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Abstract

In this paper, we introduce a new concept of generalized compatibility for a pair of mappings defined on
a product S-metric and prove certain coupled coincidence point results for mappings satisfying Geraghty-
type contraction by using g-monotone instead of the usually mixed monotone property. We also give
some sufficient conditions for the uniqueness of a coupled coincidence point. Our results generalize the
corresponding results of Zhou and Liu [M. Zhou, X.-L. Liu, J. Funct. Spaces, 2016 (2016), 9 pages],
without mixed weakly monotone property and Kadelburg et al. [Z. Kadelburg, P. Kuman, S. Radenovié¢,
W. Sintunavarat, Fixed Point Theory Appl., 2015 (2015), 14 pages| from usually metric to S-metric. An
illustrative example is presented to support our results. (©2016 All rights reserved.
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1. Introduction

It is well-known that fixed point theory in partially ordered metric spaces are one of the most important
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tools of nonlinear analysis has been widely applied to matrix equations, ordinary differential equations, fuzzy
differential equations, integral equations and intermediate value theorems.

In 2006, Bhaskar and Lakshmikantham [4] introduced the notion of a coupled fixed point and proved
some interesting coupled fixed point theorems for the mappings satisfying a mixed monotone property,
then Lakshmikantham and Ciri¢ [8] introduced the concept of a mixed g-monotone mapping and proved
coupled coincidence and coupled common fixed point theorems that extended the theorems due to Bhaskar
and Lakshmikantham. Subsequently, many authors obtained coupled coincidence and coupled fixed point
theorems in ordered metric spaces. Recently, in [9-I1], the authors established common fixed theorems by
using g-monotone property instead of g-mixed monotone property. These kinds of results can be applied
in another type of situations, so they give an opportunity to widen the field of applications. In particular
the so-called tripled fixed point (and, more generally, n-tuple results) can be more easily handled by using
monotone property instead of mixed monotone property (see for example [1I 2, [7]).

On the other hand, several authors have studied fixed point theory in generalized metric spaces. In
2012, Sedghi et al. [I3] have introduced the notion of an S-metric space and proved that this notion is a
generalization of a metric space. Also, they have proved some properties of S-metric spaces and some fixed
point theorems for a self-map on an S-metric space. After that, Sedghi and Dung [12] proved a general
fixed point theorem in S-metric spaces which is a generalization of [I3, Theorem 3.1] and obtained many
analogues of fixed point theorems in metric spaces for S-metric spaces. In [5], Gordji et al. have introduced
the concept of a mixed weakly monotone pair of maps and proved some coupled common fixed point theorems
for a contractive-type maps by using the mixed weakly monotone property in partially ordered metric spaces.
These results are of particular interest to state coupled common fixed point theorems for maps with mixed
weakly monotone property in partially ordered S-metric spaces. In 2013, Dung [3] used the notion of a
mixed weakly monotone pair of maps to state a coupled common fixed point theorem for maps on partially
ordered S-metric spaces and generalized the main results of [3H5] into the structure of S-metric spaces.
In 2015, Zhou and Liu [14] established some coupled common fixed point theorems under Geraghty-type
contraction by using mixed weakly monotone property in partially ordered S-metric spaces.

In this manuscript, we firstly employ a new concept of generalized compatibility of a pair of mappings
defined on a product S-metric space, then give some coupled coincidence point results of a pair mappings
under Geraghty-type contraction using g-monotone property instead of mixed monotone property. This
result generalizes the main results of [I4] and [6] into the structure of S-metric spaces. Also, an illustrative
example is presented showing the validity of our results.

2. Preliminaries

We now recall some basic definitions and important results for our discussion in the sequel.

Definition 2.1 ([I3, Definition 2.1]). Let X be a nonempty set. An S-metric on X is a function S : X3
[0,00) that satisfies the following conditions for all z,y,z,a € X.

1. S(z,y,z) =0ifand only if x =y = 2z = 0;
2. S(z,y,2) < S(z,z,a) + S(y,y,a) + S(z, z,a).
The pair (X, .5) is called an S-metric space.
Immediate examples of such S-metric spaces are:
(1) Let X =R"™ and || - || a norm on X, then S(z,y, z) = || + 2y — 3z|| + ||z — z]|| is an S-metric on X.
(2) Let R be a real line, then S(x,y,2) = |z — 2| + |y — 2| is an S-metric on R.

(3) Let X be a nonempty set, d is ordinary metric on X, the Sy(z,y, 2) = d(z, z) + d(y, z) is an S-metric
on X.
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Lemma 2.2 ([I3| Lemma 1.4]). Let (X,S) be an S—metric space. Then
S(x,x,2) <28(x,z,y) + S(y, v, 2)

and
S(x,z,z) <2S(x,x,y) + S(z, z,9)
forall x,y,z € X.

Lemma 2.3 ([I3, Lemma 2.5]). Let (X,S) be an S-metric space. Then S(z,z,y) = S(y,y,z), for all
z,y € X.

Lemma 2.4. Let (X, d) be a metric space. Then X x X is a metric space with metric DJ'** given by

Dg**((z,y), (u,v)) = max{d(z, u),d(y,v)}
for all x,y,u,v € X.

Proof. For all z,y,u,v € X, we have D}"**((z,y), (u,v)) € [0,00) and DJ**((z,y), (u,v))= 0, if and only if
d(z,u) =d(y,v) =0, if and only if z = u,y = v, that is (z,y) = (u,v), and

Dy ((z,y), (u,v))
= max{d(z,u),d(y,v)}
< max{d(z,a),d(u,a)} + max{d(y,b),d(v,b)}
— D (2,9), (a,8)) + Do ((u, ), (a,).

Therefore, D]*** is a metric on X x X. O

Lemma 2.5. Let (X,S) be an S-metric space. Then X x X is an S-metric space with S-metric DT given

by
D;nax«l_,y)’ (u,v), <w7 3)) - max{S(x,u,w), S(y,’l),t)}

for all x,y,u,v,w,t € X.

Proof. For all z,y,u,v, w,t € X, we have DI ((z, ), (u, ), (w, 1)) € [0, 0) and DI((x,y). (u, ). (t,£))=
0, if and only if S(z,u,w) = S(y,v,t) = 0, if and only if z = u = w,y = v = ¢, that is, (z,y) = (u,v) = (w, t),
and

DI ((z,y), (u,v), (w, 1))
= max{S(z,u,w), S(y,v,t)}
< max{S(z,z,a),S(u,u,a)} + max{S(w,w,a),S(y,y,b)} + max{S(v,v,b), S(t,t,b)}
=D ((z,y), (z,9), (a,b)) + DT**((u,v), (u,v), (a, b)) + DI**((w, t), (w, 1), (a,b)).
Thus, D*** is an S-metric on X x X. O
Remark 2.6. Let (X, d) be a metric space. By using Lemma with S = S, we get
DI ((z,y), (@, y), (u,v)) = max{Sa(z, z,u), Sa(y,y,v)}
— 2 max{d(z, u), d(y,v)}
=207 ((z,y), (u, v))
for all x,y,u,v € X.

Definition 2.7 ([I3] Definition 2.8]). Let (X,S) be an S-metric space.
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(1) A sequence {z,} C X is said to be convergent to = € X, if S(zp,xn,z) — 0 as n — oo. That is, for
each € > 0, there exists ng € N such that for all n > ng, we have S(z,,z,,x) < €.

(2) A sequence {z,} C X is said to be a Cauchy sequence, if S(z,,zn,Tm) — 0 as n,m — oo. That is,
for each € > 0, there exists ng € N such that for all n,m > ng, we have S(xy, Tn, zp) < €.

(3) The S-metric space (X, S) is said to be complete, if every Cauchy sequence is a convergent sequence.

