup inf w(z, z) < oo,
2€Z >0 t>0 2€Z

since the reverse is always true.
An advantage of the notion of reachability is illustrated in the following lemma:

Lemma 3.3. Given two nonempty closed subsets Y, Z C X, and a point z € Z.
Suppose that Y is reachable from z. Then, to each € > 0, there corresponds a point
Ye €Y such that sup,~owi(z,ye) < €+ sup,so Wi (Y, Z).

Proof. Let ¢ > 0 be given. It is clear that we can find a point y. € Y such that
SUP;so Wi (2, Ye) < € +infyecy sup,s g wi(z,y). By the reachability of Y from z, we
have

inf supwy(z,y) = sup inf wi(z,y) =supwi(z,Y) < sup Wi(Y, Z).
YEY >0 t>0 Y€Y t>0 >0

The conclusion thus follows. O

On the other hand, let us turn to a simple sufficient condition for a subset
Z C X, to be reachable from x € X,,.

Lemma 3.4. Given a point x € X,, and a nonempty compact subset Z C X,,. If
the metric modular w is l.s.c. in X and eitherinf,c 7 sup,. o we(x, 2) orsup, o inf.cz wi(z, 2)
is finite, then Z is reachable from x.

Proof. For each s > 0, we can find a sequence (z3) such that

ws(x, z) — erele ws(x, 2).

Since Z is compact, we may assume that (z2) converges to some point 2° € Z.
Since w is L.s.c. in X, we have

wy(,2°) < liminf w, (2, 23) = inf w, (,2),
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and therefore ws(z, 2°) = inf ez ws(z, 2). Finally, we have

inf sup wy(z, z) < supw(x, 2°) = sup inf w(z, 2).
Z€Z >0 t>0 t>0 2€2

This completes the proof. O

3.3 Existence Theorems

At this stage, we exploit the notion of reachability and its supplementary
results to deduce some fixed point theorems for set-valued contractions. The ob-
tained result also fix the error in [I]. Additionally assume through the rest of the
paper that X, is complete.

Theorem 3.5. Suppose that F is a set-valued contraction (w.r.t. k € (0,1)) on
X having compact values, and that the metric modular w is l.s.c. in X. If there
exist two points xog € X, and x1 € F(xg) such that the set {xo,z1} is bounded and
F(x1) is reachable from x1, then F has a fized point.

Proof. Since F(x1) is reachable from z1, by using Lemma B3] we may choose
x2 € F(x1) such that

sup wy(x1,z2) < sup Wi(F(zo), F(z1)) + k.
t>0 t>0

From the above evidence and the hypothesis that {xg,z1} is bounded, it comes to
the following inequalities:

supwy(an, Flaz)) < supWy(F(er), F(a))
t>0 t>0
< ksupwi(zy,22)
t>0
< k[iug Wi(F(20), F'(71)) + k]
>
< k*supwy(zo, 1) + K*
t>0
<  oQ.

Since F is compact valued, we apply Lemmal[34lto guarantee that F'(x2) is actually
reachable from z5. Inductively, by this procedure, we define a sequence (x,) in
X, satisfying the following properties for all n € N:

Tn € F(zp_1),

SUPy~o W (Tn, Tng1) < sup;~o Wi (F(zn-1), F(z,)) + k",

F(x,) is reachable from x,,.
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Hence, by the contractivity of F, we have

supwi (T, Tnt1) < sup Wi(F(xp_1), F(z,)) + k"

£>0 t>0
< ksupwi(@n_1,xn) + k"
>0
< klksupwi(zn_o,Tn_1) + k" +E"
t>0
< k2 supwi(zn_o, 1) + 2k™.
>0

Thus, by induction, we have

SUp W (X, Tpy1) < k" sup wi(zg, 21) + nk™.
t>0 t>0

Moreover, it follows that
sup Z Wi (T, Tpp1) < Z SUp Wi (T, Tpy1) < sup we(zo, 1) Z k"—l—z nk™ < oco.
t>0 en nen >0 >0 neN neN

