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1 Introduction

The Banach contraction principle [1] states that if (X, d) is a complete metric space
and 7 : X — X is a contraction mapping (i.e., d(Tx, Ty) < ad(x, y) for all x, y € X,
where o is a non-negative number such that o <1), then T has a unique fixed point.
This principle has been generalized in many ways over the years [2-15].

One of the most interesting is the study of the extension of Banach contraction prin-
ciple to the case of non-self mappings. In fact, given nonempty closed subsets A and B
of a complete metric space (X, d), a contraction non-self-mapping 7': A — B does not
necessarily has a fixed point.

Eventually, it is quite natural to find an element x such that d(x, Tx) is minimum for
a given problem which implies that x and Tx are in close proximity to each other.

A point x in A for which d(x, Tx) = d(A, B) is call a best proximity point of T.
Whenever a non-self-mapping 7" has no fixed point, a best proximity point represent
an optimal approximate solution to the equation Tx = x. Since a best proximity point
reduces to a fixed point if the underlying mapping is assumed to be self-mappings, the
best proximity point theorems are natural generalizations of the Banach contraction
principle.

In 1969, Fan [16] introduced and established a classical best approximation theorem,
that is, if A is a nonempty compact convex subset of a Hausdorff locally convex topo-
logical vector space B and T : A — B is a continuous mapping, then there exists an
element x € A such that d(x, Tx) = d(Tx, A). Afterward, many authors have derived
extensions of Fan’s Theorem and the best approximation theorem in many directions
such as Prolla [17], Reich [18], Sehgal and Singh [19,20], Wlodarczyk and Plebaniak
[21-24], Vetrivel et al. [25], Eldred and Veeramani [26], Mongkolkeha and Kumam [27]
and Sadiq Basha and Veeramani [28-31].

© 2012 Sintunavarat and Kumam; licensee Springer. This is an Open Access article distributed under the terms of the Creative

L]
@ Sprlnger Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and

reproduction in any medium, provided the original work is properly cited.


mailto:poom.kum@kmutt.ac.th
mailto:poom.kum@kmutt.ac.th
http://creativecommons.org/licenses/by/2.0

Sintunavarat and Kumam Fixed Point Theory and Applications 2012, 2012:93 Page 2 of 16
http://www fixedpointtheoryandapplications.com/content/2012/1/93

On the other hand, Bhaskar and Lakshmikantham [32] introduced the notions of a
mixed monotone mapping and proved some coupled fixed point theorems for map-
pings satisfying the mixed monotone property. They have observation that their theo-
rem can be used to investigate a large class of problems and discussed the existence
and uniqueness of a solution for a periodic boundary value problem. For several
improvements and generalizations see in [33-36] and reference therein.

The purpose of this article is to first introduce the notion of coupled best proxi-
mity point and cyclic contraction pair. We also establish the existence and conver-
gence theorem of coupled best proximity points in metric spaces. Moreover, we
apply this results in uniformly convex Banach space. We also study some results on
the existence and convergence of coupled fixed point in metric spaces and give illus-
trative examples of our theorems. An open problem are also given at the end for
further investigations.

2 Preliminaries

In this section, we give some basic definitions and concepts related to the main results
of this article. Throughout this article we denote by N the set of all positive integers
and by R the set of all real numbers. For nonempty subsets A and B of a metric space
(X, d), we let

d(A, B) :=inf{d(x,y) :x € Aand y € B}

stands for the distance between A and B.
A Banach space X is said to be
(1) strictly convex if the following implication holds for all x, y € X:

lxll = |y| =1andx #y= Hx;yH <1.

(2) uniformly convex if for each ¢ with 0 < ¢ < 2, there exists J > 0 such that the fol-
lowing implication holds for all x, y € X:

X +
il < LIl < tand [k—yllze= [ 7] <1-s.

It easily to see that a uniformly convex Banach space X is strictly convex but the
converse is not true.

Definition 2.1. [37] Let A and B be nonempty subsets of a metric space (X, d). The
ordered pair (A, B) satisfies the property UC if the following holds:

If {x,} and {z,} are sequences in A and {y,} is a sequence in B such that d(x,, y,) —
d(A, B) and d(z,, ) — d(A, B), then d(x,, z,) — O.

Example 2.2. [37]The following are examples of a pair of nonempty subsets (A, B)
satisfying the property UC.

(1) Every pair of nonempty subsets A, B of a metric space (X, d) such that d(A, B) = 0.