Lemma 2.8. Let (X,S) be an S-metric space. Then (X,S) is complete, if and only if (X x X, D) is
complete.

Proof. Tt is obvious to get the conclusion from the definition of completeness on (X, .S). O

Definition 2.9. Suppose that f,g : X x X — X are two maps. f is said to be g-nondecreasing with a
partial order =, if for all x,y,u,v € X, with g(z,y) < g(u,v), we have f(z,y) < f(u,v).

Example 2.10. Let X = (0,00) be endowed with the natural ordering of real numbers <. Define mappings
fr9: XxX — Xby f(z,y) =ex +yand g(z,y) =x+vy, for all (z,y) € X x X. Then f is g-nondecreasing
with respect to <.

Example 2.11. Let X = N be endowed with the partial order < defined by = < y, if and only if y divides
x. Define the mappings f,g: X x X — X by f(z,y) = 2%y* and g(z,y) = xy, for all (z,y) € X x X. Then
f is g-nondecreasing with respect to <.

Definition 2.12. Let f,g: X x X — X be two maps. An element (z,y) € X x X is called a
(1) coupled fixed point of a mapping f: X x X — X, if x = f(z,y) and y = f(y, x).
(2) coupled coincidence point of two mappings f,g: X x X — X, if f(z,y) = g(z,y) and f(y,z) = g(y, z).

(3) coupled common fixed point of a mapping f,g: X x X — X, ifx = f(z,y) = g(z,y) and y = f(y,x) =
9(y, ).

Definition 2.13. Let (X, 5) be an S-metric space and let f,g: X x X — X be two maps. We say that the
pair (f,g) is generalized compatible, if

S(f(g(mn,yn),g(yn,xn)), f(g(xnayn)’g(yn’xn))’g(f(xnayn)v f(yn,xn))) — O’ as n — oo,
S(f(9(Yns Tn), 9(Tns yn))s F(9(Yn, Tn)s 9(Tns Yn))s 9(f (Yn, Tn)s f(Tnyyn))) — 0, as n — oo,

whenever {z,,} and {y,} are sequences in X such that

lim f(zp,yn) = nlgngog(wn, Yn) = t1,

n—oo
lim f(yn, zn) = lim g(yn, zn) = to.
n—oo n—oo

Definition 2.14. Let f,g: X x X — X be two maps. We say the pair (f, g) is commuting, if

fla(z,v),9(y,2)) = g(f(x, ), f(y,2))

for all z,y € X.

3. Main results
Let © denote the set of all functions 6 : [0, 00)? — [0, 1) which satisfy the following conditions:

(01) 0(s,t) =06(t,s) for all s,t € [0, 00);
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(02) for two sequences {sy} and {¢,} of nonnegative real numbers,

O(Sn,tn) = 1= sp,ty, — 0.

Some examples of such a function are as follows:

Example 3.1. Let 0 : [0,00)? — [0,1) be defined by

kiz+koy

0(z,y) smrthon) © p >0 or y>0, and ki ks € (0,1);
z,Y) =
Yy ZG[O’]_)’ :E:y:O

Example 3.2. Let 6 : [0,00)? — [0, 1) be defined by

max{kiz,kay} ’

lel0,1), z=y=0.

in(Ltmaxikizkay}) = 0 5 g o y >0, and ki, ke € (0,1);
0(z,y) =

Example 3.3. Let 6 : [0,00)? — [0, 1) be defined by

6(z.y) l—k(x+y), z+y>0 and k(z+y) <I;
T,y) =
Y 1€[0,1), kz+y)> L

Now we prove our main results.

Theorem 3.4. Let (X, S, <) be a partially ordered S-metric space; f,g: X x X — X be two maps such
that

(1) X is S-complete;

(2) f,g are two generalized compatible maps such that f is g-nondecreasing with respect to <, and there
exist xo,yo € X such that g(xo,y0) = f(xo,y0) and g(yo,zo) =< f(yo,xo);

(3) there exists 0 € © such that

S(f(z,y), f(z,y), f(u,v)) < 0(S(g(x, ), 9(x,y), 9(u,v)), S(g(y, ), 9(y, x), g(v,u))) (3.1)
x max{S(g(z,y), 9(z,y), 9(u,v)), S(g(y, ), 9(y, ), g(v,u))}

for all &, y,u,v € X with g(z,y) < g(u.v) and g(y,x) < g(v,u);

(4) for any x,y € X, there exist u,v € X such that
f(x7y) :g(u,v),f(y,a:) :g(v7u)' (32)

(5) (a) f and g are continuous; or

(b) X has the following property:
if a nondecreasing sequence {x,} — x as n — oo, then x, < x for alln € N.

Then f and g have a coupled coincidence point in X.

Proof. Let xp,yp € X be such that g(xo,y0) = f(x0,y0) and g(yo, o) =< f(yo,x0)-
From (3.2)), there exists (z1,y1) € X x X such that f(zo,y0) = g(z1,31) and f(yo, z0) = g(y1,21).
Again by assumption (4), for (z1,y1) there exists (z2,y2) € X x X such that f(z1,y2) = g(x2,y2) and
f(y1,2z1) = g(y2,x2). By continuing this process, we can construct two sequences {z,} and {y,} in X such
that
f(@nyyn) = 9(Tnt1, Ynt1), [ (Uns Tn) = 9(Ynt1, Tnt1) (3.3)
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for all n € N.
First we show that for all n € N, we have

g($n7yn) = g($n+1;yn+1), and g(yn,xn) = g(yn+1,xn+1). (34)

As g(z0,90) = f(w0,50) and g(yo, o) = f(yo,0) and as f(zo,y0) = g(x1,y1) and f(yo, o) = g(y1,71),
we have g(xo,v0) < g(z1,y1) and g(yo, z0) = g(y1,x1). Thus, holds for n = 0. Suppose now that
holds for some fixed n € N.

Since f is g-nondecreasing with respect to <, we have

9@t 1, Ynt1) = f(@n,Un) 2 f(@ng1, Yns1) = 9(@nt2, Ynt2),

and
g(ynJrl,anrl) = f(yna xn) = f(yn+17517n+1) = g(yn+27$n+2)'

Hence (3.4 holds for all n € N.

If g($noayn0) = g(l’n0+1,yn0+1) and g(ynovyno) = g(yn0+1,xn0+1) for some ng € Na then (mnovyﬂo) is a
coupled coincidence point of f and g.

Therefore, in what follows, we assume that for each n € N, g(zp,yn) # 9(Tn+1, Yn+1) O §(Yn,Tn) #
9(Yn+1, Tnt1) holds.

Since g(Zn,Yn) = 9(Tn+1, Yn+1) and g(Yn, Tn) = g(Yn+1,Tn+1), by using (3.1) and (3.3]), we get for all
n €N,

S(9(@n+1,Yn+1), 9(@n+1, Yn+1), 9(Tnt2, Ynt2))
= S(f(@n,Yn)s f(@n, Yn)s f(Tn+1, Ynt1)) (3.5)
< 0(S(9(®n, Yn)s 9(Tns Yn)s 9(Tn+1, Yn+1))s S(9(Yns Tn ), 9(Yn, Tn), 9(Yn+1, Tnt1)))
x max{S(g(zn, yn), 9(Tn; Yn), 9(@n+1, Ynt1)), S(9(Yns Tn)s 9(Yn, n); 9(Yn+1, Tng1))

and

S(9Yn+1,Tn41)s 9(Ynt1s Tnt1)s 9(Yn2, Tni2))
= S(f(ym Tn), f(ym Tn), f(yn—l-la xn—i—l)) (3.6)
< O0(S(9(Yn> ) 9(WUns Tn)s 9(Yna1, Tny1))s S(9(Tn, Yn), 9(Tns Yn)s 9(Tna1, Ynt1)))
x max{S(g(zn, Yn), 9(Tns Yn), 9(Tn+1,Yn+1)), S(9(Yns Tn), 9(Yns Tn), 9(Yn+1, Tny1)) }-

