Kutbi and Sintunavarat Fixed Point Theory and Applications 2015, 2015:2 ® Fixed Point Theory and Applications
http://www_fixedpointtheoryandapplications.com/content/2015/1/2 a SpringerOpen Journal

RESEARCH Open Access

On new fixed point results for

(o, Y, £)-contractive multi-valued mappings
on x-complete metric spaces and their
conseguences

Marwan Amin Kutbi' and Wutiphol Sintunavarat?”

“Correspondence:
wutiphol@mathstat.sci.tu.ac.th;
poom_teun@hotmail.com
’Department of Mathematics and
Statistics, Faculty of Science and
Technology, Thammasat University,
Rangsit Center, Pathumthani, 12121,
Thailand

Full list of author information is
available at the end of the article

@ Springer

Abstract

The purpose of this paper is to establish new fixed point results for multi-valued
mappings satisfying an (&, ¥, &)-contractive condition, and via Bianchini-Grandolfi
gauge functions, on a-complete metric spaces. Our results unify, generalize, and
complement various results from the literature. We also give examples which support
our main result while previous results in the literature are not applicable. Some of the
fixed point results in metric spaces endowed with an arbitrary binary relation and
endowed with a graph are given here to illustrate the usability of the obtained results.
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1 Introduction and preliminaries
Throughout this paper, we denote by N, R,, and R the sets of positive integers, non-
negative real numbers, and real numbers, respectively.

We recollect some essential notations, required definitions, and primary results coher-
ent with the literature. For a nonempty set X, we denote by N(X) the class of all nonempty
subsets of X. Let (X, d) be a metric space, we denote by CL(X) the class of all nonempty
closed subsets of X, by CB(X) the class of all nonempty closed bounded subsets of X. For
A, B € CL(X), let the functional H : CL(X) x CL(X) — R, U {oo} be defined by

H(A,B) = max{sup,., d(a,B),sup,.;d(b,A)}, ifthe m‘aximum exists,
00, otherwise

for every A, B € CL(X), where d(a, B) = inf{d(a, D) : b € B} is the distance from a to B C X.
Such a functional is called the generalized Pompeiu-Hausdorff metric induced by d.

In this paper, we denote by W the class of functions ¥ : [0,00) — [0, 00) satisfying the
following conditions:

(Y1) v is a nondecreasing function;
(V2) Yoo, Y"(t) < o0, for all £ > 0, where " is the nth iterate of .
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These functions are known in the literature as Bianchini-Grandolfi gauge functions in

some sources (see e.g. [1-3]).

Remark 1.1 For each ¢ € W, we see that the following assertions hold:
1. lim,_ o ¥"(¢) =0, forall £ > 0.
2. ¥ (t) <t for each t > 0;
3. ¥(0)=0;

Example 1.2 The function v : [0,00) — [0, 00) defined by ¥/ (¢) = kt, where k € [0,1), is a

Bianchini-Grandolfi gauge function.

Example 1.3 The function ¢ : [0, 00) — [0, 00) defined by

it 0<t<l,
w(t)= %t; tzl;

3

Zt’ t>1,

is a Bianchini-Grandolfi gauge function.

In [4], Samet et al. introduced the concepts of an «-admissible mapping and an «-/-
contractive mapping as follows.

Definition 1.4 ([4]) Let T be a self mapping on a nonempty set X and & : X x X — [0, 00)
be a mapping. We say that T is a-admissible if the following condition holds:

xyeX, axy)>1 = o(lx,Ty)>1

Definition 1.5 ([4]) Let (X,d) be a metric space and T : X — X be a given mapping. We
say that T is an o-y-contractive mapping if there exist two functions « : X x X — [0, 00)
and ¢ € W such that

a(x,y)d(Tx, Ty) < ¢ (d(x,))
forall x,y € X.

One also proved some fixed point theorems for such mappings on complete metric
spaces and showed that these results can be utilized to derive fixed point theorems in
partially ordered metric spaces.

Afterwards, Asl et al. [5] introduced the concept of an «,.-admissible mapping which is
a multi-valued version of the «-admissible mapping provided in [4].