(2) Every pair of nonempty subsets A, B of a uniformly convex Banach space X such
that A is convex.

(3) Every pair of nonempty subsets A, B of a strictly convex Banach space which A is
convex and relatively compact and the closure of B is weakly compact.
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Definition 2.3. Let A and B be nonempty subsets of a metric space (X, d) and T: A — B
be a mapping. A point x € A is said to be a best proximity point of T if it satisfies the con-
dition that

d(x, Tx) = d(A, B).

It can be observed that a best proximity point reduces to a fixed point if the underly-
ing mapping is a self-mapping.

Definition 2.4. [32] Let A be a nonempty subset of a metric space X and F: A X A — A.
A point (x, ') € A x A is called a coupled fixed point of F if

x = F(x,x') and ¥’ = F(x', x).

3 Coupled best proximity point theorem

In this section, we study the existence and convergence of coupled best proximity
points for cyclic contraction pairs. We begin by introducing the notion of property
UC* and a coupled best proximity point.

Definition 3.1. Let A and B be nonempty subsets of a metric space (X, d). The
ordered pair (A, B) satisfies the property UC* if (A, B) has property UC and the follow-
ing condition holds:

If {x,} and {z,} are sequences in A and {y,} is a sequence in B satisfying:

(1) d(z,y y,) = d(A, B),

(2) For every ¢ > O there exists N € N such that

A(xm, yn) <d(A, B) +¢

for all m >n > N,

then, for every ¢ > 0 there exists N; € N such that
d(xm, z,) <d(A, B) +¢

for all m >n > Nj.

Example 3.2. The following are examples of a pair of nonempty subsets (A, B) satisfy-
ing the property UC*.

(1) Every pair of nonempty subsets A, B of a metric space (X, d) such that d(A, B) = 0.

(2) Every pair of nonempty closed subsets A, B of a uniformly convex Banach space X
such that A is convex [[38], Lemma 3.7].

Definition 3.3. Let A and B be nonempty subsets of a metric space X and F: A x A — B.
A point (x, x) € A x A is called a coupled best proximity point of F if

d(x, F(x, x')) =d(x/, F(x, x)) =d(A, B).

It is easy to see that if A = B in Definition 3.3, then a coupled best proximity point
reduces to a coupled fixed point.

Next, we introduce the notion of a cyclic contraction for a pair of two binary
mappings.

Definition 3.4. Let A and B be nonempty subsets of a metric space X, F: A x A - B
and G : B x B — A. The ordered pair (F, G) is said to be a cyclic contraction if there
exists a non-negative number o <1 such that
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d(F(x, x), G(y, V) = Z[d(xf ) +d(x, ¥)]+ (1 —a)d(A, B)

for all (x, x) € A x A and (y,y) e B x B.

Note that if (F, G) is a cyclic contraction, then (G, F) is also a cyclic contraction.

Example 3.5. Let X = R with the usual metric d(x, y) = |x - y| and let A = [2,4] and B =
[-4, -2]. It easy to see that d(A, B) = 4. Define F: Ax A — Band G:B x B— A by

—x—x' —4
Fx, ¥) = ;
and
—x—x+4
G(x, ¥) = * 4xl+ .

For arbitrary (x, x') € A x A and (y,y') € B x B and fixed o =}, we get

, , —x—x -4 —y—y+4
AR, ), Gy =| T =T
LRyl =Y
- 4
o / /
= 2[d(x, y)+d(x, ¥)] + (1 —a)d(A, B).

2

1
9

Example 3.6. Let X = R* with the metric d((x, y), (¥, ¥)) = max{|x - ¥'|, |y - ¥|} and
let A ={(x,0):0<x< 1} and B = {(x,1): 0 <x < 1}. It easy to prove that d(A, B) = 1.
Define F: A x A—> Band G:Bx B — Aby

This implies that (F, G) is a cyclic contraction with o =

F o), (o) = (V57 1)

2 7
and

Gl 0, @ =T o)

We obtain that

/

A(E(@ 0), (¢, 0), Gl 1), 7, D) =d(*F 1), (Y oy =

Also for all a > 0, we get

Z[d((xf 0), (v, 1)) +d((x, 0), (v, 1))+ (1 —a)d(A, B)

= ;[max{|x—y|, 1} + max{|x' —y'|, 1}] + (1 — «)d(A, B)

x2+(1—a)

=N R
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This implies that (F, G) is cyclic contraction.