From (3.5) and (3.6]), we get for all n € N,

max{S(g(zn+1, Yn+1), 9(Tn+1, Yn+1), 9(Tn+2, Yn+2)): S(9(Yn+1; Tnt1), 9(Ynt1; Tnt1), 9(Ynt2: Tnt2)) }
< 0(S(9(xn, Yn)s 9(Tns Yn) 9(Tnt15Yn+1))s S(G(Yns Tn), 9(Yn, Tn)s 9(Yn+1, Tnt1)))
x max{S(g(Tn, Yn)s 9(TnsYn), 9(Tn+1,Yn+1))s S(G(Yn, Tn)s 9(Un, Tn)s 9(Yn+1, Tnt1)) b
< max{S(g(zn, Yn)s 9(Tn, Yn)s 9(Tn+1, Yn+1))s S(9(Yns Tn)s 9(Un, Tn), 9(Yn+1, Tnt1))}-

(3.7)

Thus the sequence

dn = maX{S(g(:ETM yn)a g(xna yn)7 g(xn+1’ yn+1))> S(g(yTL’ $n)7 g(ynv LL‘n), g(yn+17 xn+1))}

is decreasing. It follows that d,, — d as n — oo, for some d > 0. Next, we claim that d = 0.
Suppose to the contrary that d > 0, then from (3.7)), we obtain that

max{S(g(Tnt1,Yn+1)s 9(Tnt1, Yn+1)s 9(Tnt2, Ynt2)), S(9Wn+1, Tng1), 9 YUnt1, Tng1), 9(Ynt2, Tni2))}
maX{S(g(:cn,yn),g(xn,yn),g(xn+1,yn+1)) (g(yn,xn) g(ynaxn)ag(yn+lamn+1))}
< Q(S(g(xn,yn),g(xn,yn) (mn+layn+1)> S(g (ynaxn),g(ymxn)79(yn+lamn+1))) <1
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On taking the limit as n — oo, we get

0(S(9(xn, Yn), 9(Tn, Yn)s 9(Tnt1, Yn+1)), S(G(Wn, Tn), 9(Yn, Tn), 9(Ynt1, Tny1))) — 1.

Since 6 € ©, we have
S(g($n7 yn)7 g(xna yn)7 g($n+1a ynJrl)) — 07
and

S(.g(yn7 xn)u g(yTw xn))g(yn-i-l) .’En+1)) — 07

as n — oo.
Hence, d,, — 0 as n — 0o, which contradicts the assumption d > 0. Thus d = 0, that is,

dn = maX{S(g(zn, yn)7 g(gjnv yn)7 g($n+17 ynJrl))? S(g(yTH :En)v g(yna l‘n), g(ynJrlv anrl))} — 07 (38)

as n — oo.

We shall prove that {g(n,¥yn), 9(Yn,xn)} is a Cauchy sequence in X x X endowed with S-metric D7"**
defined in Lemma 2.5

If {9(zn,yn), 9(Yn, zn)} is not a Cauchy sequence in (X x X, D7**) then there exists ¢ > 0 for which
we can find two sequences of positive integers {my} and {nj} such that for all positive integer k with
ng > myg > k, we have

DI (9@ Yni)s 9 W Ty )5 (9@, Y ) 9 Wi Ty ) (9@ Y )s 9Wmie s Ty ))) > €
D,Tsnax((g(xnk—lvynk—l)ag(ynk—lawnk—l))v (g(wnk—hynk—l)ag(ynk—hxnk—l))7 (g(xmk7ymk)7g(ymk7xmk)>) < €.

By definition of D7***, we have

Tk = ma‘X{S(g(xanynk)7g($nk7ynk)7g($mk’ ymk))7 S(g(ynk7xnk)hg(ynk’xnk)7g(ymk’ Imk))} > € (3'9)
and

max{S(g(xnk_l, ynk—l)a g(l'nk—l, ynk—l)a g(xmmymk))a
S(g(ynk—lv xnk—1)¢g(ynk—1> $nk—1), g(ymkaxmk))} <e

By using (3.9), (3.10) and Lemma we have that

€ <y = max{S(g(Tn, Yni ), 9 @nis Yni)s 9 @mss Ymi )5 S(GWnis Ty )s 9(Yns T )y 9(Yrmi» Ty ) }
< max{S(g(Tny—1,Ynx 1), 9(Tng—1,Ynx—1)s 9 (@ Ymy.))s S(9(Yng—15 Trg—1), 9(Yni—1, Trg—1)5 G Yy s Tmy,)) }
+ max{25(9(Tn,—1, Ynr—1)s 9(Tni—1: Yni—1)s 9(@nys Yy ))s 29(9 (Y =1 Tre—1)5 9(Un—15 Tr—1), 9 (Yni» Ty, ))
< 2max{S(9(Tn,—1,Ynr—1), 9(Tn—1, Ynr—1)s 9(Tnis Yni )5 S(G(WUny—1, Trg—1)s 9(Uni—15 T —1)s 9(Yni» Ty, )) } + €.

(3.10)

On taking the limit as k — oo, we have

Tk = maX{S(g(ajnk, ynk)ag(fnnk’ynk)ag(xmkaymk))v S(g(ynka l‘nk),g(ynmfﬁnk),g(ymk,fﬂmk))} — €. (3.11)
By Lemma we have

<

ke = max{S(9(Tny, Yny ), 9(Tngs Yni)s 9T Yy ))s S(GWUnies Ty )s 9 (Ungs T )y 9(Ymi» Ty )) }
< max{25(9(zn., Yni.)» 9 (Tnics Yni)s 9@ 15 Ynit1))5 28 (Wi i)y 9 Wi T ) 9 (WU 415 Tri1)) }
+ max{S(9(Tnp+1, Ynp+1)s 9 @np+15 Ynp+1)s 9@ Yy ))s S(GUni+15 Ty 1) 9 Ung+15 Ty 1) 9 (Y s Ty ) }
< 2dy,, + max{28(9(Tmy, Ymy,)s 9(Tmys Ymy)s 9(Tmg+15 Ymg+1))5 289 Umes Ty )s 9 (Urmis Ty )s G (Y15 Tmy+1)) }
+ max{S(g(Tn.+1, Yni+1)s 9(Tn415 Yni+1)5 9 (T 41, Y +1))
S(9WYng+15 Tg+1)s 9 Yni+15 Trg+1), 9 (Ymp+1, Trmg+1)) }
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= 2dp,, + 2dmy, + max{S(f (T, Yni)s [(@ngs Uni)s [ (@i Ymi))s S Ui T )s f Yris T )s Y s Ty )
< 2y, + 2, + O(S(9(@n, Yni)s 9@ Yni)s 9Ty Ymi))s S(9 Y T )y 9(Ynis Ty ) 9 Ymis T )))

X ma’X{S(g(xnk7ynk)hg(xnk?yn}c)’g(xmk7ymk))’S(g(ynk’xnk)’g(ynk"Tnk)7g(ymk’xmk))}
<2d,, + 2dm, + Tk

On taking the limit as £k — oo and by using and , we get
0(S(9(@ny Yni)s 9@, Y ) 9 (T Ymi))» S (9 (Ynis Ty ), 9 Ynges Ty, )y 9(Yimy Ty ))) — 1
By using the property of 6, we obtain
S(9(Tngs Yny)s 9@y Yni)> 9(@mys Yy, ) — 0,

and
S(9Wnis Tny ) 9Unis Tny ) 9Ymis Ty, )) = 0,
as k — oo, which implies that
kli_}n;)q =0,

which contradicts with € > 0.
Therefore, {g(n,yn), 9(yn,xn)} is a Cauchy sequence in (X x X, D"*). Since X is S-complete, by

Lemma there exists (u,v) € X x X such that
lim g(xp,yn) = lim f(zn,yn) =u and lim g(yn, zn) = Um f(yn,z,) = v. (3.12)
n—o00 n—o0 n—o0 n—oo
Since the pair (f, g) satisfies the generalized compatibility, from (3.12)), we get that
nILH;OS<f(g(xna yn>7 g(ynv an)), f<g<mn7 yn)7 g(ynv [En)), g(f(xn') yn); f(y’ru xn))) - 07 (313)

and
nh_{gos(f(g(ymxn)ag(xmyn))a F(9Wn, o), 9(TnsYn)), 9(f (Yns Tn), [(Tnsyn))) = 0.