Definition 1.6 ([5]) Let X be a nonempty set, 7: X — N(X) and o : X x X — [0,00) be
two mappings. We say that T is ,-admissible if the following condition holds:

xyeX, axy)>1 = a(Tx Ty >1,

where o, (Tx, Ty) := inf{a(a, b)|a € Tx, b € Ty}.
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They extended the «-y-contractive condition of Samet et al. [4] from a single-valued
version to a multi-valued version as follows.

Definition 1.7 ([5]) Let (X,d) be a metric space, T : X — CL(X) be a multi-valued map-
ping and « : X x X — [0,00) be a given mapping. We say that T is an a-y-contractive
multi-valued mapping if there exists ¥ € ¥ such that

a(xy)H(Tx, Ty) < ¥ (d(x,y))
forallx,y € X.

Asl et al. [5] also established a fixed point result for multi-valued mappings on complete
metric spaces satisfying an a-y -contractive condition.

Recently, Ali et al. [6] introduced the notion of («, ¥, £)-contractive multi-valued map-
pings, where £ € E and E is the family of functions £ : [0,00) — [0,00) satisfying the
following conditions:

&) & is continuous;

&) & is nondecreasing on [0, 00);
&) &E(t)=0ifand onlyif £ = 0;
&) & is subadditive.

—~ o~~~

Remark 1.8 From (&) and (£3), we have £(¢) > 0, for all £ € (0, c0).

Example 1.9 Let & : [0,00) — [0, 00) be a mapping which is defined by

E(0) - /0 $(s)ds

for each ¢t € [0, 00), where ¢ : [0,00) — [0,00) is a Lebesgue integrable mapping which is
summable on each compact subset of [0, c0) and satisfies the following conditions:

+ for each € > 0, we have [; ¢(¢)dt > 0;

« for each a,b > 0, we have

/Oa+b¢>(t) dt < /Oa o(t)dt + /Ob ¢(t)dt.

Then & € E.
Lemma 1.10 Let (X,d) be a metric space. If§ € B, then (X, & o d) is a metric space.

Lemma 1.11 ([6]) Let (X,d) be a metric space, & € &, and B € CL(X). If there exists x € X
such that &(d(x, B)) > 0, then there exists y € B such that

£(d(x,) < g5 (d(x,B)),
where q > 1.

Definition 1.12 ([6]) Let (X, d) be a metric space. A multi-valued mapping 7' : X — CL(X)
is called an (o, ¥, £)-contractive mapping if there exist three functions ¢ € ¥, £ € E, and
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o: X x X — [0,00) such that
xnyeX, axy) =1 = §(H(Tx D)) <y (&(Mx)), 1.1)
where M(x,y) = max{d(x,y), d(x, Tx), d(y, Ty), 22224010y

In the case when ¥ € W is strictly increasing, the («, ¥, £)-contractive mapping is called
a strictly (o, ¥, £)-contractive mapping.

Ali et al. [6] also prove fixed point results for (o, ¥, £)-contractive multi-valued mapping
on complete metric spaces.

Question 1 Isitpossible to prove fixed point results for (¢, ¥, £)-contractive multi-valued
mapping T under some weaker condition for 7?

Question 2 Isit possible to prove fixed point results for (o, ¥, £ )-contractive multi-valued
mapping in some space which is more general than complete metric spaces?

Question 3 Is it possible to find some consequences or applications of the fixed point
results?

On the other hand, Mohammadi et al. [7] extended the concept of an «,-admissible
mapping to o-admissible as follows.

Definition 1.13 ([7]) Let X be a nonempty set, 7: X — N(X) and @ : X x X — [0, 00) be
two given mappings. We say that 7T is «¢-admissible whenever for each x € X and y € Tx
with a(x,y) > 1, we have a(y,z) > 1, for all z € Ty.

Remark 1.14 It is clear that o, -admissible mapping is also «-admissible, but the converse
may not be true as shown in Example 15 of [8].

Recently, Hussain et al. [9] introduced the concept of «-completeness for metric space
which is a weaker than the concept of completeness.

