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Abstract

In this paper, we introduce the concept of partial a-i contractive mappings along with generalized metric
distance. We also establish the existence of fixed point theorems for such mappings in generalized metric
spaces. Our results extend and unify main results of Karapinar [E. Karapinar, Abstr. Appl. Anal., 2014
(2014), 7 pages] and several well-known results in literature. We give some examples to illustrate the
usability of our results. Moreover, we prove the fixed point results in generalized metric space endowed with
an arbitrary binary relation and the fixed point results in generalized metric space endowed with graph.
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1. Introduction

In 2000, Branciari [I] defined the generalized metric space by replacing the triangle inequality in metric
space with a more general inequality called quadrilateral inequality. He also established the generalization of
the Banach fixed point theorem in the setting of generalized metric space. In 2012, Samet et al. [5] introduced
the concept of a-admissible mappings and established fixed point theorems for nonlinear mappings satisfying
the a-admissibility in complete metric spaces. Recently, Karapinar [2] proved the existence and uniqueness
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of fixed points for a-iy contractive mappings satisfying the a-admissibility in complete generalized metric
spaces.

The aim of this paper is to defined the concept of partial a-i¢ contractive mappings. Under some
suitable condition, we study and establish fixed point theorems for such mappings in generalized metric
spaces. These results extend, unify and generalize main results of Karapinar [2] and various well known
results in the existing literature. Also, we give some examples to illustrate the usability of our results.
Moreover, we give the fixed point results in generalized metric space endowed with an arbitrary binary
relation and the fixed point results in generalized metric space endowed with graph.

2. Preliminaries

In this paper, N denotes the set of positive integers and R™ denotes the set of positive real numbers. In
what follows, we recall the notion of generalized metric spaces.

Definition 2.1 ([I]). Let X be a nonempty set and d : X x X — [0, 00) satisfies the following conditions
for all z,y € X and all distinct u,v € X, each of them different from z and y:

(GMS1) d(z,y) =0 <= xz=1y;

(GMS2) d(x,y) = d(y,x);

(GMS3) d(z,y) < d(z,u) +d(u,v) +d(v,y) (quadrilateral inequality).

Then the mapping d is called generalized metric. Here, the pair (X, d) is called generalized metric space and
abbreviated as GMS.

Example 2.2. Let X = {aj,a2,as,a4,a5}. Define a mapping d : X x X — [0,00) as follows:

0, 1=y,
1, |i—jl=1,
dlaisa;) =\ 5 L-j:|5

3, otherwise.
Then d is a generalized metric on X, but d is not a metric on X, because
d(ag,a4) =3>2= d(ag,ag) + d(ag, a4).

Example 2.3. Let X = {2 : n=1,2,...} U{0}. Define a mapping d : X x X — [0,00) as follows:

0, forz =y,
d(z,y) =4 3, forz#y and z,y€{0,:},
1, forx#y and z,ye X\{0}.

Then d is a generalized metric on X, but d is not a metric on X, because

11 1 1
dl-,=]=1 T=d| - d .
(5:3) =1>07=d(50) +a(0.5)

Definition 2.4 ([1]). Let (X, d) be a generalized metric space and {x,} be a sequence of elements of X.
(1) A sequence {z,} is said to be GMS convergent to a limit = € X if and only if d(z,,x) — 0 as n — .

(2) A sequence {x,} is said to be GMS Cauchy if and only if for every ¢ > 0 there exists a positive integer
N (e) such that d(zp,zy,) < € for all n > m > N(e).

(3) A generalized metric space X is said to be complete if every GMS Cauchy sequence in X is GMS
convergent.
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Proposition 2.5 ([3]). Assume that {x,} is a GMS Cauchy sequence in a generalized metric space (X,d)
with lim d(zy,u) =0 for some uw € X. Then lim d(zp,z) = d(u,z) for all z € X. In particular, if z # u,

then the sequence {x,} does not converge to z.

Definition 2.6. Let (X, d) be a generalized metric space. A mapping T': X — X is continuous at a point
x € X if for each sequence {x,} in X with z,, = = as n — oo for some = € X, we get Tx,, = Tx as n — 0.

Let ¥ be the family of all functions 1 : [0,00) — [0, c0) satisfying the following conditions:

(i) 1 is nondecreasing;

oo
(ii) there exist kg € N and a € (0,1) and a convergent series of nonnegative terms »_ v such that
k=1
YEEH(E) < ag®(t) + v (2.1)

for all K > kg and any t € R™.

Lemma 2.7 ([4]). If ¢ € ¥, then the following assertions hold:

(1) {¢"(t)}nen converges to 0 as n — oo for all t € RY;
(ii) ¥(t) <t for anyt € RY;
(iii) ¢ is continuous at 0;
oo
(iv) the series Zwk(t) converges for any t € RT.
k=1
Definition 2.8 ([2]). Let (X, d) be a generalized metric space. We say that 7' : X — X is an a- contractive
mapping if there exist av: X x X — [0,00) and ¢ € ¥ such that

a(z,y)d(Tz, Ty) < P(d(z,y)) (22)
for all z,y € X.