The following lemma plays an important role in our main results.

Lemma 3.7. Let A and B be nonempty subsets of a metric space X, F: A x A — B, G
:B x B — A and (F, G) be a cyclic contraction. If (xo, x3) € A x A and we define

Xon+1 = F(xZ”’ x/2n)’ x/2n+1 = F(x/Zn' xz”)
and
Xon+2 = G(x2"+1’ x12n+1)’ x/2n+2 = G(x/2n+1’ X2n+1)

for all n [ N u {0}, then d(xan, Xani1) = d(A, B), d(Xans1, ¥ans2) — d(A, B),
d(x/Zn’ x,2n+1) - d(A/ B) and d(x/2n+1’ x/2n+2) - d(A' B)
Proof. For each n € N U {0}, we have

A(%x2n, Xons1) = d(X2n, F(X2n, X 2n))
= d(G(xan-1,% 2n-1), F(G(x2n—1, ¥ 2n-1), G(x'2n-1, %2n-1)))
= 201, Glxano1,¥20-1)) + A 201, G a1, %0-1))] + (1 = @)d(A, B)
= Z [d(F(x2n—2,% 2n—2), G(F(%2n-2, X' 2n—2), F(*'2n-2, X2n-2)))
+d(F(x'2n—2, %2n—2), G(F(x'2n-2, ¥2n—2), F(x2n-2, % 21—2))) ] + (1 — &t)d(A, B)
= 5 [ G, Fltan-2,% 20-2)) + A 202, F¥ 202, %20-2)) + (1 = @)d(A, B)]
#1212, PO 202, %002)) + dan2, Fxno,¥an-2)) + (1 = 0)d(4,B)

+(1 —a)d(A, B)
2

= 0(2 [d(xanz, F(xanz, xlznfz)) + d(x/znfz, F(x/znfz, xanz))] + (1 — O[z)d(A, B)

By induction, we see that

azn / ! ! n
d(x2n, X2n41) < ) [d(xo0, F(xo0, x3)) + d(xg, F(xg, x0))] + (1 —a? )d(A, B).

Taking n — «, we obtain
d(x2n, Xone1) — d(A, B). (3.1)
For each n € N U {0}, we have

d(x2n+1 ’ x2n+2) = d(erHl ’ G(x2n+1r x/2n+1))
= d(F(x2n, X 2n), G(F(x2n, ' 20), F(X' 20, X21)))

= 5 1, Fxn,¥'20)) + A 20, F(¥ 20, 620)] + (1 = @)d(4, B)

= &[G (1, ¥ 20 ), F(G (201, ¥ 201), G¥ 21, 320-1))
+d(G(¥'2n-1,%2n-1), F(G(X 2n-1, X2n-1), G(X2n-1,X'2n-1))) ] + (1 — @)d(A, B)

< 5 [ szt Gloeanr, ¥201)) # A 21, G 2t 3201)) + (1 = @)d(A, B)]
#5201, G 201, 820-1)) + A1, Glokan-1, ¥ 20-1)) + (1 = )d(A, B)]

+(1 —a)d(A, B)

2
= 012 [d(x2n—1, G(X2n-1, X' 21-2)) + d(X 2n—1, G(x'2n—1, x2n-1))] + (1 — &?)d(A, B).
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By induction, we see that

aZ

2n [d(x1, Glx1, %)) +d(x), Gy, x1))] + (1 = &*")d(A, B).

d(x2n+1, Xone2) <

Setting #n — o, we obtain
A(x2n41, X2n42) = d(A, B). (3.2)

By similar argument, we also have d(x}, x5,.,) = d(A, B) and
A(Xy1s X5pn) = d(A, B)forallne Nu{0}. O

Lemma 3.8. Let A and B be nonempty subsets of a metric space X such that (A, B)
and (B, A) have a property UC, F: A x A - B, G : B x B —> A and let the ordered
pair (F, G) is a cyclic contraction. If (x0, xy) € A X A and define

Xone1 = F(Xan, X5), X1 = F(Xo X2n)
and
Xon+2 = G(x2n+1 ’ x/2n+1 )' x/2n+2 = G(x/2n+l' x2"+1)

for all n € N U {0}, then for ¢ > 0, there exists a positive integer Ny such that for all
m >n = N,

1
100y Xo1) + Az, x201)] < d(A,B) +e. (3.3)

