Hindawi Publishing Corporation
Journal of Applied Mathematics
Volume 2014, Article ID 353765, 8 pages
http://dx.doi.org/10.1155/2014/353765

Research Article

Existence of Periodic Fixed Point Theorems in the Setting of
Generalized Quasi-Metric Spaces

Chi-Ming Chen,' Erdal Karapinar,”* and Vladimir Rako¢evi¢*

! Department of Applied Mathematics, National Hsinchu University of Education, Taiwan

? Atilim University Department of Mathematics, Incek, 06586 Ankara, Turkey

3 Nonlinear Analysis and Applied Mathematics Research Group (NAAM), King Abdulaziz University, Jeddah, Saudi Arabia
* Faculty of Sciences and Mathematics, University of Nis, Visegradska 33, 18000 Nis, Serbia

Correspondence should be addressed to Chi-Ming Chen; ming@mail.nhcue.edu.tw
Received 9 July 2014; Accepted 16 August 2014; Published 26 August 2014
Academic Editor: Lai-Jiu Lin

Copyright © 2014 Chi-Ming Chen et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

We introduce the notions of (& — ¢ — y)-weaker Meir-Keeler contractive mappings and (« — ¢)-stronger Meir-Keeler contractive
mappings. We discuss the existence of periodic points in the setting of generalized quasi-metric spaces. Our results improve, extend,

and generalize several results in the literature.

1. Introduction and Preliminaries

Very recently, Lin et al. [1] introduced the notion of gener-
alized quasi-metric inspired from the notion of generalized
metric, defined by Branciari [2]. It is a very well-known fact
that the concept of generalized metric can be derived from the
definition of metric by replacing the triangle inequality with a
weaker condition, namely, quadrilateral inequality. In spite of
the analogy between the definitions of metric and generalized
metric, the topological structure of these spaces is completely
different. It was proved that the topologies of these two spaces
are incomparable [3].

In what follows that we recall the basic definitions and
results on the topics for the sake of completeness. Throughout
the paper, the symbols R, N, and N, denote the real numbers,
the natural numbers, and the positive integers, respectively.

A quite natural generalization of the notion of a metric
was introduced by Branciari [2] in 2000 by replacing the
triangle inequality assumption of a metric with a weaker
condition, quadrilateral inequality.

Definition 1 (see [2]). Let X be a nonempty set and let d :
X xX — [0,00) be amapping such that for all x, y € X and
for all distinct point u, v € X each of them different from x
and y, one has

(d1) d(x, y) = 0ifand only if x = y;

(d2) d(x, y) = d(y, x);
(d3) d(x,y) < d(x,u) + d(u,v) + d(v, y) (quadrilateral
inequality).

Then (X, d) is called a generalized metric space (or shortly
g.m.s).

The following example illustrates that not every general-
ized metric on a set X is a metric on X.

Example 2 (see e.g. [1, 4]). Let X = {t, 2¢, 3t,4¢t, 5t} witht > 0
is a constant, and we defined : X x X — [0, c0) by

(1) d(x,x) =0, forall x € X;

(2) d(x,y) =d(y,x),forall x, y € X;

(3) d(t,2t) = 3y;

(4) d(t,3t) = d(2t,3t) = y;

(5) d(t,4t) = d(2t,4t) = d(3t,4t) = 2y;

(6) d(t,5t) = d(2t,5t) = d(3t, 5¢) = d(4t,5t) = (3/2)y,

where y > 0 is a constant. Then (X, d) is a generalized metric
space, but it is not a metric space, because

d(t,2t) = 3y > d (t,3t) + d (3t,2t) = 2y. )
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Now, we will mention that some standard properties can not
be possesed by generalized metric: more precisely,

(P1) open ball need not be open set,

(P2) a convergent sequence in generalized metric space
needs not to be Cauchy,

(P3) generalized metric needs not to be continuous,

(P4) generalized metric space needs not to be Hausdorft,
and hence the uniqueness of limits can not be guar-
anteed.