Now, consider the assumption (5) that (a) holds, that is, f and g are continuous. By using Lemma
we get that

S(g(u,v), g(w,v), f(g(zn: Yn): 9(yn, Tn)))
S QS(Q(’U,, v),g(u,v),g(f(acn,yn), f(yn,xn)))
+ S(f(g(mna yn)vg(ynvxn))v f(g(xnvyn)vg(ynvxn))vg(f(meyn)a f(ynvxn)))

By passing to the limit as n — oo and using (3.12)), (3.13]) and the continuity of f, we get that
S(g(u,v), g(u,v), f(u,v)) = 0.

Hence, g(u,v) = f(u,v). In similar way, g(v,u) = f(v,u) is obtained.
Now, consider the assumption 5 that (b) holds. By (3.4)) and (3.12)), we have {g(zn,yn)} and {g(yn, zn)}

are nondecreasing sequences, g(Zp, yn) — u and g(yn, x,) — v as n — oco. Thus for all n € N, we have
9(@n, Yn) 2 U, 9(Yn, ¥n) = 0.

By using (3.1) and Lemma we get
S(f(u7 U), f(u7 U): g(“’v ’U)) < 2S(f(“7 'U), f(u7 U)7 g(a:n+1, yn+1)) + S(g(xn+1, yn+1)7 g(xn-i-h yTH-l)? g(u7 'U))
= QS(f(u, 1}), f(ua U)y f(l’n, y'ﬂ)) + S(g($n+1, yn+1), g(mn—l-l; yn—i-l)v Q(U, U))
— 0,
as n — oo. Hence, g(u,v) = f(u,v). In similar way, we get g(v,u) = f(v,u).
Note that in the case (b), continuity and generalized compatibility assumptions are not necessary in the

proof. O
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Remark 3.5. In Theorem the condition that f has g-nondecreasing property is a substitution for the
mixed weakly monotone property of the pair of (f, g) that was used in [5]-[14].

In Theorem the following contractive condition was studied:

S(f(z,y), f(z,y), flu,v)) < 0(S(g(x,v), 9(x,y), 9(u,v)), S(9(y, ), g(y, x), g(v,u)))
x max{S(g(z,y), 9(z,y), 9(u,v)), S(g(y, ), 9(y, ), g(v,u))}.

The above condition is, in some sense, an extension of the contractive condition:
d(F(z,y), F(u,v)) < 0(d(gz, gu), d(gy, gv) x max{d(gz, gu), d(gy, gv)},

of Kadelburg et al. [6] from metric to S-metric spaces.
Now, we give a more general contractive condition to extend Theorem

Theorem 3.6. Let (X, S, =) be a partially ordered S-metric space; f,g : X x X — X be two maps such
that

1. X is S-complete;

2. f,g are two generalized compatible maps such that f is g-nondecreasing with respect to =< and there
exist 20,50 € X such that g(z0,0) < f(z0,0) and g(yo, z0) = f(yo,0);

3. there exists 0 € © such that

S(f(z,y), f(@,y), f(u,v)) <0(S(g(z,y), 9(z,y), 9(u,v)), S(g(y, ), 9(y, )
x max{S(g(z, ), 9(x,v), g(u, )),S(g( ),g(y,x),g( u),  (3.14)
S(g(z,y),9(z,y), f(x
S(g(u,v), g(u,v), f(u,

7

9)), 89y, %), 9(y, @), f
v) g (U,U) fv,u)

):S(g(v,

for all x,y,u,v € X with g(x,y) < g(u,v) and g(y,z) < g(v,u);

4. for any x,y € X, there exist u,v € X such that
f(z,y) = g(u,v), f(y,2) = g(v,u); (3.15)

5. (a) f and g are continuous; or

(b) X has the following property:
if a nondecreasing sequence {x,} — = asn — oo, then x, <Xz for alln € N.

Then f and g have a coupled coincidence point in X.

Proof. Let x¢,yo € X be such that g(zo,y0) = f(w0,%0) and g(yo,0) = f(yo, o)
From , there exists (z1,y1) € X x X such that f(xo,y0) = g(z1,91) and f(yo,z0) = g(y1,x1)-
Again by assumption 4, for (x1,y1) there exists (z2,y2) € X x X such that f(z1,y2) = g(z2,y2) and
f(y1,21) = g(y2,z2). By continuing this process, we can construct two sequences {x,} and {y,} in X such
that
f(@n,yn) = 9(@Tns1, Yns1)s [ (Uns Tn) = 9(Yns1, Tna1) (3.16)

for all n € N.
First we show that for all n € N, we have

9(Zn,Yn) 2 9(Tni1, Yng1) and g(Yn, Tn) = 9(Ynt1, Tnt1)- (3.17)
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As g(x0,0) = f(%0,y0) and g(yo, o) = f(yo, o) and as f(xo,y0) = g(z1,y1) and f(yo,z0) = g(y1,71),
we have g(xo,y0) =X g(x1,y1) and g(yo,x0) = g(y1,21). Thus (3.17) holds for n = 0. Suppose now that

(3.17) holds for some fixed n € N.
Since f is g-nondecreasing with respect to <, we have

9(@nt1, Yn+1) = f(Tn, Un) 2 [(@nt1,Ynt1) = 9(Tnt2, Ynt2),
and
IWYn+1,Tnt1) = f(Yn Tn) 2 f(Ynt1, Tnt1) = 9(Ynt2, Tni2).
Hence holds for all n € N.
If g(xnovyno) = g($n0+1>yn0+1) and g(ynmyno) = g(yn0+1,$n0+1) for some ng € N, then ('rno’yno) is a
coupled coincidence point of f and g.
Therefore, in what follows, we assume that for each n € N, g(zp,yn) # 9(Tn+1, Yn+1) OF G(Yn,xn) #
9(Yn+1, Tn+1) holds.
Since g(n, yn) = 9(Fns1,Yns1) and g(yn, 2n) = 9(Gns1,Ens1), by using (B1) and B16) with = o,