Definition 1.15 ([9]) Let (X,d) be a metric space and « : X x X — [0, 00) be a mapping.
The metric space X is said to be a-complete if and only if every Cauchy sequence {x,} in
X with a(x,,x,,1) > 1, for all n € N, converges in X.

Remark 1.16 If X is complete metric space, then X is also «-complete metric space. But
the converse is not true.

Example 1.17 Let X = (0, 00) and the metric d : X x X — R defined by d(x, ) = |x —y|, for
all x,y € X. Define @ : X x X — [0,00) by

xy
e, x,y€(2,5],
Ol(x,y) = 1 y [ ]

2 otherwise.

Itis easy to see that (X, d) is not a complete metric space, but (X, d) is an «-complete metric
space. Indeed, if {x,} is a Cauchy sequence in X such that «(x,,x,.1) > 1, for all m € N,
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then x,, € [2,5], for all 7 € N. Since [2,5] is a closed subset of R, we see that ([2,5],d) is a
complete metric space and then there exists x* € [2,5] such that x,, — x* as n — oco.

In this paper, we establish new fixed point results for (¢, ¥, £)-contractive multi-valued
mappings on o-complete metric spaces by using the idea of «-admissible multi-valued
mapping due to Mohammadi ez al. [7]. These results are real generalization of main results
of Ali et al. [6] and many results in literature. We furnish some interesting examples which
support our main theorems while results of Ali et al. [6] are not applicable. We also obtain
fixed point results in metric space endowed with an arbitrary binary relation and fixed
point results in metric space endowed with graph.

2 Main results
First, we introduce the concept of «-continuity for multi-valued mappings in metric
spaces.

Definition 2.1 Let (X,d) be a metric space, & : X x X — [0,00) and T : X — CL(X) be
two given mappings. We say T is an «-continuous multi-valued mapping on (CL(X), H)
if, for all sequences {x,} with x,, 4 x€Xasn— oo, and a(x,,x,.1) > 1, forall m e N, we
have Tx,  Ixasn— 00, that is,

lim d(x,,x) =0 and o«(x,,%,.41)>1 forallneN = lim H(Tx,, Tx)=0.

n—00

Note that the continuity of T implies the «-continuity of T, for all mappings «. In gen-
eral, the converse is not true (see in Example 2.2).

Example 2.2 Let X = [0,00), A € [10,20] and the metricd : X x X — R defined by d(x, y) =
|z —y|, forall x,y € X. Define T : X — CL(X) and @ : X x X — [0, 00) by

- { DAl xel0,1],
{x}, x>1

and

) cosh(x? +%%), x,y€[0,1],
a\x,
tanh(x + ), otherwise.

Clearly, T is not a continuous multi-valued mapping on (CL(X), H). Indeed, for sequence
{xa) = {1+ %} in X, we see thatx, =1 + % 4 1, but Tx,, = {1 + %} il (1} #{r} = TL
Next, we show that 7 is an «-continue multi-valued mapping on (CL(X), H). Let {x,} be

a sequence in X such that x, 4 x € X as n — oo and a(x,,%,+1) > 1, for all # € N. Then
we have x,x, € [0,1], for all # € N. Therefore, Tx, = {Ax%} i {Ax2} = Tx. This shows that
T is an «-continuous multi-valued mapping on (CL(X), H).

Now we give first main result in this paper.

Theorem 2.3 Let (X,d) be a metric space and T : X — CL(X) be a strictly («,¥,&)-
contractive mapping. Suppose that the following conditions hold:

(S1) (X,d) is an a-complete metric space;
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(S2) T is an a-admissible multi-valued mapping;
(S3) there exist xg and x1 € Txg such that o(xg, %) > 1;

(Sa) T is an a-continuous multi-valued mapping.

Then T has a fixed point.