Several authors noticed these weak points of the generalized
metric space and inserted some additional assumptions to get
the analog of celebrated fixed point theorems in the context
of generalized metric space. In particular, generalized metric
space assumed Hausdorft. Later, several authors proved that
this assumption is superfluous; see for example [5-9].

Example 3 (see [10], Example 1.1). Let X = AU B where A =
{0,2} and A = {1/n : n € N}. Defined : X x X — [0,00) in
the following way:

0, ifx=y,
d(x,y)z 1, ifx+y, [{x,y}CAor {x,y}CB],
y, ifxeA, yeB.
(2)

Notice that d(a,b) = d(b,a) = b whenevera € Aandb € B.
Furthermore, (X, d) is a complete generalized metric space.
Clearly, we have (P1)-(P4). Indeed, the sequence {1/n : n €
N} converges to both 0 and 2. There is no » > 0 such that
B,(0) N B,(2) = 0 and hence it is not Hausdorff. It is clear that
the ball B, ;(1/3) = {0, 1/3, 2} since there isno r > 0 such that
B,(=) € B,3(1/3); that is, open balls may not be an open set.
The function d is not continuous since lim, _, . d(1/n,1/2) +
d(0,1/2) although lim,, , .,(1/n) = 0. For more details see,
for example, [4, 8, 10].

Regarding the weakness of the topology of generalized
metric space, mentioned above, the authors add some addi-
tional conditions to get the analog of existing fixed point
results in the literature; see, for example, [11-17].

The following is the definition of the notion of generalized
quasi-metric space defined by Lin et al. [1].

Definition 4. Let X be a nonempty setandletd : X x X —
[0,00) be a mapping such that, for all x, y € X and for all
distinct point u, v € X each of them different from x and y,
one has

(i) d(x, y) = 0ifand only if x = y;
(ii) d(x, y) < d(x,u) + d(u,v) + d(v, y).

Then (X, d) is called a generalized quasi-metric space (or
shortly g.q.m.s).

It is evident that any generalized metric space is a
generalized quasi-metric space, but the converse is not true
in general. We give an example to show that not every
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generalized quasi-metric on a set X is a generalized metric
on X.

Example 5 (see [1]). Let X = {t,2t, 3t, 4t, 5t} with t > 0 being
a constant, and we defined : X x X — [0, c0) by

(1) d(x,x) =0, forall x € X;

(2) d(t,2t) = d(2t,t) = 3y;

(3) d(t,3t) = d(2t,3t) = d(3t,t) = d(3t,2t) = y;

(4) d(t,4t) = d(2t, 4t) = d(3t,4t) = d(4t,t) = d(4t,2t) =

d(4t,3t) = 2y;
(5) d(t,5¢t) = d(2t,5t) = d(3t, 5t) = d(4t, 5t) = (3/2)y;
(6) d(5t,t) = d(5t,2t) = d(5t,3t) = d(5t,4t) = (5/4)y,

where y > 0 is a constant. Then (X, d) is a generalized quasi-
metric space, but it is not a generalized metric space, because

d(t,51) = %y +d(5t8) = Zy. 3)

We next give the definitions of convergence and com-
pleteness on generalized quasi-metric spaces.

Definition 6 (see [1]). Let (X,d) be a g.q.m.s, and let {x,}
be a sequence in X and x € X. We say that {x,} is g.q.m.s
convergent to x if and only if

lim d (x,,x) = lim d (x,x,) = 0. (4)

Definition 7 (see [1]). Let (X, d) be a g.q.m.s and let {x,} be a
sequence in X. We say that {x,} is left-Cauchy if and only if
for every € > 0 there exits k € N such that d(x,, x,,) < € for
alln>m > k.

Definition 8 (see [1]). Let (X, d) be ag.q.m.s and let {x,} be a
sequence in X. We say that {x,} is right-Cauchy if and only if
for every & > 0 there exits k € N such that d(x,, x,,,) < € for
allm>n> k.