Y =1Yn, U= Tpti, V= Ypt1 we get for all n € N,
S(9(@n11,Yn+1), 9(@n+1, Yn+1), 9(Tnt2, Ynt2))
= S(f(@n,Yn)s f(@n, Yn)s f(Tn+1, Ynt1))
< 0(S(9(xns Yn)s 9(Tn, Yn)s 9(Tnt1, Yn+1))s S(9(Yns Tn)s 9(Yns Tn)s G(Ynt15 Tnt1)))
x max{S(g(Tn, Yn)s 9(Tns Yn), 9(Tn+1, Yn+1))s S(9(Yn, Tn)s 9(Yn, Tn)s 9(Yn+1, Tnt1)),
S(9(@n, Yn)s 9(@ns Yn)s (@0 Yn))s S(9(Yns Tn), 9(Yn, Tn), (Yn, Tn)),
S(9(@nt1,Yn+1), 9(Tnt 15 Ynt1), [(@nt15Yn41))s S(G(Ynt15 Tnt1)s 9(Ynt15 Tnt1)s f(Unt1, Tng1)) }
= 0(5(9(znyn), 9(xn, Yn); 9(@nt15 Yn+1)), S(GWns Tn)s 9(Un, Tn)s 9(Ynt1, Tni1)))
x max{S(g(Tn, Yn), 9(Tn, Yn), 9(Tn+1, Yn+1))s S(9(Yns Tn)s 9(Yn, Tn)s 9(Yn+1, Tnt1)),
S(9(znsYn)s 9(@n, Yn)s 9(Tnt15 Yn+1))s S(9(Yns Tn)s 9(Yns Tn)s G (Ynt1, Tnt1)),
S(9(@nt1,Yn+1); 9(@ns1s Yns1), 9(@n2, Ynt2))s S(GWnt1s Tng1), 9(Yna1s Tnt1), 9(Yn2, Tni2)) -

Hence

S(9(Tn+1:Yn+1)s 9(Tnt1, Yn+1)s 9(Tnt2, Yni2))
< O(S(9(xn, yn) 9(@n, Yn)s 9(Tnt 1, Ynt1))s S(9(Yn, Tn), 9(Un, Tn), 9(Unt1, Tnt1)))
x max{S(g(n, Yn), 9(Tn, Yn), 9(Tnt1,Yn+1))s S(GWn> Tn)s 9(Yn,> Tn)s 9(Yn+1, Tnt1)), (3.18)
S(9(@n+15Yn+1), 9(@nt1, Yn+1), 9(@nt2s Ynt2))s S(9(Unt1, Tnt1), 9 WUnt1, Tnt1), 9(Unt2, Tnya)) }-
Similarly, by using (3.14) and (3.16)), we get

S(9(Yn+1:Tn+1)s 9(Yn+1, Tnt1)s 9(Ynt2, Tni2))
= S(f(Yn,Tn)s f(Yns Tn), f(Yn+1, Tnt1))
< 0(S(9(Yns Tn)s 9(Uns Tn)s 9(Ynt1, Tnt1))s S(9(Tns Yn)s (T, Yn)s 9(Tnt1, Ynt1))) (3.19)
x max{S(g(Yn, &), 9(Yn Tn), 9(Ynt1, Tn+1)), S(9(@n; Yn), 9(@n, Yn ), 9(Tnt1, Ynt1)),
S(9(Ynt1, nt1); 9Wnt1, Tnt1), 9Unt2, Tny2)), S(9(Tnt1, Ynt1)s 9(Tnt1, Ynt1), 9(Tng2, Ynt2)) }-

From (3.18]) and (3.19), as (s, t) = 0(t, s), we get for all n € N,

max{S(g(@n+1; Yn+1), 9(Tnt1, Yn+1), 9 (@n+2, Ynt2)): S(9(Yn+15 Tnt1), 9(Unt1, Tnt1)s 9 (Ynv2, Tnr2)) }
< 0(S(9(Tn, Yn)s 9(n, Yn)s 9(Tnt1, Ynt+1))s S(9(Yns Tn)s 9(Uns Tn)s 9(Ynt1, Tnt1))) (3.20)
x max{S(g(Tn, Yn), 9(Tn: Yn), 9(Tn+1, Yn+1))s S(9(Yns Tn)s 9(Yn, Tn), 9(Ynt1, Tnt1)),
S(9(@n+1,Yn+1)s 9(@nt1, Ynt1), 9(Tnt2: Yn+2))s S(9(Yn+1, Tnt1), 9(Ynt1, Tnt1), 9(Ynt2, Tnt2)) }-
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Put

dp = max{S(9(Tn, Yn), 9(Tn: Yn), 9(Tnt1, Yn+1))s S(9(Yns Tn)s 9(Yn, Tn), 9(Ynt1, Tnt1) }- (3.21)
Then from ({3.20) we have, as 6(s,t) = 0(t,s) < 1 for all s,t > 0.

dn+1 < 9(5(9(%, yn)7 g(xm yn)a g(xn-i-lv yn+1))7 S(g(ym :L‘n), g(ym xn)a g(yn-‘rla xn-i-l))) maX{dnv dn+1}
< max{dy, dp+1}.

Since dp+1 < dp41 is impossible, hence we have

dn+1 < Q(S(g($n7 yn), g(xna yn)7 g($n+1, yn-i—l))a S(g(yna 5571)7 g(ym $n)7 g(yn-i-lv xn-i-l)))dn' (3‘22)

Hence we get dy11 < d,, for all n € N. Therefore, there is some d > 0 such that

lim d,, = d.

n—oo

Then from (3.22]) we have
d< nh_Egoe(S(g(xn’ yn)a g(xn, yn)a g($n+1a yn+1))7 S(g(yna ﬂjn), g(ynv Cﬂn)a g(yn+1, $n+1)))d7

and hence, if suppose that d > 0, then

lim 6(S(9(zn, Yn)s 9(Tn, Yn)s 9(Tnt1,Yn+1)), S(9Wn> 2n), 9(Yns Tn)s 9(Ynt1, Tny1))) = 1.

n—oo

Since 0 € ©, we have

S(g(xnvyn)7g($na yn)ag(wn-i-hyn-i-l)) —+0 and S(g(yn7xn)79(yn7wn)vg(yn—&-la xn-i-l)) — 0.
Hence, by (3.21)), d,, — 0. Therefore, our supposition d > 0 was wrong, that is,

lim d, = d = 0. (3.23)

n—o0

Now, we prove that {g(zn,yn), 9(yn,zn)} is a Cauchy sequence in X x X endowed with S-metric D7***
defined in Lemma 2.5

If {9(zn,yn), 9(Yn, zn)} is not a Cauchy sequence in (X x X, D7) then there exists € > 0 for which
we can find two sequences of positive integers {my} and {nj} such that for all positive integer k with
ng > mg > k, we have

DI (9@ Yni)s 9 Wi Ty )5 (9@, Ui ) 9 Wi Ty ))s (9@ Y )s 9Wmies Ty ))) 2 €
D;nax((g(xnk—lvynk—1)7g(ynk—17xnk—l))v (g(wnk—lyynk—l)ag(ynk—hxnk—l))y (g(wmmymk)ag(ymmxmk)» <e

By definition of D7***, we have

T = maX{S(g(:Enk ) ynk)a g(‘rnk 5 ynk)a g(xmka ymk))7

S(9(Ynys Ty, )s 9 Yng» Trg )s 9 (Y > Tmy,)) } (3.24)
e,

and
maX{S(Q(JUnk—lv ynk—1)7 g(xnk—h ynk—l)a g(l‘mk ) ymk))v

(3.25)
S(g(ynk—lu xnk—l)mg(ynk—la xnk—l)a g(ymkgxmk))} < €.
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By using (3.24)), (3.25) and Lemma we have that

e <y = max{S(g(Tn, Yni ), 9 @nis Yni)s 9 @mss Ymi )5 S(GWnis Ty )s 9(Ynis T )y 9 (Y » Ty ) }
< maX{S(g(xnk—la ynk—l),g(xnk—la ynk—l),g(xmkaymk))a S(g(ynk—lv xnk—l)ag(ynk—lv xnk—l)ag(ymmzmk))}
+ maX{ZS(g(xnk—lvynk—l)ag(xnk—lvynk—l)ag(xnmynk))aQS(Q(ynk—l:xnk—l)ag(ynk—laxmc—l)ag(ynkaxnk))}
< 2max{S(g(Tn,—1:Yny—1), 9(Tny—1: Yn—1)s (T, Yni )5 S(GWri—15 Tre—1) 9(Uny =15 Ty —1), 9 (Yny., Tny ) } + €