Proof Starting from x( and x; € Txy in (S3), we have a(xg,x1) > 1. If xg = %, then we see
that xy is a fixed point of 7. Assume that xy # x;. If x; € Tx;, we obtain that x; is a fixed

point of T'. Then we have nothing to prove. So we let x; ¢ Tx;. From (e, ¥, £)-contractive

condition, we get

& (H(Txo, Tx))

d(xo, Tx1) + d(x1, Txo) }))

S W (g (max{d(xo:xl)r d(xOr T.')CO), d(xlr Txl): 2

v (S <max{d(xo,x1), d(x1, Txy), @ }))

(%0, %1) + d (21, Tx1) }))
2

< (E (max{d(x07 xl)r d(xlr Txl)) d
= ¥ (& (max{d(xo, 1), d(x1, Tx1)})). (2.1)
If max{d(xo,1), d(x1, Tx1)} = d(x1, Tx1), then we get

0 < &(d(x1, Txy))
< &(H(Txo, Tx1))
< ¥ (& (max{d(xo,x1), d(x1, 1) }))
= ¥ (§(d(x, Tny))), (2.2)

which is a contradiction. Therefore, max{d(xo,x1), d(x1, Tx1)} = d(x0,%1). From (2.1), we get

0 < &(d(x1, Tr1)) < & (H(Txo, Tx)) < v (& (d(x0,%1))). (2.3)
For fixed g > 1 by using Lemma 1.11, there exists %, € Tx; such that

0< S(d(xl,xz)) <q& (d(xl, Txl)). (2.4)
From (2.3) and (2.4), we have

0 < & (d(x1,%2)) < qr (& (d(x0,x1))). (2.5)

Since v is strictly increasing function, we have

0 < ¥ (&(d(x1,%2))) < ¥ (qv (6 (d(x0,%1))))- (2.6)
Put q; = —w(gxé(f;zi;ﬁg.zxs;))) and then g; > 1.
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If %, = %y or x, € Tx,, then we find that x; is a fixed point of T and thus we have nothing
to prove. Therefore, we may assume that x; # x, and x, ¢ Tx,. Since x; € Tx, x5 € Tx1,
a(xo,x1) > 1, and T is an o-admissible multi-valued mapping, we have a(x,%5) > 1. Ap-
plying from («, ¥, §)-contractive condition, we have

£(H(Txy, Txz))

= W (E (max{d(xlvxZ)td(xlr Txl)) d(er sz), 9

=y (5 <max{d(x1,xz),d(x2, Txy), @ })>

(%1, %2) + d(x2, Tx) }))

d(xl, TXQ) + d(xz, Txl) }))

<y|é (maX{d(xl,xz),d(xz, Tx,), a 5

= 1#(5 (max{d(xth)’ d(x27 sz)})) (27)
Suppose that max{d(x1,x2), d(x2, Tx2)} = d(x2, Tx5). From (2.7), we get

0 < &(d(x2, Txp))
< §(H(Txy, Tx,))
< ¥ (& (max{d(x1, x2), d(x2, Tx2) }))
= ¥ (& (d(x2, Txa))), (2.8)

which is a contradiction. Therefore, we may let max{d(xy,x2), d(x2, Tx3)} = d(x1,%5). From
(2.7), we have

0 < &(d(x2, Txn)) < & (H(Ty, Txz)) < ¥ (& (d1,x2))). (2.9)
By using Lemma 1.11 with ¢, there exists x3 € Tx; such that

0 < & (d(x2,%3)) < @1 (d(%2, Tx2)). (2.10)
From (2.9) and (2.10), we get

0 < £(d(x2,%3)) < ¥ (£ (d(w1,%2))) = ¥ (q¥ (£ (d(xo,%1)))). (2.11)
It follows from 1 being a strictly increasing function that

0 <y (&(d(x2,%3))) < ¥ (g (& (d(x0,%1)))). (2.12)

Continuing this process, we can construct a sequence {x,} in X such thatx, #x,,; € Tx,,

(X, Xp41) > 1 (2.13)
and

0 < & (dni1, Xnr2)) < V" (q¥ (§ (d(x0,%1)))) (2.14)

for all » e NU {0}.
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Let m, n € N such that m > n. By the triangle inequality, we have

m-1 m-1
E(dGomxn) < Y E(d@ixin)) < Y v (g (§(dxo,x)))).