Definition 9 (see [1]). Let (X,d) be a g.q.m.s and let {x,} be
a sequence in X. We say that {x,,} is Cauchy if and only if for
every € > 0 there exits k € N such that d(x,, x,,) < ¢ for all
m,n > k.

Remark 10. A sequence {x,} ina g.q.m.s is Cauchy ifand only
if it is left-Cauchy and right-Cauchy.

Definition 11 (see [1]). Let (X, d) be a g.q.m.s. We say that

(1) (X, d) is left-complete if and only if each left-Cauchy
sequence in X is convergent;

(2) (X,d) is right-complete if and only if each right-
Cauchy sequence in X is convergent;

(3) (X, d) is complete if and only if each Cauchy sequence
in X is convergent.

In this paper, we examine the existence of (¢ — y)-
contractive mappings in the context of generalized quasi-
metric space without the assumption of being a Hausdorft.
Consequently, our results extend, improve, and generalize
several results in the literature.
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2. Periodic Points of Weaker Meir-Keeler
Contractive Mappings

In this section, we recall the weaker Meir-Keeler function and
a weaker Meir-Keeler function, as follows.

Definition 12 (see [18]). A function y : [0,00) — [0, 00) is
said to be a Meir-Keeler type function, if, for each # € [0, c0),
there exists & > 0 such that for t € [0,00) withy <t <5+,
we have y(t) < #.

Definition 13. We call ¢ : [0,00) — [0, 00) a weaker Meir-
Keeler function if the function ¢ satisfies the following
condition:

V>0, 38§>0, Vte[0,00),
(5)

(n<t<d+n=Iny e N,p(t)" <7n).

In the sequel, we need the following classes of auxil-
iary functions. Let ® denote the set of the nondecreasing
functions ¢ : [0,00) — [0, 00) satisfying the following
conditions:

(¢;) ¢ : [0,00) — [0,00) is a weaker Meir-Keeler func-
tion;

(¢,) ¢(t) > 0 fort > 0 and ¢(0) = 0;
(¢3) forall t € (0,00), {¢"(t)},,en is decreasing;

(¢4) for ¢ > Q’ if hmnaoo(pn(t) = 0, then
lim, o, X", ¢'(t) = 0, where m > n.

Furthermore, let ¥ denote the set of functions v
[0,00) — [0, c0) satisfying the following conditions:

(y,) v is continuous;

(v,) w(t) > 0fort > 0 and w(0) = 0.

The following lemma plays a crucial role in the proof of
the main result that were inspired from [5, 8], proved first in
[4].

Lemma 14 (see [4]). Let (X, d) be a generalized quasi-metric
space and let {x,} be a Cauchy sequence in X such that x,, # x,,
whenever m # n. Then the sequence {x,} can converge to at
most one point.

Proof. Given ¢ > 0. Since {x,} is a Cauchy sequence, there

exists k, € N such that
d(x,,x,) <& Vmn>k,. (6)

We use the method of Reductio ad absurdum. Suppose, on the

contrary, that there exist two distinct points x and y in X such
that the sequence {x,} converges to x and y, that is,

nll»ngod (xw x) = nll»néod (X, xn) =0, -
Jim d (x,, y) = lim d(y,x,) =0.

By assumption for any n € N, x,, # x,,, and since x # y, there
exists k; € Nsuchthatx, # xandx, # yforanyn > k; > k.
Due to quadrilateral inequality, we have

d(x,y)<d(x,x,)+d(x,x,)+d(x, ). (8)

Letting n,m» — 00, we can obtain that d(x,y) = 0 by
regarding (6) and (7). Hence, we get x = y which is a
contradiction. O

In this study, we also recall the following notions of «-
admissible mappings.