On taking the limit as k — oo, we have

Tk = maX{S(g(LL’nk, ynk)ag(xnkaynk)ag(xmkaymk))a S(g(ynka mnk),g(ynkamnk)ag(ymkammk))} — €. (3-26)

By Lemma [2.2] we have

i = max{S(g(Tny, Yny)s 9(@ny Yna)» 9Ty s Yy ))s (G Ynis Tni)s G Wnies Trg )y 9 (Y s Ty ) }

< ma‘X{QS(g(xnk7y"k)’g(l‘nk7ynk>)g(xnk“l‘l?ynk"rl))? QS(g(ynkaznk)»g(ynkaInk)yg(ynk+17$nk+1))}
+ max{S(9(Tn,+1: Yns-+1)s 9(@ny+1, Yni+1), 9(Tmses Ymi))s S(G(Yni+1: Tri+1)s 9(Yni+15 Tg+1)s 9 (Y s Ty ))

< 2dp, + ma'X{2S(g(xmk7ymk>7g($mk7ymk)7g(xmk+1’ ykarl))v 2S(g(ymk7xmk)7g(ymk7xmk)Vg(ymk“Fl’xkarl))}
+ maX{S(g(xnk+lvynk+1),g(xnk+lvynk+1)»g(x7nk+lvymk+l))v
S(g(ynk"l‘l?Ink"{‘l)?g(ynk"rl?xnk+1)7g(ymk+17xmk+l))}

= 2dp,, + 2dpm, + maX{S(f(xnk’ynk>7 f(xnk7ynk)’ f(mmk’ymk))7 S(f(?fnka xnk)’ f(ynk7x'ﬂk)’ f(ymk’ ka))}

< 2dny, + 2y, + 0(S(9(Tny s Yny ) 9 @0y, Yni)s 9(Tmges Yy ) s S(9( Y Ty, ) 9 (Unes Trg ), 9( Y Ty, )))
x max{S(g(Tny, Yny,)s 9(Tngs Yng )y 9T Y ))s S Ynis Tri )s G WUnies Ty )s G (Y s Ty )) }

< 2d,, + 2dm, + Tk

On taking the limit as k — oo and using (3.23]) and (3.26)), we get

G(S(g(xmwynk)?Q(mnkvymc)ag(xmw ymk))’ S(g(ynlwxnk)’g(ynk’xnk)’g(ymk7 l'mk))) — L

By using the property of 6, we obtain

S(g(xnkvynk)7g(xnka ynk)ag(l'mka ymk)) — 0,

and
S(9(WYng.> Tng )y 9(Yng Ty, )s 9 (Y Ty, )) — 0,

as k — oo, which implies that

lim T = 0,
k—o00

which contradicts with € > 0.

Therefore, {g(xn,yn), 9(yn,xn)} is a Cauchy sequence in (X x X, D***). Since X is S-complete, by
Lemma there exists (u,v) € X x X such that

nh_{gog(‘rmyn) = nh_)rgof(wmyn) =u and nh_{rologwmxn) = nh_{gof(ymxn) =v. (3.27)
Since the pair (f, g) satisfies the generalized compatibility, from (3.27)), we get that

lim S(f(g($n, yn)vg(ynaxn))v f(g(fUn,yn),g(yn,xn)),g(f(wn,yn), f(ynaxn») =0. (328)

n—o0

and
Hm S(f(9(Yns Tn), 9(Tn, Yn))s F(9(WUns Tn), 9(Xn, Yn))s 9(f (Yns Tn), f(Tn, yn))) = 0.

n—o0
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Now, consider the assumption 5 that (a) holds, that is, f and g are continuous. By using Lemma
we get that

S(g(u,v), g(u,v), f(9(Tns Yn)s 9(Yn, 2n))) < 25(g(u,v), g(u,v), g(f (@, Yn)s f(Yn, 1))
+ S(f(9(@nsyn)s 9Wns Tn))s f(9(Tn, Yn),
9(Un,n)), 9(f(@n,yn), f(Yn,Tn))).

By passing to the limit as n — oo and using (3.27)), (3.28)) and the continuity of f, we get that

S(g(u,v), 9(u,v), f(u,v)) = 0.

Hence, g(u,v) = f(u,v). In similar way g(v,u) = f(v,u) is obtained.
Now, consider the assumption 5 that (b) holds. By (3.17)) and (3.27)), we have {g(xn, yn)} and {g(yn, zn)}
are nondecreasing sequences, ¢(Tp,yn) — w and g(yn, x,) — v, as n — oo. Thus, for all n € N, we have

g(xnayn) = u,g(yn,:cn) <.
By using (3.14)) and Lemma we get

S(f(“?”)a f(u’ U)vQ(“’vv)) < 2S(f(u7v)a f(uv U)7g($n+1,yn+1)) =+ S(g(xn_H, yn—i—l)vg(xn+17yn+1)’g(u7v))

== QS(f(u,v), f(u7 U)a f(xna yn)) + S(g($n+1,yn+1)79($n+1, yn+1)7g(u7 U))
— 0, as n— oo.

Hence, g(u,v) = f(u,v). In similar way, we get g(v,u) = f(v,u). O
The commuting maps (f, g) are obviously generalized compatible, then we obtain the following corollary.

Corollary 3.7. Let (X, S, <) be a partially ordered S-metric space, f,g: X x X — X be two maps such
that

1. X is S-complete;

2. f,g are two commuting maps such that f is g-nondecreasing with respect to = and there exist xg,yg € X
such that g(zo,yo) = f(wo,y0) and g(yo, o) = f(Yo,xo);

3. there exists 8 € © such that
S(f(z,y), f(z,y), f(u,v)) <0(S(g(z,y), 9(z, ), 9(u, v)), S(9(y, %), 9(y, x), g(v, u)))
x max{S(g(z,y), 9(z,y), 9(u,v)),S(g(y, x),9(y, ), g(v,u))}
for all x,y,u,v € X with g(z,y) = g(u,v) and g(y,z) < g(v,u);

4. for any x,y € X, there exist u,v € X such that
f($7y) = g(u, v)af(yam) = g(v,u);

5. (a) f and g are continuous; or

(b) X has the following property:
if a nondecreasing sequence {x,} — = asn — oo, then x, <Xz for alln € N.

Then f and g have a coupled coincidence point in X.

Definition 3.8 ([I1], Definition 1.1]). Let (X, <) be a partially ordered set and let f : X x X — X and
g : X — X be two mappings. The mapping f is said to have the g-monotone property, if f is monotone
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g-nondecreasing in both of its arguments, that is, for any x,y € X,
r1,72 € X, gr1 2 g2 = f(71,9) = f(22,9),

and
y1,y2 € X, gy1 =2 gy2 = f(z,y1) 2 f(z,92).

If we take g = Iy (an identity mapping on X ), then f is a monotone mapping on X.

Definition 3.9. Let (X, S) be an S-metric space and let f: X x X — X and g : X — X be two maps. We
say the pair (f,g) is compatible, if

whenever {z,,} and {y,} are sequences in X such that
A f(@n,yn) = lim g(@a) = i,

lim f(yn, 2n) = lim g(yn) = t2.

n—oo n—o0

Definition 3.10. Let f: X x X — X and g : X — X be two maps. We say the pair (f,g) is commuting
if, f(9z.9y) = 9(f(z.y), f(y,2)) for all z,y € X.

Now, we deduce some analogous results to Kadelburg et al. [6] in partially ordered S-metric spaces.