Proof. By Lemma 3.7, we have d(xy,, x3,,1) = d(A, B) and d(x3,,,1, X2,,42) = d(A, B).
Since (A, B) has a property UC, we get d(x3,, X2,:2) — 0. A similar argument shows
that d(x%,, %5,,,) = 0. As (B, A) has a property UC, we also have d(xy,,1, ¥2,,43) = 0
and d(x},,1,%),.3) = 0. Suppose that (3.3) does not hold. Then there exists &’ > 0
such that for all k € N, there is m; >n; > k satistying

1
o A, X)) + A(2m,, Xam1)] = d(A, B) + &
and
1 / / /
5 (X, 2/ Xopa1) + A(Xam—2, Xoman)] < d(A, B) + €.

Therefore, we get

d(AB) +&' < _[d(X amp X amge1) + d(X2myr X2me+1)]

=< [d(x/kaerka—Z) + d(x/ka—Z/ x/anu) + d(xlmk/ xzmrz) + d(mek—erlnkH)]

RN =N =

< 5 [d(x’m,t, x/zm)(,z) + d(xz,n,(, Xth,Q)] + d(A, B) +¢.

Letting k — o, we obtain to see that

1
(Ao K1) + A2 Xom1)] = d(A, B) + €. (3.4)



Sintunavarat and Kumam Fixed Point Theory and Applications 2012, 2012:93
http://www.fixedpointtheoryandapplications.com/content/2012/1/93

By using the triangle inequality we get
é[d(x,zm,ﬂ x/an+1) + d(Xkar inh+1)]
< ;[d(x/zmk,xlzmwz) + d(xlzmwz, x/an+3) + d(x/2nk+3!x/2nk+l)
+d(X2m—2, Xom2) + A(X2mye2s Xome3) + A(X2m443, xzn,,+1)]
= ;[d(x,mk,xlzmﬂz) + d(c(x/m,,u,xzmkn), F(X/anzz xzn,ﬁz)) + d(x,zmﬁs,x/zmn)
+ d(xzm,ﬂ x2mk+2) + d(G(XZm,(H 1 X2my,+1 ), F(xzn,ﬁz, x/zm,,+2) + d(Xanﬁ/ Xom,+1 )]
= ;[d(x,karx/2mk+2) + Z[d(x/zmku,x/znkn) + d(X2my+1, X2m42) ]
+ (1 —a)d(A B) +d(x ams3, X 2mye1)
+ d(xzmrz, xzm,ﬁz) + Z [d(x2m;,+lrx2nk+2) + d(x/zm,,u, x,2nk+2)]

+(1 — Ol)d(A, B) + d(XQnH:;,inH])]

1

2 [d(x,ka/ xIka+2) + d(x,2nyf+3r x,2nk+1) + d(x2m;,/ x2mk+2) + d(x2nk+3/ x2nk+1)]
a

*5 [d(xX2my+1. Xoms2) + AX 2m1, X 2mps2)] + (1 — @)d(A, B)
1

= 5 [d(x/ka/ Xlzmk+2) + d(x/zn,,+3, x/2nk+1) + d(xzm,,, xzm,,+2) + d(x2nk+3/ Xomp+1 )]

[o4 /
+ 2 [d(F(Xka/ X ka)r G(xlnkﬂr x,Zm,Jrl )) + d(F(x,kar mek)/ G(x,ZnHl/ xanJrl))]

+ (1 —a)d(A, B)

1
= 2 [d(x/karx/2mk+2) + d(x/2"k+3l x/zn“l) + d(xzmk,xmﬁz) + d(x2nk+3rx2n;,+l)]

o

[04
+ 2 [2 [d(mekr xlnk+1) + d(x,kaHr x,2nh+l) + (1 - O()d(A, B)]

o / /
5 1A 2 X 2m1) + A Xae) + (1 = @)d(4, B)]]
+ (1 —a)d(A, B)

1
= 2 [d(x,zm,(,x/zm,ﬁz) + d(x/an+3/x,2nk+l) + d(mek/x2mk+2) + d(x2nk+31x2nk+l )]

2
o ’ /
+ 5 [d(Xth,x2nk+1) + d(x 2myr X 2”k+1)] + (1 — Olz)d(A,B).