Definition 2.9 ([5]). Let X be a nonempty set and « : X x X — [0,00) be a mapping. We say that
T:X — X is an a-admissible mapping if the following condition holds:

z,y€e X with a(z,y) >1 = aoTz,Ty) > 1.

Example 2.10. Let X = [0,00). Define mappings 7 : X — X and o : X x X — [0,00) by
Tz =/x forall ze€ X and
2, z2y,

o) ={ 5 L2V

Then T is an a-admissible mapping.

Example 2.11. Let X = R. Define mappings 7: X — X and a: X x X — [0,00) by

_ [ x|, z#0,
Tm_{?, =0

and
eV, 0<y<uz,
0, otherwise.

Then T is an a-admissible mapping.
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3. Main results

First we give the notion of partial a-1 contractive mapping in the setting of generalized metric spaces
as follows:

Definition 3.1. Let (X,d) be a generalized metric space. We say that T : X — X is a partial
a-1) contractive mapping if there exist o : X x X — [0,00) and @ € ¥ such that the following condi-
tion hold:

r,ye X with az,y) >1 = d(Tz,Ty) <y(d(x,y)). (3.1)

Now, we establish the following fixed point theorems for partial a-1 contractive mappings in generalized
metric spaces.

Theorem 3.2. Let (X, d) be a complete generalized metric space and T : X — X be a partial a-1p contractive
mapping. Then T has a fixed point provided that the following conditions hold:

(i) T is an a-admissible mapping;
(ii) there exists g € X such that a(zo, Txo) > 1 and a(zg, T?x0) > 1;
(iii) T is a continuous mapping.

Proof. From condition (ii) in hypotheses, there exists a point xg € X such that a(xg,Txp) > 1 and
a(zo, T?r9) > 1. We construct a sequence {x,} in X by x, = T"x¢ for all n € N. If 25 = x4 for
some 1 € NU {0}, then z;; = u is a fixed point of 7. So we will assume that

Ty, F Tntl for all n € NU {0}. (3.2)

Since T is an a-admissible mapping, we have

a(xg, 1) = a(zg, Txo) > 1 == a(zy,x2) = a(Txg, Txy) > 1
== a(zy, x3) = a(Tx,Txy) > 1
= oz, r4) = Tz, Trs) > 1 (3.3)
Continuing above process, we get
a(Tp, Tnte1) > 1 for all n € NU {0}. (3.4)
Similarly, we have
a(Tp, Tnia) > 1 for all n € NU {0}. (3.5)
Consider (3.1)) and (3.4]), we obtain that
d(xpi1,2n) = d(Txp, Trp—1) < Y(d(zn, Tn-1)) for all n € N. (3.6)
Repeating the process (3.6), we get
d(Tpt1,Tn) < Y™ (d(x1,20)) for all n € N. (3.7)
From Lemma we have
lim d(zpt1,2,) = 0. (3.8)

n—oo

Consider (3.1)) and (3.5)), we have
d(xpio,on) = d(Trpt1, Trn—1) < Y(d(Tpt1, Tn-1)) for all n € N. (3.9)
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Continuing the process (3.9), we get

d(xpyo, 2n) < V" (d(x2,x0)) for all n € N. (3.10)
From Lemma we get
ILm d(zp42,xn) = 0. (3.11)

Let x,, = z,, for some m,n € N with m # n. Without loss of generality, we will assume that m > n. Since
a(l'm,l'm,l) > 17 we get

< ¢(d(33m7 .fm,l))
<" (d(@n41, 7)) (3.12)
for all m,n € N. By Lemma [2.7] (ii) and (3.12), we have
d(l‘n+1,$n) < ¢min(d($n+17xn)) < d(xn—i-l)xn)v (313)

which is a contradiction. Thus, x,, # z,, for all m,n € N with m # n.
Next, we will prove that {z,} is a GMS Cauchy sequence. Fix ¢ > 0 and n(e) such that

3 [ (d(z1, 20)) + Y (d(x2, 20))] < €.

n>n(e)

Let m,n € N with m > n > n(e). Assume that m = n + k, where k > 2. We will consider the only two
cases as follows:

Case(I): For k is odd. Let k = 2] 4+ 1, where [ € N. By using the quadrilateral inequality together with
(13.7), we have

d($n, -’Em) = d(l‘na xn+2l+1)

<d(zp,Tnt1) + d(@ps1, Tpg2) + - + d(Tnso, Togorv1)
n+k—1

< 3 YHd(, )
k=n

< Y WAz, @) + 9" (d(w2, 20))] < (3.14)

n>n(e)