Thus, for any € > 0, we may find n. € N such that for m,n € N and m > n, we
have

sup wy (T, Tm) < sup[wmin (T, Tpg1) + w_t_ (Tny1s Tng2) +---+ w_t (Tm—1,%m)]
>0 >0
< sup wi(Tn, Tnt1) + SUP Wi (Tpt1, Tng2) + -+ + SUP Wi (Trm—1, T )
t>0 t>0 t>0
o0
< Z Sup we(Tp, Tny1)
w10
< e.

Hence, (x,) is a Cauchy sequence and so the completeness of X, implies
that (x,) converges to some point z € X,,. Consequently, we may conclude
from the contractivity of F' that the sequence (F(x,)) converges to F(z).
Since z,, € F(x,,—1), we have for any ¢ > 0,

0 <wi(z, F(x)) < w%(:n,:nn)+w (zp, F(x)) < w%(x,xn)—l—W%(F(:En_l),F(x)),

t
3
which implies that w;(z, F(xz)) = 0 for all £ > 0. Since F(z) is closed, it
then follows that = € F(z). O

Along with the set-valued contraction ([B.I]), we may consider another class of
maps: Let F : X, = X,,.If the inequality

Wi(F(x), F(y)) < klwi(z, F(z)) + wi(y, F(y))]

is satisfied for all ¢ > 0 and all z,y € X, at some fixed k € (0, %), we say that F is
a set-valued Kannan’s contraction. We close our paper with the following theorem
which is similarly obtained to the preceding theorem.
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Theorem 3.6. Suppose that F is a set-valued Kannan’s contraction (w.r.t. k €
(0, %)) on Xy, having compact values, and that the metric modular w is l.s.c. in
X. If there exist two points xg € X, and x1 € F(xg) such that the set {xg,x1} is
bounded and F(x1) is reachable from x1, then F has a fized point.

Proof. Since F(x1) is reachable from z1, by using Lemma B3] we may choose
x2 € F(x1) such that

sup wy (21, x2) < sup Wi(F(xo), F(z1)) + k.

t>0 >0
Now, observe that
sup wi(xe, F(x2)) < sup Wi(F(x1), F(x2))
>0 t>0
< ksupwi(zy, F(x1)) + ksupwe(xa, F(x2))
>0 t>0
< ksup Wi(F(xo), F(x1)) + ksup wi (a2, F(22))
>0 >0
< ksupwi(zo, F(x0)) + ksupwe(x1, F(x1)) + ksup wi(xe, F(x2))
>0 t>0 >0
< ksupwi(zg,z1) + ksupwe (1, F(x1)) + ksup w(xo, F(x2)).
t>0 t>0 t>0

Writing & := ﬁ < 1, we obtain, from the boundedness of {xg,x1} and the
reachability of F'(x1) from x;, that

sup wi(za, F(z2)) < supwi(zg, x1) + Esupwi(z1, F(x1)) < oo.
>0 >0 >0

Thus, F'(x3) is reachable from z5. Inductively, we can construct a sequence
(xn,) in X, with exactly the same properties appearing in the proof of
Theorem

Now, consider further that

supwi(Tp, Tpy1) < sup Wy(F(xp-1), F(zy)) + k"
>0 >0
< ksupwi(xp—1, F(xn-1)) + ksupwy(xy,, F(z,)) + k"
>0 >0
< ksupwi(xp_1, F(xn-1)) + ksupwy(xp, Tpi1) + k™.

t>0 t>0
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Moreover, we get

k’n.
SUpuH(xn,xn+1) S fSUPU%(In—17$n)+'1 k
t>0 t>0 -
k" k™
< 2 supw Tp—2,Tn—1) + +
< Csmpwlenz i) T Ty
kn
< n—z» n— 2 PR
= f igpwt(iﬂ 2, Tp—1) + T=E