Taking k — oo, we get
d(A,B) +¢ < a?[d(A B) +¢'| + (1 —a?)d(A, B) = d(A, B) +a’e

which contradicts. Therefore, we can conclude that (3.3) holds. O

Lemma 3.9. Let A and B be nonempty subsets of a metric space X, (A, B) and (B, A)
satisfy the property UC* Let F: A x A — B, G: B x B —> A and (F, G) be a cyclic con-
traction. If (xo, xy) € A X A and define

Xonse1 = F(xan, x/Zn)/ x/2n+1 = F(x/Zn'xZH)
and
Xons2 = G(X2n41, Xypi1 ) Xopan = G(890010 X2n41)

for all n € N U {0}, then {x,,}, {x5,}, (00,1} and {x},,,} are Cauchy sequences.

Proof. By Lemma 3.7, we have d(xy,, X2,,,1) = d(A, B) and d(x2,,,1, X2,,12) = d(A, B).
Since (A, B) has a property UC*, we get d(xy,, X3,,,2) = 0. As (B, A) has a property
UC*, we also have d(x4,,,1, %2,..3) — O.

Page 7 of 16
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We now show that for every ¢ > 0 there exists N such that
d(ern/ x2n+1) =< d(A/ B) +& (35)

for all m >n > N.
Suppose (3.5) not, then there exists ¢ > 0 such that for all k € N there exists my >ny
> k such that

d(xam, X2m+1) > d(A, B) + €. (3.6)
Now we have

d(A, B) + & < d(Xam,, X2n,+1)
< d(am, %o 1) + Ao, 1, Yo )

< d(A, B) + & + d(xon—1, X2m+1)

Taking k — o, we have d(xam,, X2m+1) = d(A, B) + .
By Lemma 3.8, there exists N € N such that

1
o A, Xop1) + A2 Xom1 )] < d(A, B) + ¢ (3.7)

for all m >n > N. By using the triangle inequality we get

d(x2mk 1 X2m+1 )
< d(%2mys Xom+2) + A(X2my+2, Xom43) + A(X2ma3, X2me1)

= d(xom, Xam+2) + A(G(Xamya1, Xy + 1), F(Xana2, Xy, +2)) + d(X2m,43, X2n01)
< dom Xomera) + 3 G 1, %2m12) + (Ko, + 1,3y, +2)] + (1= @)d(A, B)
+ d(X2m,+3, X2m41)
= A (am Ko ) Gamt, ¥, + 1))+ AF (Ko 32m,) Gl + 1 320))]
+ (1 — @)d(A, B) + d(xamy, Xam+2) + d(X2m,43, Xompe1)
< Z [Z [A(X2m, Xame1) + AKXy + 1) + (1 — @)d(A, B)]
+j [A()r Xy + 1) + (X2, Xame1) + (1 — )d(A, B)]]
+ (1 — a@)d(A, B) + d(xamy, Xam+2) + d(X2m,43, X2mpe1)
=a? ; [A(X2m, X2me1) + A( Xy Ky, + 1] + (1 — ?)d(A, B)
+d(x2my, Xamy+2) + A(X2m3, X2m01)
< a?(d(A, B) + &) + (1 — a?)d(A, B) + d(xamy, Xamy+2) + A(Xams3, Xome1)

= d(A, B) + & + d(xam,, Xamy+2) + d(Xom,43, X2ne1)
Taking k — oo, we get
d(A,B) + & < d(A,B) +o?¢

which contradicts. Therefore, condition (3.5) holds. Since (3.5) holds and d(x4,,, X2,
+1) = d(A, B), by using property UC* of (A, B), we have {x,,;} is a Cauchy sequence. In
similar way, we can prove that {x},}, {x,,,1} and {x,,,} are Cauchy sequences. O

Here we state the main results of this article on the existence and convergence of
coupled best proximity points for cyclic contraction pairs on nonempty subsets of
metric spaces satisfying the property UC*.

Page 8 of 16
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Theorem 3.10. Let A and B be nonempty closed subsets of a complete metric space X
such that (A, B) and (B, A) satisfy the property UC*. Let F: Ax A —> B, G: B x B —
A and (F, G) be a cyclic contraction. Let (xo,X) € A X A and define

X2n+1 = F(xzn’ len)’ x/2n+1 = F('xIZn’xzn)
and
Xon+2 = G(x2n+1/ x/2n+1 )/ x/2n+2 = G(x/2n+1' x2"+1)

for all n e N U{0}. Then F has a coupled best proximity point (p, q) € A x A and G
has a coupled best proximity point (p’, ¢') € B x B such that

d(p,p') +d(q,q') = 2d(A, B).