Since ¢ € ¥, we have lim,, ,,,, o0 § (d(%,,, %,,)) = 0. Using (&), we get lim,, ,— 00 d(%,, %) = 0.
This implies that {x,,} is a Cauchy sequence in (X, d). From (2.13) and the «-completeness
of (X, d), there exists x* € X such that x, 4 x*as nm— oo.

By «-continuity of the multi-valued mapping T, we get

lim H(Tx,, Tx) = 0. (2.15)

n—00

Now we obtain
d(x*, Tx*) = lim d(x,1, Tx) < lim H(Tx,, Tx) = 0.
Therefore, x* € Tx* and hence T has a fixed point. This completes the proof. d

Corollary 2.4 Let (X,d) be a metric space and T : X — CL(X) be a strictly («,¥,&)-
contractive mapping. Suppose that the following conditions hold:

S1) (X, d) is an a-complete metric space;

(

(S5) T is an a-admissible multi-valued mapping;

(S3) there exist xo and x1 € Txo such that o(xg,x1) > 1;
(

Sa) T is an a-continuous multi-valued mapping.

Then T has a fixed point.

Corollary 2.5 (Theorem 2.5 in [6]) Let (X,d) be a complete metric space and T : X —
CL(X) be a strictly (o, ¥, &)-contractive mapping. Suppose that the following conditions
hold:

(A1) T is an ay-admissible multi-valued mapping;
(Ay) there exist xg and x1 € Txo such that o(xg,x1) > 1;
(As) T is a continuous multi-valued mapping.

Then T has a fixed point.

Next, we give second main result in this work.
Theorem 2.6 Let (X,d) be a metric space and T : X — CL(X) be a strictly (a,V,&)-
contractive mapping. Suppose that the following conditions hold:

(S1) (X,d) is an a-complete metric space;

(S2) T is an a-admissible multi-valued mapping;

(S3) there exist xg and x1 € Txg such that o(xg,x1) > 1;

(S4) if {xn} is a sequence in X with x, 4 x€Xasn— ooand o(xy,%,41) > 1, foralln e N,
then we have a(x,,x) > 1, for all n € N.

Then T has a fixed point.
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Proof Following the proof of Theorem 2.3, we know that {x,} is a Cauchy sequence in X

such that x,, —d> x* as m — oo and

(X, X41) > 1 (2.16)
for all n € N. From condition (S}), we get

a(x,6") > 1 (2.17)
for all » € N. By using the («, ¥, £)-contractive condition of T, we have

& (H(Txy, Tx"))

<y (E (max{d(xn,x*),d(xn, Tx,,),d(x*, Tx*), e, T") ; A, o) })) (2.18)

for all n € N. Suppose that d(x*, Tx*) > 0. Let € := M. Since x,, 4 x* as n — 00, we
can find N; € N such that
d(x*, Tx*)

d(x*,x,,) < — (2.19)

for all # > Nj. Furthermore, we obtain that

d(x*, Txy) < d(x*,x001) < @ (2.20)

for all » > Nj. Also, as {x,} is a Cauchy sequence, there exists N, € N such that

d(x*, Tx*
sy i) < dl ) < L) .21)
for all # > Ns. It follows from d(x,, Tx*) — d(x*, Tx*) as n — oo that we can find N3 € N

such that

3d(x*, Tx*)
c 2P

d(xn, Tx*) 5

(2.22)
for all n > N3. Using (2.19)-(2.22), we get

d(x,, Tx*) + d(x*, Tx,,)
2

max{d(x,,,x*), A, Tx), d(x*, Tx"), } =d(x*, Tx") (2.23)

for all 7 > N := max{Ny, Ny, Ns}. For 7 > N, by (2.18) and the triangle inequality, we have
E(d(x ")) < £ (d(x 00n)) + & (H(Ten T"))
< E(d(x 50)) + ¥ <.§ (max{d(xn,x*),d(x,,, T, d(x, To"),
d(x,, Tx*) + d(x*, Tx,,) }))

2
= £(d(x", x01)) + (& (d(x7, Tx))).
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Letting n — oo in the above inequality, we get
§(d(x", Tx)) = ¥ (5 (d(»", Tx7))).