Definition 15 (see [19]). Let f: X — X be a self-mapping of
aset Xanda : XxX — R". Then f is called a a-admissible
if

a(xy)>1= a(fx, fy) = 1. 9)

We now introduce the notion of (&« — ¢ — y)-weaker Meir-
Keeler contractive mappings in the following way.

x,y€X,

Definition 16. Let (X,d) beag.qms,leta: X x X — R",
andlet f: X — X be a function satisfying

a(xy)d(fx fy)<¢(d(xy))-y(d(xy), 10

for all x, y € X. Then f is said to be a (0 — ¢ — y)-weaker
Meir-Keeler contractive mapping.

We state two main periodic point theorems of (¢ —¢p—1)-
weaker Meir-Keeler contractive mapping, as follow.

Theorem 17. Let (X, d) be a complete g.q.m.s, and let o : X x
X — R". Suppose f is a (« — ¢ — y)-weaker Meir-Keeler
contractive mapping which satisfies
(i) f is a-admissible;
(ii) there exists x, € X such that a(xy, fx,) = 1,
o fxg, x0) = 1and a(xg, fx0) = 1, a( g, %) 2 1;

(iil) f is continuous.
Then f has a periodic point in X.

Proof. Regarding the assumption (ii) of theorem, we let x,, €
X be an arbitrary point such that a(x,, fx,) > 1 and
a(xy, fx,) = 1. We will construct a sequence {x,} in X by
X1 = fx, = [ x, forall n > 0.1f we have x,, = x,, ,, for
some ng, then u = x,, is a fixed point of f. Hence, for the rest
of the proof, we presume that

X, # X, Vn. 1)
Since f is a-admissible, we have

o (%9, 1) = & (x5 fx) 2 1

(12)
= a(fxg, fx1) = a(x,x,) > 1.
Utilizing the expression above, we obtain that
a(xpx,0) =21, Vn=0,1,.... (13)



By repeating the same steps with starting with the assumption

alx;, xy) = ol fxg, xy) = 1, we conclude that
a(xy%,) 21, ¥Yn=0,1,.... (14)

In a similar way, we derive that

o (xg,x,) = oc(xo,fzxo) >1

(15)
= a(fxg, fx,) = a(xy,x5) > 1.
Recursively, we get that
a(x,px00) 21, VYn=0,1,.... (16)
Analogously, we can easily derive that
o (X0 x,) 21, Vn=0,1,.... 17)

In the sequel, we prove that the sequence {x,,} is Cauchy; that
is, {x,,} is both right-Cauchy and left-Cauchy.

Step 1. We will prove that
Jim d (x,, %) = 0. (18)

Since f is a (0« — ¢ — y)-weaker Meir-Keeler contractive
mapping, we have that, for each n € N U {0},

d (% Xp11) = d (fx15 f%,)
< o (6,1 %,) d (fX005 fx,)
< ¢ (d (X1 %0)) = (d (0 %,))
< ¢ (d (X515 %)) -

Since ¢ is nondecreasing, by iteration, we derive the following
inequality:

(19)

d (%> %pe1) < ¢ (d (0, %1)) - (20)
Due to fact that ¢ is weak Meir-Keeler function, we find that

Jim d (x, %,,1) = . @

Since {¢"(d(xp, x1))},en i decreasing, it must converge to
some # > 0. We claim that # = 0. Suppose, on the contrary,
that # > 0. Then by the definition of weaker Meir-Keeler
function ¢, corresponding to the given #, there exists § > 0
such that for x,, x; € X withy < d(xy, x;) < 8+#,andn, € N
such that ¢" (d(x,, x,)) < . Since lim,,_, . " (d(x,, x;)) = 1,
there exists p, € N such that 7 < ¢ (d(x, x;)) < 8+, for all
P = po- Thus, we conclude that ¢**™ (d(x,, x,)) < #, which
is a contradiction. Therefore lim,, _, . @"(d(x,, x;)) = 0, that
is,

nlgréod (xn,an) =0. (22)

Step 2. We will prove that
Jim d (x,,x,.,) = 0. (23)

Since f is a (0« — ¢ — y)-weaker Meir-Keeler contractive
mapping, we have that, for each n € N U {0},

d (xn’ xn+2) =d (fxn—l’ fxn+1)
s« (xn—l’ xn+1) d (fxn—l’ fxn+1)
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< ¢ (d (xn—l’ xn+1)) -V (d (xn—l’ xn+l))
¢ (d (xn—l’ xn+1)) .