Moreover, we have xo,—> p, X5, = 4, X2,,,1 —> p and Xy, .1 — ¢

Proof. By Lemma 3.7, we get d(x,,, X3,,1) = d(A, B). Using Lemma 3.9, we have
{x2,} and {x,,} are Cauchy sequences. Thus, there exists p, g € A such that x,,— p
and x5, — ¢. We obtain that

d(A, B) < d(P, Xon—1 ) < d(p, x2n) + d(xm, Xon—1 ) (38)

Letting n — oo in (3.8), we have d(p, x5,.1) — d(A, B). By a similar argument we also
have d(q, x5,,_,) — d(A, B). It follows that

d(x2n, E(p, q) = d(G(x2n-1,%"2n-1), F(p, 9))
< S1dCxn-1,p) + A 201, )] + (1~ (A, B).

Taking n — «, we get d(p, F (p, q)) = d(A, B). Similarly, we can prove that d(gq, F (g,
p)) = d(A, B). Therefore, we have (p, q) is a coupled best proximity point of F.

In similar way, we can prove that there exists p’, ¢’ € B such that x,,,; — p’ and
X1 — 4. Moreover, we also have d(p’, G(p’, ¢)) = d(A, B) and d(q, G(q, p))) = d(A,
B) and so (¢, ) is a coupled best proximity point of G.

Finally, we show that d(p, p’) + d(q, ') = 2d(A, B). For n € N U {0}, we have

d(x2n, X2ns1) = A(G(X2n—1, X 2n-1), F(x2n, ' 2n))

= z[d(Xanlern) +d(x'2n—1,%20)] + (1 — a)d(A, B).
Letting n — o, we have
d(p.p') < Z[d(Pr p')+d(g.q)]+ (1 —e)d(A, B). (3.9)
For n e N U {0}, we have

d(xlzn,xlznn) = d(G(x/2‘ﬂ—11x2n—1)/ F(x,2n1x2n))

o /
< 5 [d(x 2n,1,x’2n) + d(xanl,DQn)] + (1 — O[)d(A,B)

Letting n — oo, we have

d(q,q') < Z[d(q, q)+d(p. )] + (1 — )d(A, B). (3.10)

Page 9 of 16
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It follows from (3.9) and (3.10) that

d(p,p') +d(q.4") < eld(p.p’) +d(q,q')] + 2(1 — a)d(A, B).
which implies that

d(p,p") +d(q,q') < 2d(A, B). (3.11)
Since d(A, B) < d(p, p') and d(A, B) < d(q, '), we have

2d(A,B) <d(p.p') +d(q.9). (3.12)
From (3.11) and (3.12), we get

d(p,p') +d(q.q') = 2d(A, B).

This complete the proof. O

Note that every pair of nonempty closed subsets A, B of a uniformly convex Banach
space X such that A is convex satisfies the property UC*. Therefore, we obtain the fol-
lowing corollary.

Corollary 3.11. Let A and B be nonempty closed convex subsets of a uniformly convex
Banach space X, F: A x A > B, G: B x B— A and (F, G) be a cyclic contraction. Let
(x0,x5) € A x A and define

Xons1 = F(xXon, X5,), X901 = F(X3 X2n)
and
Xon+2 = C‘(x2n+1' x/2n+1 )' x/2n+2 = G(x/2n+l' xz‘VH'l)

for all n e N U{0}. Then F has a coupled best proximity point (p, q) € A x A and G
has a coupled best proximity point (p’, q') € B x B such that

d(p,p") +d(q,q') = 2d(A, B).

Moreover, we have x,—> p, X5, = 4, X2,,,1 —> P and Xy,.; — ¢

Next, we give some illustrative example of Corollary 3.11.

Example 3.12. Consider uniformly convex Banach space X = R with the usual norm.
Let A = [1,2] and B = [-2, -1]. Thus d(A, B) = 2. Define F: A x A —> Band G: B x B

— A by
—x—x =2
F(x,x') =
()= """,
and
—x—x +2
G(x,x') =
()=,

For arbitrary (x, x) € A x A and (y, y) € B x B and fixed o = ; , we get

—x—x =2 —y—y+2
d(F(x,x), G(y,Y) = 4 - 4

— /_
R e
- 4

= Z[d(x,y) +d(x,y)] + 1(1 — a)d(A, B).