This implies that & (d(x*, Tx*)) = 0, which is a contradiction. Therefore, d(x*, Tx*) = 0, that
is, x* € Tx*. This completes the proof. 0

Corollary 2.7 Let (X,d) be a metric space and T : X — CL(X) be a strictly (o, ¥,&)-
contractive mapping. Suppose that the following conditions hold:

S1) (X,d) is an a-complete metric space;

(

(Sy) T is an a.-admissible multi-valued mapping;

(S3) there exist xo and x1 € Txg such that a(xg,x1) > 1;

(S4) if {xn} is a sequence in X with x, 4 x€Xasn— ooand a(x,,%x,41) > 1, foralln e N,

then we have a(x,,x) > 1, for all n € N.

Then T has a fixed point.

Corollary 2.8 (Theorem 2.6 in [6]) Let (X,d) be a complete metric space and T : X —
CL(X) be a strictly (o, ¥, &)-contractive mapping. Suppose that the following conditions
hold:

(A1) T is an a,-admissible multi-valued mapping;
(Ay) there exist xg and x1 € Txg such that o(xg,x1) > 1;
(A}) if {xn} is a sequence in X with x, 4 x€Xasn— ooando(x,,x,,1)>1, forallneN,

then we have a(x,,x) > 1, for all n € N.

Then T has a fixed point.

Remark 2.9 Theorems 2.3 and 2.6 generalize many results in the following sense:

» The condition (1.1) is weaker than some kinds of the contractive conditions such as
Banach’s contractive condition [10], Kannan’s contractive condition [11], Chatterjea’s
contractive condition [12], Nadler’s contractive condition [13], etc.;

+ the condition of being o-admissible of a multi-valued mapping T is weaker than the
condition of being «,-admissible of T’

« for the existence of fixed point, we merely require that a-continuity of 7 and
a-completeness of X, whereas other result demands stronger than these conditions.

Consequently, Theorems 2.3 and 2.6 extend and improve the following results:

« Theorem 2.5 and Theorem 2.6 of Ali et al. [6];

« Theorem 2.1 and Theorem 2.2 of Samet et al. [4];

« Theorem 2.3 of Asl et al. [5];

« Theorem 2.1 and Theorem 2.2 of Amiri et al. [14];

o Theorem 2.1 of Salimi et al. [15];

« Theorem 3.1 and Theorem 3.4 of Mohammadi et al. [7].

Next, we give an example to show that our result is more general than the results of Ali

et al. [6] and many known results in the literature.
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Example 2.10 Let X = (-10,10) and the metric d: X x X — R defined by d(x,y) = |x — ¥/,
forall x,y € X. Define T: X — CL(X) and « : X x X — [0, 00) by

[_91 |x|]! VS (_101 0)1
Tx=110,2], xel0,2],
=10 9], xe(2,10)
and

e?cosh(x +y), x,y€][0,2],

x,y) =
) tanh(e* —€’),  otherwise.

Clearly, (X, d) is not complete metric space. Therefore, the results of Ali et al. [6] are not
applicable here.

Next, we show that by Theorem 2.6 can be guaranteed the existence of a fixed point
of T. Define functions ¥, & : [0,00) — [0,00) by ¥ (¢) = % and £(¢) = +/1, for all £ € [0, 00).
It is easy to see that ¥ € W and £ € E.

Firstly, we will show that T is a strictly («, ¥, §)-contractive mapping. For x,y € X and
a(x,y) > 1, we have x,y € [0,2] and then

e — yI
4

1
oV lx -yl

1
< —/M(x,
=3 (%, 9)

£(H(Tx, Ty))

v (&(M(x,))).

It is to be observed that  is strictly increasing function. Therefore, T is a strictly (o, ¥, §)-
contractive mapping.

Moreover, it is easy to see that T is an a-admissible multi-valued mapping and there
exists wg =1 € X and x; = 1/4 € Txg such that

alxg,x1) = @(1,1/4) > 1.