<
(24)

Inductively, we find that
d (%, X,12) < ¢" (d (0, %,)) » (25)

by wusing the fact that ¢ is nondecreasing. Since
{¢"(d(xg, x,))},en is decreasing, it must converge to some
n = 0. We claim that # = 0. Suppose, on the contrary, that
n > 0. Then by the definition of weaker Meir-Keeler function
¢, corresponding to the given #, there exists § > 0 such that
for xy, x, € X with < d(xy,x,) < 6 + 1, and n, € Nsuch
that ¢™ (d(x,, x,)) < #. Since lim,,_, . ¢"(p(d(x, x,))) = #,
there exists p, € N such that 7 < ¢ (d(xy, x,)) < 8+, for all
P = po- Thus, we conclude that ¢?™ (d(x,, x,)) < #, which
is a contradiction. Therefore lim,, _, . @"(d(x,, x,)) = 0; that
is,

nll_)IIéod (xw xn+2) =0. (26)

Step 3. We will prove that the sequence {x,} is right-Cauchy
by standard technique. For this purpose, it is sufficient to
examine two cases.

Case (I). Suppose that k > 2 and k is odd. Let k = 2m + 1,
k > 1. Then, by using the quadrilateral inequality, we have

d (xn’ xn+k) =d (xn’ xn+2m+1)
< d (xn’ xn+1) + d (xn+1> xn+2)

+ d (xn+2> xn+2m+1)

IA

d (% Xps1) + d (X115 Xpi2)

+d (X120 X43) + 0+ A (Xm0 Xpsomen)
= d(fx, 1 fx,) +d (f%, fXp01)

+d (fXpen fXpa) +0

+d (fXi2m-1> Xnr2m)

o (15 X,) A (fXo15 ) + & (% Xp11)
X d (fx X)) + & (X1 Xp42)

X d (fXpsrs fX2) + oo

t (xn+2m—l> xn+2m) d (fxn+2m—1’ xn+2m)

IN

IA

IA

¢" (d (x0,x1)) + " (d (%0, x,))
+ ¢n+2 (d (x5 %1)) + -+ + ¢n+2m (d (0, x1))

IA

Z‘Pwi (d (x0,x1)) -
i=0
(27)
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Lettingn — 00, then, by using the condition (¢,), we have
nlglgod (xn’ xn+k) =0. (28)

Case (II). Suppose that k > 2 and kis even. Letk = 2m, k > 1.
Then, by using the quadrilateral inequality, we also have

d (% Xpar) = A (%, Xpi2m)
< d (% Xp2) + d (X420 Xppa) + A (X0 Xy12m)
< d (% Xp2) + d (X420 Xpea) + A (X110 Xo116)

o+ d (Xppom Xpsam)

= d(fxup 1) +d (X1 fXnis)

+d (fXpsz fXpps) + oo

+d (fX2m-3> [Xpsam-1)

a (%15 %01) @ (fXo1 f2010)

T« (xn+1’ xn+3) d (fxn+1> fxn+3)

IA

T« (xn+3’ xn+5) d (fxn+3> fxn+5) +

ta (xn+2m—3> xn+2m—1) d (fxn+2m—3’ fxn+2m—1)

IN

¢" (d (x,x,)) + ¢n+2 (d (x> %3))
+ " (d (g, x5)) + -+ ¢ (d (0, %))

< Z¢n+2i (d (x0,x,)) -

IN

(29)
Lettingn — 0. Then, by using the condition (¢,), we have
nlg%od (xn’ xn+k) =0. (30)

By above argument, we get that {x,} is a right-Cauchy
sequence.