1
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This implies that (F, G) is a cyclic contraction with o = % Since A and B are convex,
we have (A, B) and (B, A) satisfy the property UC*. Therefore, all hypothesis of Corol-
lary 3.11 hold. So F has a coupled best proximity point and G has a coupled best proxi-
mity point. We note that a point (1, 1) € A x A is a unique coupled best proximity
point of F and a point (-1, -1) € B x B is a unique coupled best proximity point of G.
Furthermore, we get

d(1,—1) +d(1,—1) = 4 = 2d(A, B).

Theorem 3.13. Let A and B be nonempty compact subsets of a metric space X, F :
AxA — B, G : B x B — A and (F, G) be a cyclic contraction pair. If (xo,x;) € A x A
and define

Xop+1 = F(xan ‘XJZn)I x/2n+1 = F(xén’xzn)
and
Xon+2 = G(x2n+1/ x/2n+1 )/ x/2n+2 = G(x/2n+1' x2"+1)

for all n € N U {0}, then F has a coupled best proximity point (p, q) € A x A and G
has a coupled best proximity point (p’, ¢') € B x B such that

d(p,p') +d(q.q') = 2d(A, B).
Proof. Since xy, x; € A and
Xons1 = F(xXon, X5,), X1 = F(X3 X2n)
and
Xon+2 = G(Xane1, Xy 1) Xopeg = G(Xp, 1, X2n41)

for all n € N U {0}, we have x,,, x5, € A and x5,,,1, ¥5,,; € Bfor all n e N U {0}. As
A is compact, the sequence {x,,} and {x},} have convergent subsequences {x25,} and

{x’m }, respectively, such that

Xop, = p€Aandx), — q€A.

Now, we have
d(A, B) < d(p, JCanfl) < d(p, xan) + d(Xan,XQmﬁl). (3.13)

By Lemma 3.7, we have d(x2n,, X2n,—1) — d(A, B). Taking k — o in (3.13), we get
d(p, xam,—1) — d(A, B). By a similar argument we observe that d(q, X2n,—1) — d(A, B).
Note that

d(A, B) < d((x2n,. F(p. q))
= d(G(JCznk_lf X/an—l)r F(p’ q))
< 5 ld(xan-1,p) + (¥ 20,1, 9)] + (1 = @)d(A, B).
Taking k — c=, we get d(p, F (p, q)) = d(A, B). Similarly, we can prove that (g, F(g, p) =

d(A, B). Thus F has a coupled best proximity (p, g) € A x A. In similar way, since B is
compact, we can also prove that G has a coupled best proximity point in (p’, ¢’) € B x B.
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For d(p, p’) + d(q, ¢') = 2d(A, B) similar to the final step of the proof of Theorem 3.10.
This complete the proof. O

4 Coupled fixed point theorem
In this section, we give the new coupled fixed point theorem for a cyclic contraction
pair.

Theorem 4.1. Let A and B be nonempty closed subsets of a complete metric space X,
F:AxA— B G:BxB— Aand (F, G) be a cyclic contraction. Let (xo,xy) € A X A
and define

X2n+1 = F(in, xlzn)/ x/2n+1 = F(x/zn, .X’zn)
and
Xon2 = G(x2ns1, x/2n+1 ) x/2n+2 = G(x/2n+l' X2n+1)

forallne N U {0}. Ifd(A, B) =0, then F and G have a unique common coupled
fixed point (p, q) € AN B x A N B. Moreover, we have x3,—> p, Xy, = @, X241 —> P
and xy,,.1 — q.

Proof. Since d(A, B) = 0, we get (A, B) and (B, A) have the property UC*. Therefore,
by Theorem 3.10 claim that F has a coupled best proximity point (p, g) € A x A that
is

d(p, F(p. q)) = d(q, F(q.p)) = d(A, B) (4.1)
and G has a coupled best proximity point (¢, 7) € B x B that is

d(p’, G(¢',4')) = d(q', G(d',p")) = d(A, B). (4.2)
Moreover, we have

d(p.p') +d(q,q') = 2d(A, B). (4.3)

From (4.1) and d(A, B) = 0, we conclude that
p=F(p.q) and q = F(q, p)
that is (p, q) is a coupled fixed point of F . It follows from (4.2) and d(A, B) = 0, we
get
P =G, q)andq = G(d,p')
that is (¢, ¢') is a coupled fixed point of G. Using (4.3) and the fact that d(A, B) = 0,

we have
d(p.p')+d(q.q4') =0

which implies that p = p’ and g = ¢’. Therefore, we conclude that (p, g) € AN B x A
N B is a common coupled fixed point of F and G.