Also, T is an «-continuous mapping.
Finally, for each sequence {x,} in X with x, 4 x € X as n — oo and a(x,,x,,1) > 1, for
all # € N, we have a(x,,x) > 1, for all n € N. Thus the condition (S}) in Theorem 2.6 holds.
Therefore, by using Theorem 2.3 or 2.6, we get T has a fixed point in X. In this case, T
has infinitely fixed points such as -2, —1, and 0.

3 Consequences

3.1 Fixed point results in metric spaces endowed with an arbitrary binary relation
It has been pointed out in some studies that some results in metric spaces endowed with
an arbitrary binary relation can be concluded from the fixed point results related with
a-admissible mappings on metric spaces. In this section, we give some fixed point results
on metric spaces endowed with an arbitrary binary relation which can be regarded as
consequences of the results presented in the previous section. The following notions and
definitions are needed.
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Let (X, d) be a metric space and R be a binary relation over X. Denote

S:=RURY,

xyeX, xSy <= xRy or yRx.

Definition 3.1 Let X be anonempty set and R be a binary relation over X. A multi-valued
mapping T : X — N(X) is said to be a weakly comparative if for each x € X and y € Tx with
xSy, we have ySz, for all z € Ty.

Definition 3.2 Let (X,d) be a metric space and R be a binary relation over X. The met-
ric space X is said to be S-complete if and only if every Cauchy sequence {x,} in X with
%, Sxy41, for all m € N, converges in X.

Definition 3.3 Let (X, d) be a metric space and R be a binary relation over X. We say that
T : X — CL(X) is a S-continuous mapping to (CL(X), H) if for given x € X and sequence
{x,,} with

lim d(x,,x)=0 and x,5x,,; foralneN — lim H(Tx,, Tx) = 0.
n—00 n—00

Definition 3.4 Let (X, d) be a metric space and R be a binary relation over X. A mapping
T :X — CL(X) is called an (S, ¥, §)-contractive mapping if there exist two functions y €
W and & € E such that

xyeX, xSy = E(H(Tx, Ty)) < ¥ (§(Mx9))), (3.1)
where M(x, y) = max{d(x,y), d(x, Tx), d(y, Ty), d(x,Ty);d(y,Tx) 1.

In the case when y € W is strictly increasing, the (S, ¥, §)-contractive mapping is called
a strictly (S, ¥, &)-contractive mapping.

Theorem 3.5 Let (X,d) be a metric space, R be a binary relation over X and T : X —
CL(X) be a strictly (S,y,§)-contractive mapping. Suppose that the following conditions
hold:

S1) (X,d) is an S-complete metric space;

(S1)

(S2) T is a weakly comparative mapping;

(S3) there exist xg and x1 € Txqg such that xoSx1;
(Sa) T is a S-continuous multi-valued mapping.

Then T has a fixed point.

Proof This result can be obtain from Theorem 2.3 by define a mapping & : X x X — [0, 00)
by

x,7) 1, xy€exSy,
a(x,y) =
Y 0, otherwise.

This completes the proof. d
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By using Theorem 2.6, we get the following result.

Theorem 3.6 Let (X,d) be a metric space, R be a binary relation over X and T : X —
CL(X) be a strictly (S,V,&)-contractive mapping. Suppose that the following conditions
hold:

(S1) (X,d) is an S-complete metric space;
(S2) T is a weakly comparative mapping;
(Ss
(

S4) if {x,} is a sequence in X with x, — x € X as n — 00 and x,Sx,11, for all n € N, then

) there exist xy and x1 € Txq such that xoSx1;

we have x,Sx, for all n € N.

Then T has a fixed point.

3.2 Fixed point results in metric spaces endowed with graph

In 2008, Jachymski [16] obtained a generalization of Banach’s contraction principle for
mappings on a metric space endowed with a graph. Afterwards, Dinevari and Frigon [17]
extended some results of Jachymski [16] to multi-valued mappings. For more fixed point
results on a metric space with a graph, one can refer to [18—20].