< " supwi(xg, 1) + n&"™.
t>0

As in the proof of Theorem 35 the sequence (z;,) converges to some x € X,.
Observe that

t>0 t>0

1+k supwt(:zz xn+1) + ksup wy(x, F(z)).
>0

iggwt(va(I)) = iglg&({l‘},F(w))
< igg&({x},F(xn)Hsup&( (zn), F(z))
= iggwt(x,F(wn)Hsupét( (zn), F(2))
< iggwt(ﬂc wn+1)+suth( (zn), F(x))
< supwy(z, $n+1)+kSUpwt(xn, (#n)) + ksup wy(z, F(z))
)

Thus, we have

supw(z, F(x)) < (2£) supwy(a, 2,1,
t>0 t>0

Letting n — oo to conclude the theorem.

4 Concluding Remarks

The main theorems discussed in the previous section ensure the existence of a
fixed point for set-valued contractions and Kannan’s contraction, assuming some
additional conditions and auxiliary results. Our results correct the faulty proofs
in [I]. Finally, we shall conclude our paper with the following open problems:

Question 1. Can we drop the l.s.c. of w in Theorems[3.A and [3.8?

Question 2. Is it possible to obtain the result when F' is not compact valued?
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Question 3. Can we weaken the notion of reachability in Theorems and [3.6?

Acknowledgement : The authors were supported by the Higher Education Re-
search Promotion and National Research University Project of Thailand, Office of
the Higher Education Commission (NRU-CSEC No.56000508).

References

1]

2]
3]
4]

[5]

[6]

7]

8]
19]

[10]

P. Chaipunya, C. Mongkolkeha, W. Sintunavarat, and P. Kumam, Fixed-
point theorems for multivalued mappings in modular metric spaces, Abstract
and Applied Analysis, 2012:14, 2012.

V. V. Chistyakov. Modular metric spaces, i: Basic concepts, Nonlinear Anal.,
Theory Methods Appl. . 72 (1) 2010 1-14.

V. V. Chistyakov, Modular metric spaces, ii: Application to superposition
operators, Nonlinear Anal., Theory Methods Appl. . 72 (1) (2010) 15— 30.

V. V. Chistyakov, Fixed points of modular contractive maps, Doklady Math-
ematics. 86 (1) (2012) 515-518, .

V. V. Chistyakov, Modular contractions and their application, Springer Pro-
ceedings in Mathematics & Statistics, volume 21 pages 65-92. Springer New
York, 2013.

C. Mongkolkeha, W. Sintunavarat, and P. Kumam. Fixed point theorems
for contraction mappings in modular metric spaces, Fixed Point Theory and
Applications. 93 (1) (2011).

C. Mongkolkeha, W. Sintunavarat, and P. Kumam, Fixed point theorems
for contraction mappings in modular metric spaces, Fixed Point Theory and
Applications 1 (1) (2012).

Y. J. Cho, R. Saadati, and G. Sadeghi, Quasi-contractive mappings in mod-
ular metric spaces, J. Appl. Math. 5 (2012).

P. Chaipunya, Y. Je Cho, and P. Kumam. Geraghty-type theorems in modular
metric spaces with an application to partial differential equation. Advances
in Difference Equations. 2012 (1):83, 2012.

P. Chaipunya, C. Mongkolkeha, W. Sintunavarat, and P. Kumam. Erratum
to “fixed-point theorems for multivalued mappings in modular metric spaces”,
Abstract and Applied Analysis. 2012:2, 2012.

(Received 6 November 2013)
(Accepted 14 September 2014)

THAI J. MATH. Online @ |http://thaijmath.in.cmu.ac.th


http://thaijmath.in.cmu.ac.th

	Introduction
	Modular Metric Spaces
	Set-Valued Contractions
	A Remark on Set-Valued Contraction
	Auxiliary Results
	Existence Theorems

	Concluding Remarks