Analogously, we derive that the sequence {x,} is left-
Cauchy. Consequently, the sequence {x,} is Cauchy. Since X
is a complete g.q.m.s, there exists u € X such that

lim d (x,,u) = lim d (u,x,) = 0. (31)

n— 00
Step 4. We claim that f has a periodic point in X. Suppose,

on the contrary, that f has no periodic point. Since f is
continuous, we obtain from (31) that

lim d (1, fu) = lim d(fx,, fu) =0,

Jim d (fu,x,,,) = lim d(fu, fx,) = 0.

(32)

From (31) and (32), we get immediately that lim,,_, , f"x, =
lim, ,  fx, = fu. Due to Lemma 14, we conclude that u =
fu which contradicts the assumption that f has no periodic
point. Therefore, there exists u € X such that u = f?(u) for
some p € N. So f has a periodic point in X. O

Theorem 18. Let (X, d) be a complete g.q.m.s, and let o : X x
X — R". Suppose f is a (« — ¢ — y)-weaker Meir-Keeler
contractive mapping which satisfies

(i) f is -admissible;

(ii) there exists x, € X such that a(xy, fx,) = 1,
a(fxg Xo) = 1 and a(x,, f2x) = 1, a(f2x0, x0) = 1;

(iii) if {x,} is a sequence in X such that «(x,,x,,,) = 1,
&(X,415%,) = 1forallnand x, — x € Xasn — 0o,
then a(x,, x) > 1, a(x, x,,) > 1 for all n.

Then f has a periodic point in X.

Proof. Following the proof of Theorem 17, we know that the
sequence {x,} defined by x,,,, = fx,, for all n > 0, converges
for some u € X. From (31) and condition (iii), there exists a
subsequence {x,,,} of {x,} such that a(x,,4), u) > 1 for all k.
Applying (10), for all k, we get that

d (Xyy41> f11) = d (fxn) fr) < 0 (2,05 1)
X d (fXu fu) < ¢ (d (x40, 1))

33)
d (fu, Xpy1) = A (fits ) < o (1 x1)
xd (fu, fxop) < ¢ (,d (x,0)) -
Letting k — oo in the above equality, we find that
d (X0 fu) = Jim d (fXuy» fu) = 0,
(34)

A (futs Xogyn) = Jim d(fs, ) = 0.

Therefoe, we have lim _, ., f"®x, = lim;_ ., [ = fu.
Owing to Lemma 14, we conclude that u = fu which
contradicts the assumption that f has no periodic point.
Thus, there exists u € X such thatu = f?(u) for some p € N.
So f has a periodic point in X. O

3. Periodic Points of Stronger Meir-Keeler
Contractive Mappings

In this section, we recall the notion of stronger Meir-Keeler
function, as follows.

Definition 19. We call ¢ [0,00) — [0,1) a stronger
Meir-Keeler function if the function ¢ satisfies the following
condition:

Vn >0, 3§>0, Jy, €10,1), Vi€ [0,00),

(35)
(ngt<8+n:>cp(t)<y,7).



And, we let the function ¢ : [0,00) — [0, 1) satisfy the
following conditions:

(@) ¢ : [0,00) — [0,1) is a stronger Meir-Keeler func-
tion;

(¢,) ¢(t) > 0 for t > 0 and ¢(0) = 0.

Next, we introduce the notion of (« — ¢)-stronger Meir-
Keeler contractive mappings via the stronger Meir-Keeler
function ¢ and the a-admissible mapping a.

Definition 20. Let (X,d) bea g.qms,leta: X x X — R,
andlet f: X — X be a function satisfying

a(x,y)d(fx, fy) <e(d(x,y)d(xy),  (36)

for all x, y € X. Then f is said to be a (« — ¢)-stronger Meir-
Keeler contractive mapping.

We state two main periodic point theorms of (« — ¢)-
stronger Meir-Keeler contractive mapping, as follows.