Finally, we show the uniqueness of common coupled fixed point of F and G. Let
(p,g) be another common coupled fixed point of F and G. So p = G(p,q) and
4 = G(g, p)- Now, we obtain that

d(p. p) = d(F(p,q), G(p, ) = [d(p.p) + (4, )] (4.4
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and also
d(q,q) = d(F(q,p), G(q,p)) < Zld(qr q) +d(p, p))- (4.5)

It follows from (4.4) and (4.5) that
d(p, p) +d(q.4) < ald(p,p) +d(q, 7).

which implies that d(p, q) + d(q, G) = 0 and so d(p, p) = 0 and d(q, ) = 0. Therefore,
(p, q) is a unique common coupled fixed pointin ANBx ANB. O
Example 4.2. Consider X = R with the usual metric, A = [-1, 0] and B = [0,1] .

Define F: A x A — B by F(x,y) = _**Y nd G(x,y) = _x;y. Then d(A, B) = 0 and
(F, G) is a cyclic contraction with a = ; Indeed, for arbitrary (x, x’) € A x A and (y, ¥)
€ B x B, we have

x+x +y+y"

d(F(2), G y) = '—

4 4
/ /
<X +2y+2y
- 4 8

(lx =yl + 1" = V1)
[d(x,y) +d(x',y)] + (1 — @)d(A, B).

N Qb =

Therefore, all hypothesis of Theorem 4.1 hold. So F and G have a unique common
coupled fixed point and this point is (0,0) € AN B x AN B.

If we take A = B in Theorem 4.1, then we get the following results.

Corollary 4.3. Let A be nonempty closed subsets of a complete metric space X, F :
AxA — A and G : AxA — A and let the order pair (F, G) is a cyclic contraction. Let

(%0, x5) € A X A and define
Xons1 = F(xon, X5,), Xpp1 = (% X2n)
and
Xan+2 = G(X2n41, X)y0,1 ) X940 = G(X)y0,1/ X2n41)

for all ne N U {0}. Then F and G have a unique common coupled fixed point (p, q)
€ AxA. Moreover, we have x,—> p, X5, = q , X3,,1 —> p and Xy,,, = q

We take F = G in Corollary 4.3, then we get the following results.

Corollary 4.4. Let A be nonempty closed subsets of a complete metric space X, F :
AxA — A and

d(F(x,x'), F(y,V)) < Z[d(x, y) +d(x, )] (4.6)

for all (x, X), (y, y') € A x A. Then F has a unique coupled fixed point (p, q) € A x
A.
Example 4.5. Consider X = R with the usual metric and A = |0, ;] Define F : AxA

— A by



Sintunavarat and Kumam Fixed Point Theory and Applications 2012, 2012:93
http://www fixedpointtheoryandapplications.com/content/2012/1/93

xz_y2.x>
F(xy) = g =Y
0; x <.

We show that F satisfies (4.6) with o = ; Let (x, %), (v, ¥) € A x A.

Case 1: If x < &’ and y < y, then

A(F(e ), Fy)) = 0 = [l =1+ 1 =1l = & (o) + A )

Case 2: If x < ¥’ and y 2 y, then

2 _ .2
d(F(x,x'), F(y,y)) = ‘0 ! 4y

< illy—y’l y+71l

1 /
= =l
= i(y—y’)
< i[(y—y’)+(x/—x)]
< Lllllx—Y|+|x/_Y’“
= D ldCxy) + d@, )

Case 3: If x 2 X’ and y < y'. In this case we can prove by a similar argument as in

case 2.
Case 4: If x > x and y > ¥, then

, , xZ_x/Z y2_y/2
d(E(ex) FyyD =1, =,
1
<
~ 4
< Me—wls iy -yl
4 ly—
=y y—v
a / /
=, [l y) +d( )l

Thus condition (4.6) holds with o = ; Therefore, by Corollary 4.4 F has the unique

coupled fixed point in A that is a point (0, 0).
Open problems:

+ In Theorem 3.10, can be replaced the property UC* by a more general condition

?

+ In Theorem 3.10, can be drop the property UC* ?
« Can be extend the result in this article to another spaces ?
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