In this section, we give fixed point results on a metric space endowed with a graph.
Before presenting our results, we give the following notions and definitions.

Throughout this section, let (X,d) be a metric space. A set {(x,x) : x € X} is called a
diagonal of the Cartesian product X x X and is denoted by A. Consider a graph G such
that the set V(G) of its vertices coincides with X and the set £(G) of its edges contains all
loops, i.e., A € E(G). We assume G has no parallel edges, so we can identify G with the
pair (V(G), E(G)). Moreover, we may treat G as a weighted graph by assigning to each edge
the distance between its vertices.

Definition 3.7 Let X be a nonempty set endowed with a graph G and T': X — N(X) bea
multi-valued mapping, where X is a nonempty set X. We say that T weakly preserves edges
if for each x € X and y € Tx with (x,) € E(G), we have (y,z) € E(G), for all z € Ty.

Definition 3.8 Let (X, d) be a metric space endowed with a graph G. The metric space X
is said to be E(G)-complete if and only if every Cauchy sequence {x,} in X with (x,,, %,,41) €
E(G), for all n € N, converges in X.

Definition 3.9 Let (X, d) be a metric space endowed with a graph G. We say that 7: X —
CL(X) is an E(G)-continuous mapping to (CL(X), H) if for given x € X and sequence {x,}
with

lim d(x,,x) =0 and (x,,%,,1) € E(G) foralmeN = lim H(Tx,, Tx)=0.
n—0o0 n—00

Definition 3.10 Let (X, d) be a metric space endowed with a graph G. A mapping T : X —
CL(X) is called an (E(G), ¥, & )-contractive mapping if there exist two functions ¥ € ¥ and
& € E such that

xyeX, (xy) €EG) = §(H(Ix D))<y (E(Mxy)), (3.2)

where M(x,y) = max{d(x,y), d(x, Tx), d(y, Ty), W}.
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In the case when v € W is strictly increasing, the (E(G), ¥, &)-contractive mapping is
called a strictly (E(G), ¥, £)-contractive mapping.

Theorem 3.11 Let (X,d) be a metric space endowed with a graph G, and T : X — CL(X)
be a strictly (E(G), ¥, &)-contractive mapping. Suppose that the following conditions hold:

(S1) (X,d) is an E(G)-complete metric space;

(S2) T weakly preserves edges;

(S3) there exist xy and x1 € Txg such that (xg,x1) € E(G);
(Sa) T is an E(G)-continuous multi-valued mapping.

Then T has a fixed point.

Proof This result can be obtained from Theorem 2.3 by defining a mapping a : X x X —

[0, 00) by
L, (%) €EG),
ax,y) = ) )
0, otherwise.
This completes the proof. |

By using Theorem 2.6, we get the following result.

Theorem 3.12 Let (X,d) be a metric space endowed with a graph G and T : X — CL(X)
be a strictly (S, ¥, §)-contractive mapping. Suppose that the following conditions hold:

(S1) (X,d) is an E(G)-complete metric space;

(S2) T weakly preserves edges;

(S3) there exist xy and x1 € Txg such that (xy,%1) € E(G);

(S4) if {xn} is a sequence in X with x, - x € X as n — 00 and (x,,%,.1) € E(G), for all

n € N, then we have (x,,x) € E(G) for all n € N.

Then T has a fixed point.

Remark 3.13

1. If we assume G is such that E(G) := X x X, then clearly G is connected and our
Theorems 3.11 and 3.12 improve Nadler’s contraction principle [13] and in the case of
a single-valued mapping, we improve Banach’s contraction principle [10], Kannan’s
contraction theorem [11], Chatterjea’s contraction theorem [12], and Bianchini and
Grandolfi’s fixed point theorem.

2. Theorems 3.11 and 3.12 are partial some generalized fixed point results endowed
with a graph of Jachymski [16] and Dinevari and Frigon [17].

3. Theorems 3.11 and 3.12 are generalizations of fixed point results of Theorem 2.5 and
Theorem 2.6 of Ali et al. [6] in a graph version.
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