Theorem 21. Let (X,d) be a complete g.q.m.s, and let o :
X x X — R". Suppose f is a (a — ¢)-stronger Meir-Keeler
contractive mapping which satisfies

(i) f is a-admissible;

(ii) there exists x, € X such that a(xy, fx,) = 1,
a(fxgs x0) = 1 and a(xg, £7x0) = 1, a( f2x4, Xo) = 1;

(iil) f is continuous.
Then f has a periodic point in X.

Proof. Following the proof of Theorem 17, we obtained that

a(xpx,4) 21, VYn=0,1,...,
a(x%,) 21, ¥n=0,1,...,

(37)
a(xpx,,) 21, Vn=0,1,...,
a (X0 x,) 21, Vn=0,1,....

Next, we prove that the sequence {x,,} is Cauchy; that is, {x, }
is both right-Cauchy and left-Cauchy.

Step 1. First, we will prove that
nlglgod (xn’ xn+1) =0. (38)

Taking into account (36) and the definition of stronger Meir-
Keeler function ¢, we have that, for each n € N,

d (%, X1) = d (fx, 15 fx,)

o (%15 %,) d (fx,-1, fx,)

@ (d (%15 %)) - d (-1 %)
d(x,1x,).

IN

IN

VAN

Journal of Applied Mathematics

Thus the sequence {d(x,, x,,,,)} is decreasing and bounded
below and hence it is convergent. Let lim,, _, . d(x,,, X,.,1) =
n > 0. Then there exists n, € N and & > 0 such that for all
n € Nwithn > n,

n<d(x, %) <n+0. (40)
Taking into account (40) and the definition of stronger Meir-

Keeler function ¢, corresponding to 7 use, there exists y, €
[0, 1) such that

% (d (xn>xn+1)) < %1 Vn 2 M. (41)
Thus, we can deduce that for each n € N withn > n, + 1
d (xn’xnﬂ) =d (fxnfl’ fxn)
o (xn—l’ xn) d (fxnfl’ fxn)
P (d (xnfl’ xn)) -d (xnfl’ xn)

Y- d (xn—l’ xn) >

IN

IN

AN

and so
d (xn’ xn+1) < 178 d (xn—l’xn)

< %3 : d (xn—2’ xn—l)
(43)
< e

<y wd (%05 X 11) -
Since y,, € [0, 1), we get
lim d (x,, x,,,,) = 0. (44)
Step 2. We will prove that
Jim d (x,, x,.,) = 0. (45)

Taking into account (36) and the definition of stronger Meir-
Keeler function ¢, we have that for each n € N

d (xn’ xn+2) =d (fxn—l’ fxn+1)

o (xnfl’ xn+1) d (fxn—l’ fxnﬂ)

¢ (d (xnfh xn+1)) -d (xnfh xn+1)

IN

(46)

IN

N

d (xn—1> xn+1) .
Thus the sequence {d(x,, x,,,,)} is decreasing and bounded

below and hence it is convergent. By the same above proof
process of Step 1, we also conclude that

nhangod (xn,xn+2) =0. (47)
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Step 3. We will prove that the sequence {x,,} is right-Cauchy
by standard technique. For this purpose, it is sufficient to
examine two cases.

Case (I). Suppose that k > 2 and k is odd. Let k = 2m + 1,
k > 1. Then, by using the quadrilateral inequality, we have

d (xn’ xn+k) =d (xn’ xn+2m+1)
< d ('xn’ xn+1) +d (xn+1’ 'xn+2)

+d (xn+2’ xn+2m+1)

IN

d (% Xpa1) +d (X115 Xpi2)

+d (%120 Xpi3)

oo+ d (X2 Xpsomer)

= d (fx, 1 fx,) +d (fxp fX01)

+d (fXpen ) + 0+ d (Xpame1 Xpiom)
a(x,1,%,) d (fx, 1, fx,)

+ o (% X1) A (fX f2011)

0 (X1 Xpe2) d (X5 fXi2)

o ta (xn+2m—1’ xn+2m) d (fxn+2m—1’ xn+2m)