Corollary 3.11. Let (X, S, =) be a partially ordered complete S-metric space, f : X x X — X and
g: X — X be such that f has g-monotone property. Suppose that the following hold:

1. g is continuous and g(X) is closed;
2. f(X xX)Cg(X) and f and g are compatible;
3. there exist xg,yo € X such that gro < f(zo,y0) and gyo = f(yo,xo);

4. there exists 0 € © such that for all x,y,u,v € X

S(f(x,y), f(z,y), f(u,v)) < 0(S(gx, gz, gu), S(gy, gy, gv)) x max{S(gz, gz, gu), S(g9y, gy, gv)},
with gz = gu and gy = gu;

5. (a) f is continuous; or

(b) X has the following property:
if a nondecreasing sequence {x,} — = asn — oo, then x, <Xz for alln € N.

Then f and g have a coupled coincidence point in X.

Proof. By starting from xg,yo in assumption 3 and using f(X x X) C ¢(X) in assumption 2, we can
construct sequences {x,} and {y,} in X such that

gTn = f(xn—hyn—l)agyn = f(yn_1,:cn_1), for n=1,2,---.

Then, proceeding the proof of Theorem by using the two sequences mentioned above, we can draw
the conclusion. O

Remark 3.12. Since commuting maps (f, g) are necessarily compatible, then the conclusion of Corollary
holds true by using (f, ¢) is commuting instead of compatibility of f and g.



M. Zhou, et al., J. Nonlinear Sci. Appl. 9 (2016), 5950-5969 5964

By putting g = I, where I, is an identity mapping on X in Corollary we obtain the following
corollary.

Corollary 3.13. Let (X,S,=) be a partially ordered S-metric space and let f : X x X — X have the
monotone property. Suppose that the following hold:

1. there exist xo,yo € X such that zog < f(xo,y0) and yo = f(yo,o);

2. there exists 0 € © such that for all x,y,u,v € X,
S(f(zy), f(z,y), f(u,v) < O0(S(z,z,u), S(y,y,v)) X max{S(z,z,u),S(y,y,v)},
with x < u and y 3 v;

3. (a) f is continuous; or

(b) X has the following property:
if a nondecreasing sequence {x,} — x as n — oo, then x, < x for alln € N.

Then f has a fized point in X.

By taking 0(t1,t2) = k with k£ € [0,1) for all ¢;,t2 € [0,00) in Corollary and Corollary we
obtain the following corollaries.

Corollary 3.14. Let (X,S,=<) be a partially ordered complete S-metric space, f : X x X — X and
g: X — X be such that f has g-monotone property. Suppose that the following hold:

1. g is continuous and g(X) is closed;
2. f(X xX)Cyg(X) and f and g are compatible;
3. there exist xg,yo € X such that gro =X f(xo,y0) and gyo = f(yo,To);

4. there exists k € [0,1) such that for all x,y,u,v € X,

S(f(z,y), f(z,y), f(u,v)) <k x max{S(gz, gz, gu), S(9y, 9y, gv)},
with gz = gu and gy = gv;

5. (a) f is continuous; or

(b) X has the following property:
if a nondecreasing sequence {x,} — x as n — oo, then x, < x for alln € N.

Then f and g have a coupled coincidence point in X.

Corollary 3.15. Let (X,S,=X) be a partially ordered S-metric space and let f : X x X — X have the
monotone property. Suppose that the following hold:

1. there exist xo,y0 € X such that zo < f(xo,y0) and yo = f(yo,x0);

2. there exists k € [0,1) such that for all z,y,u,v € X,
S(f(z,y), f(@,y), f(u,v)) <k x max{S(z,z,u),S(y,y,v)},

with x < u and y 2 v;

3. (a) f is continuous; or
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(b) X has the following property:
if a nondecreasing sequence {x,} — = as n — oo, then x, <X x for alln € N.

Then f has a fized point in X .

Remark 3.16. Since, for k, 1 >0, k+1<1,

kS(gz, gz, gu) + 1S(gy, gy, gv) < max{S(gz, gz, gu), S(gy, 9y, gv)},

Corollary (resp. Corollary [3.15) remains valid, if the right-hand side of assumption 5 of Corollary
(resp. assumption 2 of Corollary [3.15]) is replaced by

kS(gx, gz, gu) +1S(gy, gy, gv) (resp. kS(z,z,u)+1S(y,y,v))

for some k,1 >0, k+1 < 1.
Now, we prove the uniqueness of the coupled coincidence point. Note that if (X, <) is a partially ordered

set, then we endow the product X x X with the following partial order relation, for all (z,y), (u,v) € X x X

(z,y) = (u,v) & gz, y) < g(u,v) A gly,z) < g(v,u),
where g : X X X +— X x X is one-one.
Theorem 3.17. In addition to the hypotheses of Theorem [3.4], suppose the following condition holds:

(x) for every (z,y), (z,t) € X x X, there exists another (u,v) € X x X which is comparable to (z,y) and

(z,1).
Then f and g have a unique coupled coincidence point.

Proof. From Theorem the set of coupled coincidence points of f and g is nonempty.
Suppose (z,y) and (z,t) are coupled coincidence points of f and g, that is,

f(mvy):g(xay)a f(yvx):g@/:x);
f(zvt) = g(z,t), f(t’ Z) = g(t, Z)

Now we prove that g(z,y) = g(z,t) and ¢g(y,z) = g(t,z). By assumption, there exists (u,v) € X x X
that is comparable to (z,y) and (z,t). We define sequences {g(un,vyn)} and {g(vp,u,)} as follows, with
Uup = u,Vg = U:

f(u’m Un) = g(un+17vn+1)7 f(vna Un) = g(Un+1,Un+1), for all n € N.

Since (u, v) is comparable to (x,y), we assume that (z,y) < (u,v) = (ug, vo), which implies that g(x,y) <
g(up,vp) and g(y,z) = g(vo, up). We suppose that (x,y) < (uy,v,) for some n.
We will prove that

($a y) < (UTL+17 anrl)-
Since f is g-monotone, we have that g(z,y) < g(un,v,) implies f(z,y) < f(un,vs) and g(y, z) < g(vn, uy)
implies f(y,x) = f(vn, un). Now
(Um Un) = g(un+1a UnJrl)?

(vm un) = g(vn+1a un+1)-

g(.’E,y) = f(xay) =f
g(y7x) = f(y,az) =f

Thus we have
(z,y) =2 (up,vy), forallneN. (3.29)
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By using and (| -, we have

S(g(m,y),g(m,y),g(un+1,vn+1)) = S(f(a:,y),f(a:,y),f(un,vn)
<0(S(9(z,y), 9(x,y), g(un, vn)), S(9(y, ), 9(y, ), g(vn, un)))
x max{S(g(z,y), 9(x,y), g(tn,vn)), S(g(y, ), 9(y, ), g(vn, un))}.

Similarly

S(g(y,m),g(y,m),g(vn+1,un+1)) = S(f(y7x>7f<va)7f(vn’un)
<0(5(9(y, ), 9(y, %), g(un, vn)), S(9(y, ), 9(y, ), g(vn, un)))
x max{S(g9(y,x), 9(y, ), g(un,vn)), S(9(y, ), 9(y, %), g(n, un))}.

This implies that

max{S(9(z,v), 9(z,y),9(Un+1,vn+1)), S(9(y, ), 9(y, *), g(Vnt1, Un+1)) }
<0(S(9(z,9), 9(x,y), g(un, vn)), S(9(y, ), 9(y, ), g(vp, un)))
x max{S(g(z,y), 9(,y), g(un, vn)), S(9(y, ), 9(y, ), g(vn, un))}
< max{S(g(z,y), 9(x,y), g(un,vn)), S(9(y, ), 9(y, ), g(Vn, un))}.