Case(II): For k is even. Let k = 2[, where [ € N. By using the quadrilateral inequality together with

(3.10), we have

d(Tp, Tm) = d(Tn, Tni21)
< d(.%‘n, xn+2) + d(xn-‘er xn+3) +ot d(wnJFQl*l’ x"+21)
n+k
< Z wk(d(x% xo))
k=n

< Y ["(d(@1,70)) + ¢ (d(w2, 20))] < €. (3.15)

n>n(e)

It follows that {z,} is a GMS Cauchy sequence in (X, d). By the completeness of (X, d), there exists u € X
such that
lim d(z,,u) = 0. (3.16)

n—o0
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Also, from T is continuous and (3.16[), we have

lim d(xpy1,Tu) = lim d(Tz,,Tu) = 0. (3.17)
n—oo

n—oo

This implies that lim x,,1 = lim T, = Tu. By Proposition we obtain that Tu = u, that is, T has a
fixed point. OJ

Definition 3.3. Let (X, d) be a generalized metric space and o : X x X — [0,00) be a mapping. We say
that X satisfies condition (x) if {x,} is sequence in X such that z, — = as n — oo for some z € X and
oy, Tpe1) > 1 for all n € N, then a(z,,z) > 1 for all n € N.

Theorem 3.4. Let (X, d) be a complete generalized metric space and T : X — X be a partial a-1p contractive
mapping. Therefore, T has a fixed point provided that the following conditions hold:

(i) T is an a-admissible mapping;
(ii) there exists vg € X such that a(xo, Txo) > 1 and a(zo, T?x0) > 1;
(iii) X satisfies condition (*).

Proof. Following the proof of Theorem we know that the sequence {x,} defined by z,+1 = T, for all
n € NU {0} converges for some v € X. From (3.4) and condition (iii), we get a(zp, ) > 1 for all n € N.

By using (3.1)), we get

d(xpt1,Tu) = d(Txp, Tu)
< P(d(zp,u)) for all n € N. (3.18)

Letting n — oo in the above inequality, we obtain that

lim d(zp41,Tu) = 0. (3.19)
k—o00
By Proposition [2.5] we conclude that u is a fixed point of T O

Example 3.5. Let X = AU B where A = (—00,0), B = {1,2,3,4}. Define the generalized metric d on X
follows:

d(1,2) = d(2,1) = d(3,4) = d(4,3) = 3,
d(1,3) = d(3,1) = d(2,4) = d(4,2) = 8,
d(1,4) =d(4,1) =d(2,3) = d(3,2) =4,
d(z,y) = |z —y| otherwise.

If is easy to see that d does not satisfy triangle inequality. Indeed,
8 =4d(1,3) >d(1,2) +d(2,3) =5.

Let T: X — X and a: X x X — [0,00) be defined as

20 —1
Ty = P x e A,
3, r€B
and
z%y, z,y € B,
oz, y) = |zy|

W N otherwise.
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Next, we will show that T is a partial a-t contractive mapping ¢ (t) =t/2 for all t € [0, 00). For a(z,y) > 1,
we have z,y € B and thus
d(Tx, Ty) = d(3,3) < ¢(d(z,y))-

Moreover, there exists zg € X such that a(zg, Txo) > 1. Indeed, for o = 1, we have
alrg, Tzg) = a(1,T1) = a(1,3) =3  and  a(xo, T?x0) = a(1,T%1) = (1,T3) = a(1,3) = 3.

Also, we have T is an a-admissible mapping. Indeed, assume that z,y € X with a(x,y) > 1. It follows that
x,y € B. By definition of the mapping 7', we have a(Tz, Ty) = «(3,3) = 27 > 1.

Finally, we will prove that condition (x) hold. Let a(xy,,zn41) > 1 for allm € N and x,, - = € X as
n — oo. Since &(xy, Tp+1) > 1 for all n € N, we get x,, € B for n € N. By the closedness of B, we obtain
that x € B. Therefore, a(zp,x) > 1 for all n € N.

Hence, T satisfies all the conditions of Theorem Which proves the required result. So T" has a (unique)
fixed point on X, that is, x = 3.

4. Fixed point theorems in generalized metric spaces endowed with an arbitrary binary rela-
tions

In this section, we present fixed point theorems in generalized metric spaces endowed with an arbitrary
binary relations. Before presenting our results, we give some definitions and notions which are useful for
our results as follow:

Let (X, d) be a generalized metric space and R be a binary relation over X. Denote

S:=RUR L

Clearly,
z,ye X, z8y <= 2Ry or yRuz.

It is easy to see that S is the symmetric relation attached to R.