IN

IA

IN

n—ny n—ng+1
Vq ' d(xng’xnoﬂ) +V;1 'd(xn0>xn0+l)
n—ny+2 d
+ Y;y : xno’xno+l +

n—ny+2m
+Vy] ' d(xno’xnoﬂ)

2m .

n—ngy+i
zy'l -d (xno’x”()*l) :
i=0

IA

(48)
Lettingn — 00, then, we have
Jim d (x,,, x,,4) = 0. (49)

Case (II). Suppose that k > 2 and kis even. Letk = 2m, k > 1.
Then, by using the quadrilateral inequality, we also have

d (Xn, xn+k) =d ('xn’ xn+2m)

N

= d (xn’ xn+2) + d (xn+2’ xn+4)

+ d (xn+4> xn+2m)

IA

d (xn’ xn+2) + d (xn+2’ xn+4)

+d (xn+4’xn+6) LI

+d (xn+2m—2’ xn+2m)

= d(fx1s fxun) + A (fXp fX003)
+d (fXpiz fXpis) + 0

+d (fXpsam-3 fXpsam-1)

a (%15 %) d (fXo1s f2000)

0 (X1 X013) d (X5 fX13)

Tt (xn+3’ xn+5) d (fxn+3> fxn+5) +

IN

e (xn+2m—3> xn+2m—1) d (fxn+2m—3’ fxn+2m—l)

IN

n—n n—ng+2
yty ' d<xn0’xn0+2) +YU -d

IN

('xno > xno+2)

n—ny+4 d

+ y"l (xng’ xn0+2) L

n—ty+2m d

+ Yr] (‘xno’xno+2)

n—ng+2i d

Yy

IN
™M

(xno > x”o"'z) :
i=0

(50)

Lettingn — 00, then, by using the condition ¢,, we have
nllnéod (xn’ xn+k) =0. (51)

By above argument, we get that {x,} is a right-Cauchy
sequence.

Analogously, we derive that the sequence {x,} is left-
Cauchy. Consequently, the sequence {x,,} is Cauchy.

Since X is a complete g.q.m.s, there exists # € X such that

Jim d (x,,u) = lim d (u,x,) = 0. (52)

Step 4. We claim that f has a periodic point in X. Suppose,
on the contrary, that f has no periodic point. Since f is
continuous, we obtain from (52) that

lim d (%1, fu) = lim d(fx,, fu) =0,

(53)

Tim d (fu, %,0) = lim d (fu, fx,) = 0.
From (52) and (53), we get immediately that lim,, _, . f"x, =
lim,_, o, fx, = fu. Regarding Lemma 14, we deduce that u =
fu which contradicts the assumption that f has no periodic
point. So, there exists u € X such that u = f#(u) for some
p € N.So f has a periodic point in X. O

Apply Theorems 18 and 21, and we can easily deduce the
following theorem.

Theorem 22. Let (X,d) be a complete g.q.m.s, and let o :
X x X — R". Suppose f is a (« — ¢)-stronger Meir-Keeler
contractive mapping which satisfies

(i) f is a-admissible;
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(ii) there exists x, € X such that a(xy, fx,) = 1, [12] P. Das, “A fixed point theorem on a class of generalized metric
a(fxgr x0) = 1 and a(xg, £2x0) = 1, a( f2x0, Xo) = 1; spaces,” Korean Journal of Mathematical Sciences, vol. 9, pp. 29~
33,2002.

[13] I. M. Erhan, E. Karapinar, and T. Sekulic, “Fixed points of (v, ¢)
contractions on rectangular metric spaces,” Fixed Point Theory

then a(x,, x) = 1, a(x, x,,) = 1 for all n. and Applications, vol. 2012, article 138, 2012.

Then f has a periodic point in X. [14] D. Mihet, “On Kannan fixed point principle in generalized
metric spaces,” Journal of Nonlinear Science and Its Applications,
. vol. 2, no. 2, pp. 92-96, 2009.
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(iii) if {x,} is a sequence in X such that a(x,,x,,,) = 1,
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