Therefore, we get that d,, := max{S(g(x, ), g9(x,y), 9(un,vn)),S(g(y, x), 9(y, x), g(vn, u,))} is decreasing
and hence d,, — d as n — oo, for some d > 0. Now, we claim that d = 0. Assume to the contrary that

d > 0, from above inequality, we get

Y, :L')’g(anrla un+1))}
7$)’g(vna Un))}
7g<y7 .73), g(”m un)))

max{S(g(z,y), g(m, Y), 9(Unt1,vn41)), S(g(y, ),
maX{S( (z,9),9(x,9), g(un,vn)), S(g(y, =
X,y ), ( ,y)vg(un7vn))7s<g(y7x

/\\_/

(S(g
< 1.

By taking the limit as n — oo in the above inequality, we have
0(S(g9(z,9), 9(x,y), g(un, vn)), S(9(y, ), 9(y, x), g(vn, un))) = 1, as n — oc.
By the property (62) of 6 € ©, we have

S(9(x, ), 9(x,y), g(un, vn)) = 0, S(9(y, ), 9(y, %), 9(vn, un)) = 0, as n — oc.

Now we have d,, — 0 as n — 0o, which contradicts with d > 0. Therefore, we conclude that d,, — 0, as
n — oo and then

lim S(g(x,y),9(x,y), g(un,vy)) =0, lim S(g(y,x),g(y,x),g(vn,u,)) = 0. (3.30)

n—oo n—o0

Similarly, we have

nli_)IroloS(g(z,t),g(z,t),g(un,vn)) =0, nli_)rgoS(g(t, z),9(t, 2),g(vn, uy)) = 0. (3.31)
By using (3.30) and (3.31)), we have g(z,y) = g(z,t) and g(y,z) = g(t, 2). O

Corollary 3.18. In addition to the hypotheses of Corollary assume that for any (x,y), (z,t) € X x X,
there exists another (u,v) € X x X which is comparable to (x,y) and (z,t), then f and g have a unique

coupled fixed point.
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Theorem 3.19. In addition to the hypotheses of C’orollary let the condition (x) of Theorem be
satisfied. Then the coupled fized point of f is unique. Moreover, if for the terms of sequences {x,} and
{yn} defined by x, = f(xn—1,Yn—1) and Yo = f(Yn—1,Tn—1), Tn = Yy holds for n sufficiently large, then the
coupled fixed point of f has the form (x,x).

Proof. We only prove the last assertion. Suppose that for n sufficiently large, x,, =< y,. Then by (3.1]) of
Theorem (with g = I,), we get

S(l'n+17$n+1a yn+1) = S(f(l‘nayn) (xna yn)a f(ymxn))
(S(xnyxnayn) S(ynaynamn)) X max{S(xn,xn,yn),S(yn,yn,mn)}
(S(-menayn) S(ynvynal'n)) X S(xnafmyn)

(xmfpnvyn)‘

IN

> D

AN
n

Therefore, we get that d,, := S(xp, Tn,yn) is decreasing. Hence, d,, — d as n — oo for some d > 0.
Next, we prove that d = 0. Assume to the contrary that d > 0, then from above inequality, we have

S(Trnt1, Tnt1, Ynt1)
S(l‘na Tn, yn)

S G(S(xnvxnayn)vS(ynvynv'rn)) < ]-

By letting n — oo, we get 0(S(zn, Tn,Yn), S(Yn, Yn, Tn)) — 1. Since 6 € O, we have S(xy, Ty, yn) — 0,
which contradicts with d > 0. Therefore, we have d,, — 0 as n — oo.

By Lemma [2.2]

S(x,x,y) < 28($7$7$7Z+1) + S(xn+1,mn+1,y)
< 2S($7 xz, xn—l—l) + 2S($n+17 Tn+1, yn—i-l) + S(yn—i-l, Yn+1, y)
< 2S(x7$7xn+1) + 2‘5’(1%’ xnvyn) + S(yn+1a Yn+1, y)

By passing to the limit as n — oo, since x,, — , ¥y, = y and S(xy,, Tn, yn) — 0, we get that S(z,z,y) <0
and thus z = y. O

Corollary 3.20. In addition to the hypotheses of Corollary let the condition (%) of Theorem be
satisfied. Then the coupled fized point of f is unique. Moreover, if for the terms of sequences {x,} and
{yn} defined by x, = f(xn—1,Yn—1) and yn = f(Yn—1,ZTn—1), Tn = Yn holds for n sufficiently large, then the
coupled fixed point of f has the form (x,x).

At last, we present an example to show that our result can be used when many results in this field
cannot.

Example 3.21. Let X = [0, 1] endowed with the natural ordering of real numbers and S-metric defined by
S(z,y,2) = i5(lx — 2| + |y — 2[), for any z,y,z € X. Then (X, S) is a complete S-metric space.
Define the mappings f,g: X x X — X as follows:

and

2 .2
B =L, x>y,
g(z,y) =
0, z<uy.

First of all, we prove that f is g-monotone with respect to the natural ordering of real numbers.
Let (x,y), (u,v) € X x X with g(x,y) < g(u,v). We consider the following cases.
Casel: If x < y, then f(z,y) =0 < f(u,v).
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Case2: If z > y and if u > v, then

9(z,y) < glu,v) = < =22 —y? <u? —v? = f(z,y) < f(u,0).

But if v < v, then

22 — 2

9(z,y) < g(u,v) =0 < <0=2=y"= f(z,y) =0 < f(u,v).

Thus we see that f is g-monotone.
Now we prove that for any x,y € X there exist u,v € X such that
f(@,y) = g(u,v),
[y, z) = g(v,u).
Let (z,y) € X x X be fixed. We consider the following cases.
Casel: If z = y, then we have f(z,y) =0 = g(x,y) and f(y,z) =0 = g(y, ).
Case2: If x > y, then we have f(z,y) = 2% — y? = g(22,2y) and f(y,z) = 0 = g(2y, 27).
Case3: If x < y, then we have f(z,y) = 0 = g(2x,2y) and f(y,z) =y — 22 = g(2y, 27).
Clearly, f and g are continuous.
Now, we prove that the pair (f, g) satisfies the generalized compatibility hypothesis.
Let {x,} and {y,} be two sequences in X such that
nlgrolof(xm Yn) = nh_glog(l'na Yn) = t1,

lim f(yn, zn) = lim g(yn, z,) = ta.

n—oo n—o0

Then we must have that ¢; = 5 = 0 and one can easily check that

hm S(f(g(‘rn; yn>7g(y7hxn)>7 f(g(x’myn)vg(ynvxn))vg(f<$n7yn)a f(ynvxn)»

n—o0

hm S(f(g(yn7$n>7g($n,yn)>;f(g(ynyl'n)7g(xn7yn))7g(f<yn,xn); f(xn7yn)>) =

0, as n — oo,
, as m — oo.

Next, we prove that there exist two zg,yo € X with g(xo,y0) < f(xo,y0) and g(yo, z0) < f(yo,x0)-
Since we have g(0,3) = 0= f(0,3) and g(3,0) = 1x < f(3,0)) = 1.
Finally, we verify the contraction condition (3) of Theorem for all z,y,u,v € X with g(z,y) < g(u,v)

and g(y,z) < g(v,u).
Let 6 € © be defined by 6(s,t) = 3, for s,t € [0, 00).

S 9), Fr0), F(,0)) = 561 v) = )] + 17 0) = F(u,0))
= SIf ) (o)

= Jlow,y) — gl v)
<0(S(g9(z,y), 9(z,y), 9(u,v), S(9(y, x), 9(y, x), g (v, u)))
x max{S(g(z,y), 9(z,y), 9(u,v), S(g(y, ), 9(y, ), g(v,u))}.

Hence, the condition (3) of Theorem [3.4] is satisfied.
All requirements of Theorem are satisfied and (0,0) is a coupled coincidence point of f and g.
Moreover, (0,0) is a unique coupled common fixed point of f and g.
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