Definition 4.1. Let X be a nonempty set and R be a binary relation over X. The mapping T : X — X is
called a comparative mapping if

z,y € X with 28y = (Tx)S(Ty). (4.1)

Definition 4.2. Let (X, d) be a generalized metric space and R be a binary relation over X. The mapping
T: X — X is called a partial v contractive mapping with respect to S if there exists a function ¢ € ¥ such
that the following condition hold:

r,y € X with 28y = d(Tz,Ty) <y(d(x,y)). (4.2)

Theorem 4.3. Let (X,d) be a generalized metric space, R be a binary relation over X and T : X — X
be a partial Y contractive mapping with respect to S. Then T has a fixed point provided that the following
conditions hold:

(i) T is a comparative mapping;
(ii) there ewists xo € X such that (x0)S(Txo) and (x0)S(T?x0);
(iii) T is a continuous mapping.

Proof. Consider a mapping a : X x X — [0, 00) defined by

( ) 1) z,y € SUS:U,
alx,y) =
Y 0, otherwise.
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By condition (ii), we have a(zo,Txo) = 1 and a(zg, T?x¢) = 1. It follows from T is comparative mapping
that T is an a-admissible mapping. Since T is a partial ¢ contractive mapping with respect to S, we have,
for all x,y € X,

Sy = d(Tz,Ty) < (d(z,y))

and thus
alw,y) =1 —  d(Te,Ty) < v(d(x,y)).

Therefore, T' is a partial -1 contractive mapping. Now all the hypotheses of Theorem are satisfied.
Therefore, T has a fixed point. O

Definition 4.4. Let (X, d) be a generalized metric space and R be a binary relation over X. We say that X
satisfies condition (xs) if {z,} is sequence in X such that z,, — = as n — oo for some = € X and x,Sxp4+1
for all n € N, then z,Sx for all n € N.

Theorem 4.5. Let (X,d) be a complete generalized metric space and let T : X — X be a partial ¢
contractive mapping with respect to S. Then T has a fixed point provided that the following conditions hold:

(i) T is a comparative mapping;
(ii) there exists xo € X such that (20)S(Txo) and (x0)S(T?x0);
(i1i) X satisfies condition (xs).

Proof. This proof is similar to Theorem O

5. Fixed point theorem analysis with graph

In this section, we give the existence of fixed point theorems on a generalized metric space endowed with
graph. Before presenting our results, we give some definitions and notions which are useful for our results
as follow:

Let (X,d) be a generalized metric space. A set {(z,z) : z € 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 F(G) of its edges contains all loops, i.e., A C 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 5.1. Let X be a nonempty set endowed with a graph G. The mapping T : X — X is called
preserve edge if the following condition hold:

z,ye X with (z,y) € BE(G) = (Tz,Ty) € E(G). (5.1)

Definition 5.2. Let (X, d) be a generalized metric space endowed with a graph G. The mapping T : X — X
is called a partial ¢ contractive mapping with respect to E(G) if there exists a function ¢ € ¥ such that the
following condition hold:

z,ye X with (z,y) € E(G) = d(Txz,Ty) <y(d(z,y)). (5.2)

Theorem 5.3. Let (X, d) be a generalized metric space endowed with a graph G and T : X — X be a partial
Y contractive mapping with respect to E(G). Then T has a fixed point provided that the following conditions
hold:

(i) T is preserve edge;
(ii) there exists g € X such that (zo, Tzo) € E(G) and (zo, T?x0) € E(G);
(iii) T is a continuous mapping.
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Proof. Consider a mapping « : X x X — [0, 00) defined by

a(z,y) = {1, z,y € E(G),

0, otherwise.

From condition (ii), we have a(xo, Tz¢) = 1 and a(zg, T?x¢) = 1. It follows from T is preserve edge that T
is an a-admissible mapping. Since T is a partial ¢ contractive mapping with respect to E(G), we have, for
all z,y € X,

(z,y) € E(G) = d(Tz,Ty) < ¢(d(z,y))

and thus
alw,y) =1 = d(Te,Ty) < ¥(d(x,y)).

Therefore, T' is a partial a-1 contractive mapping. Now all the hypotheses of Theorem are satisfied.
Therefore, T has a fixed point. O

Definition 5.4. Let (X, d) be a generalized metric space endowed with a graph G. We say that X satisfies
condition (¢ ) if {xy} is sequence in X such that x,, — z as n — oo for some z € X and (x,, zn41) € E(G)
for all n € N, then (z,,2) € E(G) for all n € N.

Theorem 5.5. Let (X,d) be a complete generalized metric space and let T : X — X be a partial ¢
contractive mapping with respect to E(G). Then T has a fized point provided that the following conditions
hold:

(i) T is preserve edge;
(ii) there exists vg € X such that (zo, Txo) € E(G) and (zo, T?x0) € BE(G);
(i1i) X satisfies condition (xg).

Proof. This proof is similar to Theorem O
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